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This work compiles, reviews, and discusses the available data and information on the
electrical resistivity of ten selected binary alloy systems and presents the recommended
values resulting from critical evaluation, correlation, analysis, and synthesis of the avail-
able data and information. The ten binary alloy systems selected are the systems of alumi-
num-copper, aluminum-magnesium, copper-gold, copper—nickel, copper—palladium,
copper-zinc, gold-palladium, gold-silver, iron—nickel, and silver-palladium. The recom-
mended values for each of the ten binary alloy systems except three (aluminum—copper,
aluminum-magnesium, and copper-zinc) are given for 27 compositions: O (pure element),
0.5, 1,3, 5, 10{5)95, 97, 99, 99.5, and 100% (pure element). For aluminum~copper, alumi-
num-magnesium, and copper—zinc alloy systems, the recommended values are given for
26, 12, and 11 compositions, respectively. For most of the alloy systems the recommended
values cover the temperature range from 1 K to the solidus temperature of the alloys or to
about 1200 K. For most of the nine elements constituting the alloy systems, the recom-
mended values cover the temperature range from 1 K to above the melting point into the
molten state. The estimated uncertainties in most of the recommended values are about

+ 3% to + 5%.
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ELECTRICAL RESISTIVITY OF BINARY ALLOY SYSTEMS

o

Impurity concentration; mole fraction; composi-
tion

Composition error

Constant in Eqgs. {3)-(6)

Electron charge; base of natural logarithm
Planck constant divided by 27

Boltzmann constant

Dimensional error

Length of specimen at T

Length of specimen at T},

AL=L L,

Electron mass

Atomic weight; net magnetization

Eleciron density

Number of positive holes per atom
Temperature

Reference temperature

Test temperature

U Quantity defined by Eq. (15)

v Electron velocity
V.
z

HNS zRIRLEYENC OS

~
-

.V, Volume fractions of 2 and /3 phases
z =tw/kT
6Z Difference in valence
Positive quantities in Eg. (10)
4 Deviation from the Martthiessen’s rule; deviation of
pile,T)of an alloy from its interpolated valuep; (c,T')
84 Change in 4

€x Fermi energy

fp Debye temperature

Or Characteristic temperature for intrinsic electrical
resistivity

1. introduction

The principal objective of this study was to critically
evaluate, correlate, analyze, and synthesize all the available
data and information on the electrical resistivity of ten se-
lected binary alloy systems and to generate recommended
values over the widest practicable ranges of temperature and
alloy composition for each of the alloy systems. This study is
a continuation of a similar work on the thermal conductivity
of the same ten binary 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-palla-
dium, gold-silver, iron—nickel, and silver—palladium. These
systems include all of the three different kinds of binary alloy
systems: nontransition-metal and nontransition-metal sys-
tems (aluminum—copper, aluminum-magnesium, copper—
gold, copper-zinc, and gold-silver), nontransition-metal
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). Most
of these alloy systems are among those for which the largest
amounts of experimental data are available. However, it will
become evident later that even for these alloy systems serious
gaps still exist in the electrical resistivity data, as concerns
dependence on both composition and temperature, and that
some of the available experimental data sets show large un-
certainties or wide divergences.

187
K Constant
I K = Poa/Pos
v V= pPia / Pis
p Electrical resistivity
Po Residual electrical resistivity

Residual and intrinsic electrical resistivities of the
belly electrons {those associated with the spherical
portions of the Fermi surface)

Pos Residual electrical resistivity of the d-bands

PobPiv

PonPin  Residual and intrinsic electrical resistivities of the
neck electrons (those associated with the portions of
the Fermi surface which approach or make con-
stant with the zone boundary)

Pos Residual electrical resistivity of the s-bands

8pq Increase of residual electrical resistivity

Pe Electrical resistivity due to electron—electron scat-
tering

p:(T') Intrinsic electrical resistivity of a pure metal

pile,T) Temperature-dependent part of electrical resistiv-
ity of an alloy or impure metal

Ma Intrinsic electrical resistivity of the d-bands

Pis Intrinsic electrical resistivity of the s-bands

Psa Electrical resistivity due to s—d transitions

Pss Electrical resistivity due to s—s scattering

8p...  Increase in electrical resistivity due to vacancies
&piw  Increase in electrical resistivity due to interstitials
é Potential energy

5¢ Potential energy perturbation

¥ Wave function

@ Phonon angular frequency

The resulting electrical resistivity values presented in
this work are designated as recommended or provisional val-
ues depending upon the level of confidence placed on the
values and, hence, upon the uncertainty in the value as-
signed. The uncertainty in the recommended electrical resis-
tivity values is less than or equal to 4 5% and that in the
provisional values is greater than + 5%. It will be noted
that most of the resulting values are designated as recom-
mended values and the uncertainty in the values is generally
of the order of + 3% to + 5%.

The recommended electrical resistivity values are based
on the room-temperature dimensions of the alloys, as ther-
mal expansion corrections have not been made. Thisisdueto
the fact that the available experimental data on the electrical
resistivity of the alloys, upon which the recommendations
are based, are not corrected for thermal expansion, and that
thermal expansion values for the respective alloys are not
available for such corrections to be made. If the values of
thermal expansion AL (T")/L for the alloys are available, the
electrical resistivity values corrected for thermal expansion
Prorrecred ©an casily be calculated from the given values un-
corrected for thermal expansion, py;correctea » OY the following

relation:
AL(T
Peorrected [T’ = (1 + —_(*) )punccrrected (T)’
L,

where AL =L — Ly, and L and L, are the lengths of the
specimens at any temperature 7 and at a reference tempera-
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ture T, respectively. The thermal expansion correction
amounts roughly to about —0.2% to — 0.7% at very low
temperaturcs, zero at room tcmpcraturc, about 0.3% to
0.7% at 500 K, and about 2% near the melting point of the
alloy.

The recommended (or provisional) values generated are
for alloys that are not ordered and have not been cold-
worked severely; the values would be lower for ordered al-
loys and higher for cold-worked alloys at low temperatures.

The general background information on this work is
given in Sec. 2, which includes a brief summary of the theory
of the electrical resistivity of metals and alloys, a short de-
scription of the procedure and method used for the evalua-
tion, correlation, analysis, and synthesis and the generation
of recommended values, and a detailed explanation of the
specifics and conventions used in the presentation of the data
and information.

The experimental data and information and the recom-
mended (or provisional) values for the electrical resistivity of
the ten binary alloy systems are presented in Sec. 3. In the
discussion of the electrical resistivity of each alloy system,
individual pieces of available data and information are re-
viewed, details of data analysis and synthesis are given, the
considerations involved in arriving at the final assessment
and recommendation are discussed, the recommended val-
ues and the experimental data are compared, and the uncer-
tainties in the recommended values are stated. For each of
the alloy systems except three (aluminum-—copper, alumi-
num-magnesium, and copper—zinc), the recommended val-
ues are given for 27 compositions: O{pure element), 0.5, 1, 3,
5, 10(5)95, 97, 99, 99.5, and 100%(pure element). For alumi-
num-copper alloy system, recommended values are present-
ed for 26 compositions, without that containing 80% cop-
per. For aluminum-magnesium alloy system, recommended
values are generated only for 12 compositions, lacking those
containing 15% to 85% magnesium. Recommended values
are given for only 11 compositions of the copper~zinc alloy
system, and no values are for those with 35% t0 99.5% zinc.
For most of the compositions the recommended values cover
the temperature range from 1 K to near the solidus tempera-
ture {melting starting point). The recommended values have
been smoothed simultaneously over both temperature and
composition dependences.

The last three sections are for acknowledgments, ap-
pendices, and references. There are three appendices given.
The first appendix presents, as an example, a detailed ac-
count of analysis and synthesis of the electrical resistivity of
gold-silver alloy system. A logical organization of the meth-
ods for the measurement of electrical resistivity is given in
the second appendix. The third appendix presents conver-
sion factors for the units of electrical resistivity, which may
be used to convert easily the electrical resistivity values in the
SI units given in this work to values in any of the several
other units listed.

2. General Background

2.1. Theoretical Background
a. Matthiessen’s Rule

It was found experimentally by Matthiessen®? that the
increase in the electrical resistivity of a metal due to the pres-

J. Phys. Chem. Ref. Data, Vol. 12, No. 2, 1983

HO ET AL.

ence of a small amount of another metal in solid solution is
independent of the temperature. According to this Matthies-
sen’s rule, the total clectrical resistivity of an inpure melal
may therefore be separated into two additive contributions
and written in the form

ple.T) = pole) + pi(T), {1)
where p,, is the residual resistivity caused by the scattering of
electrons by impurity atoms and lattice defects and is tem-
perature-independent but dependent on the impurity con-
centration ¢, and p; is the temperature-dependent intrinsic
resistivity arising from the scattering of electrons by lattice
waves, or phonons. '

The validity of the Matthiessen’s rule has been assessed
by Sondheimer,* who concluded that the maximum devi-
ation should not exceed 1% of g, in the idealized case in
which the impurities do not affect the phonon and electron
spectra. However, significant deviations from Matthiessen’s
rule do occur, which will be discussed in Sec. 2.1.e. Thus, in
general the electrical resistivity of an impure metal is given
by

ple;T)=polc) =p;(T) + 4 (c,T), {2)
where 4 is the deviation from the Matthiessen’s rule.

In separating the electrical resistivity into its compo-
nents, the temperature-dependent part sometimes includes
the electrical resistivity due to electron—electron scattering,
P.; indeed, this is thought to be the dominant temperature-
dependent term in transition metals at low temperatures.

In what follows, we will first discuss p;, p., g, and 4,
then consider the electrical resistivity of nontransition-metal
alloys, and finally comment on aspects of the electrical resis-
tivity of transition metals and their alloys. The theory of
electrical resistivity of metals and alloys has been the subject
of a number of reviews and has constituted a large portion of
the material in several books.> 2!

b. Intrinsic Electrical Resistivity

The intrinsic electrical resistivity which is due to scat-
tering of electrons by phonons may be approximated by the
Bloch~Griineisen formula®-24:"

C T V(7T FSedz
o= — —_—, (3)
Mo, \ 6, /o (-1

where Cis a constant characteristic of the metal and propor-
tional to the square of the electron~phonon interaction con-
stant, M is the atomic weight, and € is a characteristic tem-
perature of the metal which characterizes its intrinsic
electrical resistivity in the same way as the Debye tempera-
ture, 8, characterizes its lattice specific heat. The dimen-
sionless variable of integration z = #w/kT, where # is the
Planck constant divided by 27, w is the phonon angular fre-
quency, and k& is the Boltzmann constant. The derivation of
Eqg. (3) is based on the simplifying assumptions that the Fer-
mi surface is spherical, that the conduction electrons can be
treated as free in the first approximation, that the spectrum
of lattice vibrations is that of the Debye model, that the
phonon distribution is essentially undisturbed by the scatter-
ing processes, and that electron—phonon Umklapp processes
can be ignored. Consequently, it is perhaps most reasonable
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to expect the Bloch—Griineisen formula to agree with experi-
ment in the case of monovalent metals. Nevertheless, the
intrinsic resistivity of many metals can be well represented
by Eq. (3) over a wide temperature range by a suitable choice
of 8 and C, though no single value of O can fit the data at
all temperatures.

At low temperatures (T<8y /20), Eq. (3) reduces to

_124.4C (_T_ )5

Pi="m8, \ g,
while at high temperatures {T'> 6 ), to a good approxima-
tion, it reduces to

C— C __[ . . 5
p,~4M0R(I9R> ©)

Thus it agrees with the experimental facts that at very low
temperatures the intrinsic electrical resistivity (after sub-
tracting p,, from p) of most metallic elements is proportional
to 7%, and at high temperatures the resistivity of most metals
increases approximately linearly with temperature.

The intrinsic resistivity of a metal at the characteristic
temperature, 7= 0y in Eq. (3), is

C (' e’z 0.2366C

MBy Jo (€ — 17 MO,
Combining Egs. (3) and {6) yields the reduced intrinsic resis-
tivity equation

ﬁﬂz‘t.zzé(l)sjekﬂ—zﬁ?z—dz—, (7)

pilbr) Or 0 (e — 1y
which gives a single curve for all metals. The values of the
reduced intrinsic resistivity from Eq. (7) as a function of the
reduced temperature, T /6 g , have been compared favorably
with the experimental data for a number of metals. >

(4)

(6)

p:(0r) =

¢. Electrical Resistivity due to Efectron-Electron Scattering

Asin the case of the scattering of electrons by phonons,
electron—electron collisions are of two types: normal pro-
cesses, in which the total wave vector is conserved, and
Umklapp processes in which the total wave vectors before
and after the collision differ by a reciprocal lattice vector. On
the other hand, unlike electron—phonon Umklapp processes
which are frozen out at low temperatures if the Fermi sur-
faceis everywhere clear of the zone boundary, electron—elec-
tron Umklapp processes are not frozen out at low tempera-
tures.

Normal processes, involving the collision between two
s-band conduction electrons, do not contribute directly to
the electrical resistivity because they do not change the total
momentum and thus have no effect on the current. Normal
processes involving the scattering of an s-band conduction
electron by a nonconducting d-band electron do contribute
to the electrical resistivity, and are thought to be the domi-
nant temperature-dependent resistive processes in transition
elements and their alloys at very low temperatures, since
their resistivities show the 72 temperature dependence ex-
pected for electron—electron scattering rather than the 7
temperature dependence expected for the intrinsic resistiv-
ity. This temperature dependence of the electrical resistivity
due to electron—lectron scattering:

posT? ®)
comes about through the double application of the exclusion
principle in the scattering processes; it applies to both the
initial states and final states. For simplicity assume all the
states with energies less than the Fermi energy, €5, to be
occupied and consider the scattering of electron 1, in an ex-
cited state of energy greater Lhun ex by €, colliding with
electron 2 having energy less than e by &,. Then conserva-
tion of energy requires that ¢, be greater than &,, since the
final states must be empty and, therefore, must have energies
greater than €. Thus, the orbital of electron 2 must lie with-
in ashell of thickness €, within the Fermi surface so that only
a fraction, €,/€g, of the electrons can scatter electron 1.
Further, the final states must also lie within a shell of thick-
ness less than €, outside the Fermi surface so that only a
fraction, €,/€g, of the final states compatible with conserva-
tion of energy and momentum are allowed by the exclusion
principle. The average energy of an occupied excited state
measured from e is approximately A7 so that
€,/€e ~kT /¢ and the effect of the double application of the
exclusion principle is to reduce the collision cross section for
electron—electron scattering by a factor (k7 /ez)* below its
value for a screened Coulomb interaction.

Umklapp processes between two conduction electrons
do contribute to the electrical resistivity. Because these pro-
cesses involve a reciprocal lattice vector, the wave functions
of the electrons involved cannot be regarded as simple plane
waves, but must be treated as true Bloch functions having
the periodicity of the lattice. The result of this is to introduce
into the expression for the resistivity the square of an inter-
ference factor. Apparently this factor is quite small, as the
low temperature electrical resistivity of most ordinary met-
als does not show the T2 temperature dependence expected
for such a resistance mechanism; however, a contribution
proportional 10 77 has been observed in the liguid-helium-
temperature resistivity of indium and aluminum.

d. Residual Electrical Resistivity

The electrical resistivity of a metal or an alloy ap-
proaches a constant value, the residual electrical resistivity,
as the temperature decreases toward absolute zero. Excep-
tions to this rule are the phenomena of superconductivity,
which are not considered here. The residual resistivity is due
to the scattering of electrons by foreign atoms and lattice
defects such as vacancies, interstitials, dislocations, and
stacking faults.

The most important contribution to the residual resis-
tivity is the scattering of electrons by foreign atoms, which
will be discussed in Sec. 2.1.f in connection with the electri-
cal resistivity of alloys.

Electrical resistivities due to vacancies and interstitials
have been estimated theoretically, and studied experimen-
tally by using neutron-irradiated samples. The increase in
the resistivity due to vacancies dp,,. and that due to intersti-
tials 8p;,, have been given for copper by Blatt® as follows:

8P vae = (1.0 10 1.5)X 10™8 2m/at. %,
8psm = (0.5 to 1.0)X 10~% 2m/at. %.

Dislocations scatter electrons weakly; however, it is
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sometimes energetically favorable for a dislocation to disso-
ciate into two partial dislocations separated by a ribbon of
stacking faults which, particularly if it is wide, may be effec-
tive in scattering electrons. Thus, the resistivity due to dislo-
cations is often significantly larger than predicted by theo-
retical calculations, which may be caused by the substantial
contributions of stacking faults and of the core of the disloca-
tion line to the resistivity of plastically deformed metals.

Calculation of the resistivity due to stacking faults is
difficult and requires a knowledge of the Fermi surface.
However, Howie?’ was able to account for the resistivity of a
deformed copper specimen in terms of a reasonable density
of stacking faults.

e. Deviations from Matthiessen’s Rule

For Matthiessen’s rule to be exact, the scattering of
electrons by imperfections and by phonons would have to be
independent of each other, and this is only approximately
true. Other causes for deviations from Matthiessen’s rule are
as follows:

1. Alloying may alter the band stucture of the metal.

2. Alloying may change the phonon spectrum or per-
turb the phonon distribution in the steady state.

3. There may be parallel conduction by two groups of
electrons.

The first two effects are to be expected in concentrated
alloys, but two-band effects can cause significant deviations
in multivalent elements and in very dilute alloys of monova-
lent elements.

The two-band effect was first discussed by Sondheimer
and Wilson,”® who considered the case in which the s- and d-
bands of electrons of a transition element conduct in paraliel.
They found that if p, depends only on po, and pyy of the s-
and d-bands, respectively, and p; depends only on p;; and
Pia, then the deviation from Matthiessen’s rule is given by

p()spis(lu' - )2
{1+ )1 + ) oo, (1 + p) +pi(1 + )]
(9
where 4 = poy /po, and v = py /p;, . Thus, there is a positive
deviation unless these ratios are equal. At low temperatures
Pis 1s snaller than py so that 4 is approximately proportion-
al to p;; and thus to p;, while at high temperatures g, is
larger than p,, so that 4 is approximately proportional to g,
and thus to p,. It follows that 4 increases from zero at zero
temperature to a constant value proportional to p,, at high
temperatures. When p, and p; are of the same order of mag-
nitude, the deviation can be approximated by

A~ @po p; ’

" Bpo + v
where «, 5, and y are positive quantities of the order of unity
{Ref. 6, p. 312). Taking «, 3, and ¥ equal to unity it follows
that the largest relative deviation, 4 /{p, + p;), occurs when
Po and p; are equal.

Dugdalc and Basinski®® explained the deviations from
Matthiessen’s rule observed in dilute copper alloys and sitver
alloys on the basis of an argument by Ziman®® concerning
the different anisotropies of relaxation times for phonon and
impurity scattering. While their expression for 4 is equiva-

Ad=p—py—p; =

- (10)
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lent to that obtained by Sondheimer and Wilson, the inter-
pretation and temperature dependence are quite different.

Ziman divided electrons into two groups: (1) the belly
electrons associated with the spherical portions of the Fermi
surface and (2) the neck electrons associated with the por-
tions of the Fermi surface which approach or make contact
with the zone boundary. The electron—phonon interactions
responsible for p; are of two types: normal processes in
which the sum of the wave vectors remain unchanged, and
Umklapp processes in which the sum of the wave vector
changes by a reciprocal lattice vector. In the case of belly
electrons, Umklapp processes can take place only with
phonons having a minimum wave vector and minimum en-
ergy determined by the differences between the belly elec-
tron wave vector and the nearest wave vector in the next
Brillouin zone. At low temperatures such phonons disap-
pear and the Umklapp processes involving belly electrons
are frozen out. On the other hand, the neck electrons have
wave vectors arbitrarily near to the zone boundary and
Umklapp processes can occur at both low and high tempera-
tures. Thus, while the strength of the electron—phonon inter-
actions may be about the same for the two groups at room
temperature and above, at low temperatures they are much
stronger on the neck than on the belly so that the ratio
Piv/Pin increases from a small value at low temperatures to a
constant value at room temperature and above. Ziman con-
sidered impurity scattering in the cases of silver in gold and
of copper in gold. In the first case the atomic volumes are
very nearly equal and the effect of silver atoms on the con-
duction electrons is due only to differences in the effective
potential in the ion core, consequently the belly electrons,
which have wave functions that are large in the region of the
core, will be strongly scattered, while the neck electrons,
which have wave functions that are large only in the region
between the cores, will be weakly scattered. In the second
case the atomic volumes are very different, and the effect of
the copper atoms on the conduction electrons is much like
that of a charged impurity, a change in the potential extend-
ing out into the region between the ion cores, so that the neck
electrons are also scattered strongly.

It follows from the above that on this model if the ratio
Piv/Pin is always smaller than the ratio pg, /po, , then A rises
from zero at zero temperature, goes through a maximum,
and takes on a constant value at high temperatures; this is
the behavior observed in the dilute Cu + Au and Ag + Au
alloys investigated by Dugdale and Basinski.

The deviations from Matthiessen’s rule in iron alloys®!
and nickel alioys*? have been explained in terms of parallel
conduction by the spin-up and spin-down electrons. At low
temperatures, there are few interactions between the elec-
trons of opposite spin, so that an electron with its spin in a
given direction emerging from an impurity collision will
reach the next impurity with its spin unchanged; thus an
impurity resistivity can be defined for each group. If the im-
purity relaxation time is considerably longer for one group of
clectrons than for the other, the scatiering of elecurons of
that group will contribute relatively little to the residual re-
sistivity. At high temperatures, on the other hand, there may
exist (presumably as a result of electron—electron collisions) a
process of spin mixing in which the electrons change their
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spin directions a number of times between impurity colli-
sions. There will then be no group of electrons that exper-
iences relatively small impurity scattering, and the high-
temperature impurity resistivity will become considerably
greater than the low-temperature residual resistivity.

Deviations from Matthiessen’s rule have been compre-

hensively reviewed by Bass*® and by Cimberle er a/.34

f. Electrical Resistivity of Alloys

Alloying affects the electrical resistivity of the host met-
al drastically, since it causes lattice perturbations, modifies
the lattice-vibrational spectrum and electronic band struc-
ture, changes thé Fermi energy and electron density of
states, etc.

For the residual electrical resistivity of binary solid-so-
lution alloys containing ¢ mole fraction of element A and
{1 — ¢) mole fraction of element B, Nordheim’s rule® is

poxc(l —¢). (11)
This rule is applicable only to homogeneous random (not
ordered) solid solutions of two metals which are not transi.
tion elements. It is apparent from Eq. (11) that p, is directly
proportional to ¢ if c<£1.

Nordheim’s rule can be made plausible by the following
argument. 'L'he average cellular potential for a binary alloy
with mole fraction ¢ of element A in element B is given by

¢=cha +(1 g, (12)
and the perturbations of this potential at the sites of the A
and B atoms are

Opp =05 —b=(1—clgs —ds)={1 —c)dap, (13)
Opp =g —p=cldg — da)= — Pas. (14)
In the Born approximation, the scattering cross section per
scattering center is proportional to the square of the matrix
element of the perturbation. The probability per unit time

that an electron will be scattered from state ¥, intostate ¥, .
by a single A atom is (1 — ¢}?U?, where

U=f%¢wwma (15)

and ¥, and ¥, are the initial and final wave functions. The
probability per unit time that an electron will be scattered by
asingle B atom is ¢ U2. Since the fractions of A atoms and B
atoms are ¢ and (1 — ¢), the total scattering probability per
unit time, and therefore the residual resistivity, is of the form

po<c(l = + (1 —)FJU2 =¢(1 — )U>. (16)
This rule is obeyed quite well by many binary alloy systems,
but not by those in which either constituent is a transition
element.

In dilute solid-solution alloys, Norbury>® found that the
increase of residual resistivity per at.% solute dp,, increases
with the valence difference 62, Letween the solute and the
solvent atoms. By analyzing thoroughly the data on this ef-
fect, Linde®° concluded that 8p, is proportional to the
square of 6Z, i.e.,

Spo=a+b(OZP, (17)

where a and b are constants for a given solvent metal and a
given row of the periodic table to which the solvent clements

belong. This is the Norbury-Linde’s rule.

A rough theoretical justification for Norbury-Linde’s
rule was given by Mott,* who calculated 8p, on the assump-
tion that the electrons behave as if they were free and used a
screened Coulomb potential to describe the perturbation,
and used the Born approximation to calculate the scattering
cross section. For a solute in the same row of the periodic
table, in which case g is zero, he obtained

2.2 2,2 -1
Sp, = 2Ti0Z)e [m(l +4my ) - (1 + quz,_) ].(18)
100 rav q'# 4y
Here e, m, and v are the electronic charge, mass, and veloc-
ity, g is the screening parameter, and #i is the reduced Planck
constant. The (6§Z )* dependence is obtained because in the
Born approximation the scattering is proportional to the
square of the matrix element of the perturbation. The Born
approximation overestimates the scattering for this type of
potential so that Eq. (18) is only an approximation; however,
fair agreement with experiment can be obtained by taking
the screening parameter to be somewhat greater than the
usual estimate. Better estimates of §p, can be obtained by the
more refined phase-shift calculations, but these do not yield
the simple (6Z )* dependence.

Norbury-Linde’s rule is not obeyed when the alloying
involves transition clements or polyvalent elements such as
aluminum and magnesium.

Another factor influencing the residual resistivity of al-
loys is short range order which may either decrease it, as in
the case of a brass,*! or increase it as in the case of copper—
gold alloys.*>* Short range order is increased by annealing
and destroyed by mechanical deformation and by heating
and quenching.

In the case of binary alloy systems whose alloys are two-
phase (@ + B ) mixtures, the electrical resistivity of the alloys
is equal to the sum of the product of the electrical resistivity
of each phase and its volume fraction, i.e.,

p=paVs+psVs, (19)
wherep, and py are the electrical resistivities and ¥, and V,
are the volume fractions of « and S phases, respectively.
Equation {19) is derived by considering the alloy as a rod
which consists of a2 bundle of numerous small parallel fibers,

with each fiber having a certain volume of a-phase in series
with a certain volume of S-phase.

9. Electrical Resistivity of Transition Elements and Their Alloys

In terms of electronic transport properties, the most
important feature of transition elements, at least those hav-
ing face-centered cubic crystal structure such as nickel and
palladium, is the presence of a narrow d-band with a high
density of states overlapping the conduction band at the Fer-
mi energy level. As originally suggested by Mott,** the role
of this d-band is to provide a lurge uunber of levels inw
which the s-electrons can be scattered and lost from the cur-
rent, thus causing the high electrical resistivity of transition
elements as compared with that of ordinary metals.

As palladium is added to silver, the resistivity first in-
creases in the way observed for binary alloys of ordinary
metals. At a certain composition, about 40 at.% palladium,
the number of conduction clectrons is no longer sufficient to
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fill the d-band holes and the resistivity begins to increase
rapidly, rising to an asymmetric peak. Mott** provided a
semiquantitative explanation of the shape of the curve which
may be summarized as follows. The resistivity was taken to
be the sum of terms due to s—s and s— scattering. The resis-
tivity due to s—s scattering was taken to have the composition
dependence given by Nordheim's rule while that due to s~d
scattering was taken to be proportional to the density of va-
cant states in the d-band, which in turn was taken to vary in
the same way as the paramagnetic susceptibility, that is, as
{p — ¢)* for ¢ < p, and zero for ¢ > p for atomic fraction ¢ of
silver in palladium, where p is the number of positive holes
per atom in pure palladium. Also, while silver and palladium
in the alloy were assumed to have a common s-band, the d-
band was assumed to be split into two bands and the one
associated with silver atoms was taken to be below that asso-
ciated with paliadium atoms and thus below the Fermi ener-
gy level. With these assumptions Mott obtained the follow-
ing equation for the electrical resistivity of the alloys:

p=Ap—c{l —c)c*+B(1 -0, (20)

where A and B are constants. If 4 and B are properly chosen,
Eq. (20) will result in a resistivity-composition curve similar
to that observed experimentally for this alloy system.

Coles and Taylor*’ used a similar model to explain the
shape of this resistivity-composition curve but derived the
density of states of the d-band from the electronic specific
heat. Later, Dugdale and Guénault*® modified Mott’s model
to make it consistent with the findings of Vuillemin and
Priestley*’ concerning the Fermi surface of palladium. With
this model they were able to explain not only the shape of the
resistivity-composition curve but also the low-temperature
thermoelectric power of these alloys.

The temperature dependence of the electrical resistivity
of nickel and iron shows an anomaly caused by their being
ferromagnetic: while above the Curie temperature the resis-
tivity has the usual concave-downward curvature, below the
Curie temperature it is concave upward. This behavior can
be explained on the basis of a band model for the d-electrons
in terms of s—d scattering, and on the basis of a model in
which the d-electrons are localized on their atoms in terms of
spin-disorder scattering. Mott and Stevens*® argued that the
former model applied to nickel and the latter to iron.

In the band model the narrow d-band overlaps the s-
band. Above the Curie temperature, vacant d-states of both
spin directions are present in equal numbers. Below the Cu-
rie temperature, there is a greater number of vacant states
with spin up in a given domain and the number increases
with decreasing temperature, while the number with spin
down decreases until at zero temperature all of the spin
down states are filled. If only states with spin up are vacant,
then a spin-down electron cannot make a spin-conserving
transition into the d-band, so that its mean free path is
greater than in the unmagnetized state. Assuming that the
energy is proportional to the square of the wave vector so
that the density of d-states at the Fermi level N, (eg ), is pro-
portional to the square root of the Fermi energy, noting that
the Fermi wavenumber is proportional to the cube root of
the electron density, one obtains
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_ M 173
N, fer) (1 +M0) :
where M is the net magnetization, reaching the saturation
value Myat T= 0K, and + refersto spin up and spin down
electrons. Since the reciprocal relaxation time, and thus the
resistivity due to s—d transitions, is proportional to N,(er),

one obtains
M )1/3' 22)
M,

In an unmagnetized specimen there are many domains in
which the magnetization of the d-spin is in different direc-
tions so that, instead of having parallel conduction by spin-
up and spin-down electrons, both types of electrons see an
average resistivity:

p=p,+2 [(1 —i{—)m + (1 +%)m]. (23)

pi :p:s +psd(1:|—_

2 M, 0
For small M /M, this reduces to
1( MYV
=Pss + Ps 1—_(_) ]’ 24
P=pss +p d[ o\ 2z (24)

which is in qualitative agreement with the experimental data
for nickel.

If the d-electrons are localized on their atoms, then in-
stead of s—d scattering, the theory proposes an s—d exchange
interaction with an energy depending on the relative orienta-
tion of the spin of a moving s-electron to that of the fixed d-
electron near which it is passing. If the spins of the d-elec-
trons in a domain are lined up parallel, then the electrons
would not be scattered, but as the temperature is increased,
the d-spins within the domain become disordered, and there
is an extra contribution to the resistivity which increases

“rapidly as the Curie temperature is approached and takes a

constant value above the Curie temperature.

Since s—d scattering due to the electron-phonon interac-
tion continues to increase with temperature above the Curie
temperature, while the spin-disorder scattering takes on a
constant value, the two mechanisms can be distinguished
experimentally. Coles*® predicts the former behavior for a
Nij-Pd alloy and the latter behavior for an Fe-Rh alloy.

2.2. Data Evaluation and Generation of
Recommended Values

The recommended electrical resistivity values were
generated through critical evaluation, correlation, analysis,
and synthesis of the available experimental data and infor-
mation compiled from all sources. The procedure involved
critical evaluation of the validity of available data and relat-
ed information, judgment on the reliability and accuracy of
the data, resolution, and reconciliation of disagreements in
conflicting data, correlation of data in terms of various con-
trolling parameters, curve fitting with theoretical or empiri-
cal equations, and synthesis of the often fragmentary data to
generate a full range of coverage of internally consistent
“best” values.

In the critical evaluation of the validity and reliability of
a sct of experimental electrical resistivity data, the tempera-
ture dependence of the data was examined, and any unusual
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dependence or anomaly was carefully investigated. The ex-
perimental technique was reviewed 10 see whether the actual
boundary conditions in the measurement agreed with those
assumed in the theory, and the estimation of inaccuracies by
the authors was checked to enmsure that all the possible
sources of error were considered. The sources of error might
include the inaccuracy in the measurement of specimen di-
mensions and of the distance between potential probes, un-
certainty due to the effect of thermal expansion, inaccuracy
in temperature measurement, inaccuracy due to poor sensi-
tivity of measuring devices or circuits, uncertainty at high
temperature due to specimen instability or specimen and/or
thermocouple contamination, etc. These and other possible
sources of error were carefully considered in critical evalua-
tion of experimental data.

The uncertainty of a set of experimental data is caused,
however, not onjy by the experimental error in the measure-
ment, but aiso by the inadequacy of characterization of the
material for which the data are reported. Therefore, in data
analysis it should be kept in mind that the total difference
between two sets of experimental data is a combination of the
difference due to experimental error and the real difference
due to sample variance. it was found in this and other studies
that the chemical composition of a specimen reported by the
author was often unreliable. This might partly be due to the
fact that in many cases the stated composition of a specimen
was what the author obtained from the company who sup-
plied 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 sirong tendency
for only certain elements to be detected by a particular
chemical analysis which could miss other important con-
stituents. Furthermore, the chemical composition of a speci-
men might have changed when it was measured at high tem-
perature.

En many cases research papers did not contain adequate
information for performing a truiy critical evaluation. In
these cases, some other considerations were used for data
evaluation. For instance, if several author’s data agreed and,
more importantly, these were obtained by using different
experimental methods, these data were judged to be reliable.
However, if the different sets of data were obtained by means
of the same experimental method, even though they all
agreed, the reliability of the data was still subject to question-
ing, because they might all suffer from a common, but un-
known, source of error. Secondly, if the same apparatus had
been used for measurements of other materials and the other
results were reliable, the result for the new material was
judged also tc be reliable. If the information given by the
author was entirely inadequate to make any value judgment,
the data assessment was subjective. At times, judgments
were based upon factors and considerations such as the cen-
tral purpose of his research, the motivation for his measure-
ment, general knowledge of the experimenter, his past per-
formance, the reputation of his laboratory, etc.

In the process of critical evaluation of experimental
data outlinted above, unreliable and erroneous data were not-
ed and set aside. The remaining data were used for data cor-
relation and synthesis, and graphical smoothing wes often
used. In graphical smoothing of experimental data for a bi-

nary alloy system, cross-plotting from electrical resistivity
data versus temperature to resistivity data versus composi-
tion and vice versa were made. Smooth curves were drawn
which approximate the best fit to the resistivity data versus
temperature, and points from the smoothed curves were
used to construct resistivity-versus-composition curves for a
convenient set of selected temperatures. In a resistivity-ver-
sus-composition graph, the family of isotherms was similar
and any required smoothing of the data could be done more
easily and with greater confidence than when working di-
rectly with the resistivity-versus-temperature curves. The
points from the resulting smoothed curves were then used to
construct resistivity-versus-temperature curves for selected
compositions. and these curves were further smoothed. In
the graphical smoothing process it was extremely important
that the alloy phase diagrams be constantly consulted and
the phase boudaries between solid solution and/or mechani-
cal mixtures 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 resistivity curves.

In graphical smoothing and syvnthesis of data for a bina-
ry alloy system, instead of cross-plotting the total electrical
resistivity plc, 7'}, it was often better to work with the tem-
perature-dependent part p;{c,T"), of the electrical resistivity,
ie.,

£:(e.T) =ple,T) — pole). {25)
This temperature-dependent part changes more slowly with
the alloy composition, ¢, than does the total electrical resis-
tivity, and its isotherms may form a family more convenient
for cross-plotting. Furthermore, for a binary alioy system
that forms a continuous series of solid solutions over the
entire range of compositions, it has proved very useful to go
further in this direction by working with the quantity

AT =pe.T) ~FleT), (26)
where p; is the atomic-fraction-weighted average of the in-

trinsic resistivities, p;'* and p;®, of the pure metals A and
B:

pileT) = cp™(T) + (1 - c)p,®(T) {27)
with c=c, of metal A.

Since the quantity 4 is at most a few percent of p, irregu-
larities and discrepancies in the values of p become very con-
spicuous in plots of 4 or 4 /7, and this increases the confi-
dence with which one can reject some data as aberrant or
unreliable. In the low-temperature region it is better to cross-
plot 4 versus Tor c, while at high temperature cross-plotting
4 /T versus T or cis preferred. Cross-plotting of 4 is conven-
ient up to 300 K and cross-plotting of 4 /T down to 100 K;
the range of overlap in T makes it useful to employ both
types of plot in relating low-temperature data to high-tem-
perature data. As an example to illustrate the application of
this method and procedure, a detailed account of analysis
and synthesis of the electrical resistivity data for the gold—
silver alloy system is nresented in Appendix 5.1.

Combining Egs. (25) to (27) gives an expression for the
electrical resistivity of a binary alioy:

ple.T) = pole) + o0, (T} + (1 — clp, (T} + A (e, 7).
(28)

4. Phrye. Chem. Ref. Daia, Yol. 12, No. 2, 1982
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This expression reduces to Eq. (2) for an impure metal for
which ¢ approaches zero.

2.3. Presentation of Data and Information

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
aluminum—copper alloy system. The term “binary alloys”
refers to a group of binary alloys in which the first alloying
clement is predominant and is signified by a plus between the
two elements, such as aluminum + copper alloys. In specify-
ing the composition of an alloy, weight percent is denoted by
% and atomic percent by At.% or at.%.

In each of the subsections in Sec. 3, electrical resistivity
data and information for each alloy system are presented in
the following order:

1. A discussion Lleat,

2. A table of recommended values given as a function of
both temperature and composition,

3. Two figures presenting recommended values as a
function of temperature,

4. Two comparable figures presenting experimental
data as a function of temperature,

S. A figure presenting both recommended values and

experimental data as a function of composition.
In addition, the following supplementary tables which pro-
vide measurement information and tabular data for the ex-
perimental data sets shown in the figures are deposited in
AIP’s Physics Auxiliary Publication Service:

6. Two tables giving measurement information on the
experimental data presented in the two figures of item 4.

7. Two comparable tables tabulating experimental data
of all the data sets presented in the two figures of item 4 and/
or listed in the two tables of item 6.

8. A table giving measurement information on the ex-
perimental data presented in the figure of item 5.

9. A comparable table tabulating experimental data of

all the data sets presented in the figure of item 5 and/or listed
in the table of item 8.
Thus, there are normally five figures and seven tables for
each alloy system, excepting that some additional figures
presenting other useful information are also given for a few
particular alloy systems.

In the discussion text on the electrical resistivity 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 table of recommended values, those values that
are provisional are indicated each by a double dagger (1). The
designation as recommended or provisional values depends
upon the level of confidence placed on the values and, hence,
upon the uncertainty in the values assigned. The uncertainty
in the recommended electrical resistivity values is + 5% or
smaller and that in the provisional values is greater than
+ 5%.

Values in a temperature range where no experimental

J. Phys. Chem. Ref. Data, Vol. 12, No. 2, 1983

data are available are indicated each by an asterisk (*). How-
ever, it is important to note that in many cases whether ex-
perimental data are available or not in a particular tempera-
ture range has no bearing on the accuracy or uicertainty in
the recommended values generated for that temperature
range. It is because in many cases the available experimental
data in a particular temperature range are those already re-
jected as erroneous or unreliable and therefore not used at all
in the generation of recommended values for that tempera-
ture range, and in many other cases the recommended values
for a particular temperature range were generated from ac-
curate values in other ranges and therefore are accurate even
though no experimental data are available in that particular
temperature range. In other words., recommended values
with asterisks do not necessarily have larger uncertainty
than those without, and in many cases the opposite is true.

Therecommended (or provisional) values in some of the
tables are given with more significant figures than warrant-
ed, which is merely for tabular smoothness or for the conve-
nience of internal comparison. Hence, the number of signifi-
cant figures given in the table has no bearing on the degree of
accuracy or uncertainty in the values; the uncertainty in the
values is always explicitly stated.

For each of the ten binary alloy systems except three
{(aluminum~copper, aluminum-magnesium, and copper—
zinc), the recommended {or provisional) values are given for
27 compositions: O(pure element), 0.5, 1, 3, 5, 10(5)95, 97, 99,
99.5, and 100%(pure element). The alloy compositions in
atomic percent corresponding to these in weight percent are
also specified. For aluminum-—copper alloy system, recom-
mended values are presented for 26 compositions, without
that containing 80% copper. For aluminum-magnesium al-
loy system, recommended values are generated only for 12
compositions, lacking those containing 15% to 85% magne-
sium. Recommended values are given for only 11 composi-
tions of the copper—zinc alloy system, and no values are for
those with 35% to0 99.5% zinc. For most of the compositions
the recommended values cover the temperature range from 1
K to near the solidus temperature (melting starting point).
The recommended values have been smoothed simulta-
neously over both temperature and composition depen-
dences.

The recommended values for the elements are for well-
annealed high-purity specimens of the respective elements;
however, those values for temperatures below about 100 K
are applicable only to the particular specimens having resid-
ual electrical resistivities as given at 1 K in the tables. The
recommended values generated for the alloys are for those
which are not ordered and have not been severely cold-
worked or quenched; the electrical resistivity values would
be lower for ordered alloys and higher for cold-worked al-
loys at low temperatures. Furthermore, the values generated
are based on the room-temperature dimensions of the alloys,
as thermal expansion corrections have not been made. This
is due to the fact that the available experimental data on the
electrical resistivity of the alloys, upon which the recommen-
dations are based, are not corrected for thermal expansion,
and that thermal expansion values for the respective alloys
are not available for such corrections to be made. If the val-
ues of thermal expansion, AL (T')/L,, for the alloys are avail-
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able, the electrical resistivity values corrected for thermal
€XPansion, Peorrecies » CaN €a8ily be calculated from the given
values uncorrected for thermal expansion, fyncorsectea s Y the
following relation:

- AL(T .
pcorreclcd(-" ) = (1 + ( ) )Puncorrcctcd(T)7 (29’
LO

where 4L =L — L, and L and L, are the lengths of the
specimen at any temperature / and at a reference tempera-
ture T, respectively. The thermal expansion correction
amounts roughly to about — 0.2% to — 0.7% at very low
temperatures, zero at room temperature, about 0.3% to
0.7% at 500 K, and about 2% near the melting point of the
alloy. '

In the figures presenting recommended {or provisional)
electrical resistivity values as a function of temperature, con-
tinuous {solid) curves represent recommended values and
long-dashed curves represent provisional values. The short-
dashed portion of any of the above two types of curves repre-
sents values in that temperature range where no experimen-
tal data are availeble. In a particular temperature range
experimental data are considered to be available for a parti-
cular alloy composition for which recommended values have
been generated if the available experimental data are for 2
composition closer to that particular composition than to
the next composition for which recommended values have
also been generated. If the available experimental data are
for a composition in the middle of two compositions for
which recommended values have been generated, experi-
mental data are considered available for both compositions.

In the figures presenting experimental data, a data set
consisting of a single data point is denoted by a number en-
closed by a square, and 2 curve that connects a set of two or
more data points is denoted by a ringed number. These data
set numbers correspond to those listed in the accompanying
tables providing measurement information and tabulating
numerical data for each of the data sets. When several sets of
data are too close together to be distinguishable, some of the
data sets, though listed and tabulated in the tables, are omit-
ted from the figure for the sake of clarity. The data sct
numbers of those data sets omitted from the figure are aster-
isked in both tables providing the measurement information
and tabulating the experimental data. If only part of the data
points of a data set are omitted from the figure, only those
data points omitted are asterisked in the table tabulating the
experimental data.

The tables providing the measurement information,
which are deposited in AIP’s Physics Auxiliary Publication
Service, contain for each set of experimental data the follow-
ing information: data set number, reference number, auth-
or(s}, year of publication, experimentai method used for the
measurement, temperature range covered by the data, alioy
name and specimen designation, alloy composition, speci-
men specification and characterization, and information on
measurement conditions, which are contained in the originai
paper. The experimental methods used for the measurement
of the electrical resistivity of alloys are indicated in the tables
by the following code letters:
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4 Direct-current potentiometer method

B Direct-current bridge method

C Alternating-current potentiometer method

E Eddy current decay method

P Van der Pauw method

R Rotating magnetic field method

V' Voltmeter and ammeter direct reading method

Details of these and other methods for the measure-
ment of electrical resistivity may be found in the literature
references given in Appendix 5.2, which presents a complete
scheme for the classification and organization of the meth-
ods.

The last column of the table on measurement informa-
tion with heading “Composition, Specification, and Re-
marks” should contain the following information on the
specimen and its measurement if such information is pro-
vided in the original source document:

1. Chemical composition,

2. Type of crystal and crystalline axis orientation,

3. Microstructure and inhomogeneity,

4. Specimen shape and dimensions,

5. Method and procedure of fabrication,

6. Manufacturer, supplier, and stock number,

7. Prior heat history and cold-work history,

8. Heat treatment, cold working, irradiative and other
treatments,

9. Test environment such as measured in vacuum, ot
in nitrogen under pressure.

10. Relevant physical properties such as density, transi-
tion temperature, Curie temperature, etc., and

11. Whether the data were corrected for the thermal
expansion of the specimen.

It will be noted, however, that in the majority of cases the
authors did not report in their research papers all the neces-
sary pertinent information.

In the tables tabulating the experimental data, which
are deposited in AIP’s Physics Auxiliary Publication Ser-
vice, all the original data reported in different units have
been converted to have the same units: 10~% 2m (the SI
units). The recommended values generated are also given in
the same units. Conversion factors for the units of electrical
resistivity, which may be uscd to convert the electrical resis-
tivity values in the SI units given in this work to values in
other units, are given in Appendix 5.3.

It should be noted that in this work the measurement
information and experimental data are given in the above
two kinds of tables only for the binary alloys, but not for the
pure metals, even though the recommended values for the
pure metals arc given in the tables of recomumended values.
The experimental data and measurement information on the
nine metallic elements which constitute the ten binary alloy
systems together with details of their critical reviews, evalua-
tion, and discussions are presented elsewhere. %54

In the figures presenting both recommended values and
experimental data as a function of composition, for the sake
of clarity recommended or provisional values are presented
only for a selected few temperatures and are all represented
as continuous {solid) curves. In these figures the alloy com-
positions are given in atomic percent, with weight percent
indicated at the top of the figures.

J. Phys. Chem. Bef. Data, ¥ol. 12. Nc. 2. 1982
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3. Electrical Resistivity of Binary Alloy
Systems

3.1, Aluminum-Copper Alloy System

The aluminum-—copper alloy system does not form a
continuous series of solid solutions. The maximum solid so-
lubility of copper in aluminum is 5.7% {2.50 at. %) at 821 K
and the solubility decreases to 0.1%-0.2% (0.48-0.08 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 higher and lower tem-
peratures. Thus the region of solid solution is limited.

There are 154 sets of experimental electrical resistivity
data available for this system. Eight of the 27 data sets for
Al+ Cu alloys listed in Table S-1, tabulated in Table S-2,
and shown in Fig. 3 are merely single data points. Most of the
data were measured between 250 and 700 X for alloys con-
taining no more than 15% Cu. Only a single point is avail-
able at4.2 K. Of the 106 data sets for Cu + Al alloys listed in
Table S-3, tabulated in Table S-4, and shown in Fig. 4, 36 sets
are single data points measured at 4.2 K or at room tempera-
ture. Most of the data were measured between room tem-
perature and 1000 K. Thrcc of the 21 resistivity-composition
data sets listed in Table S-5, tabulated in Table S-6, and
shown in Fig. 5 are for specimens in liquid state.

For the Al+ Cu alloys, the resistivity-composition
curveat 273 K was first determined in Fig. 5 following main-
ly the data of Smith®® (Al-Cu data set 4). For ordinary alloys,
it is usually reasonable to assume that the deviation of the
electrical resistivity from the Matthiessen’s rule due to alloy-
ing is small at low temperatures, say, below 50 K. The resis-
tivity-composition curve at 4.2 K is then drawn parallel to
the curve for 273 K. Starting from the values at these two
temperatures, the recommended curves for the Al + Cu al-
loys were drawn according to the temperature dependence
of the data of Griffiths and Schofield®® (Al + Cu data sets 1-
5).

For the Cu + Al alloys containing 10% Al or less, the
recommended values for the resistivity at 293 K were ob-
tained by drawing a best smooth isotherm so as to agree to
within 4 4% with the data of Gaudig and Warlimont®’
(Cu + Aldatasets 86, 87), Panin et a/.7*°° (Cu + Aldata sets
88, 90, 92, 94), Hibbard®® (Cu + Al data set 48), Wechsler
and Kernohan®! (Cu + Al data set 43), Gulyaev and Tru-
sova® (Al-Cu data set 16), Linde®® (Cu + Al data sets 44—
46; Cu + Al data set 47 is 10% higher than the recommend-
ed value), and Smith and Palmer® (Cu + Aldatasets 2, 3, 5,
6; Cu + Al data set 4 is 11% higher than the recommended
values). For specimens containing more than 10% Al, the
isotherm representing the recommended values for the resis-
tivity at 293 K follows the trend of the room-temperature
data of Pecijare and Jannsen®>® (Cu + Al data sets 33-42).
Késter and Rothenbacher® (Cu + Al data sets 67-70), and
Hishiyama® (Al-Cu data set 21). For these more concen-
trated alloys, it should be noted that some authors, notably
Smith and Palmer® (Cua + Al data sets 8, 9), Sinha and Pra-

J. Phys. Chem. Ref. Data, Vol. 12, No. 2, 1983

sad® (Cu + Al data sets 52, 53), and Griffiths and Scho-
field®s (Cu + Al data set 1), have reported resistivities as
much as 309% greater than the recommended valucs. The
isothermal resistivities suggested by these authors increase
more rapidly as a function of increasing aluminum content
than do the recommended values. The discrepancy is largely
unexplained due to lack of information, other than to sug-
gest a probable difference in specimen impurities and crys-
talline structures, which points to a need for detailed speci-
men characterization in any future work on the resistivity of
these alloys. For specimens containing from 15% to 25%
Al, the data indicate a maximum in the isothermal resistivity
as a function of composition. However, there is insufficient
evidence to indicate where the maximum is, and not enough
information is available in this region to warrant the recom-
mendation of values for the resistivity of the 20% Al alloy at
293 K or other temperatures.

The recommended values for the residual resistivities of
Cu + Al alloys were generated by drawing a best smooth
isotherm through the data of Weinberg™ (Cu + Al data sets
65, 66), Chu and Lipschuitz’"” (Cu + Al data sets 28, 55),
Charlsey and Salter”"* (Cu + Aldatasets 10~17, 19; Al-Cu
data set 19), Kusunoki and Suzuki” (Cu + Al data set 20),
Wechsler and Kernohan®! {(Cu | Al data set 43}, Lindenfecld
and Pennebaker’® (Cu + Al data set 18), Kapoor ef al.”’
(Cu + Al data sets 103-105), and Mitchell et al.”® (Cu + Al
data sets 22, 24). The great majority of those data lie within

=+ 0.5X 10™8 2m of the recommended isotherm. For alloys

containing more than 10% Al, no measurements were made
below 250 K except a single point for a 46% Al alloy at 4.2
K. Consequently no recommendations are made below 250
K for the more dense alloys. The recommended values for
the resistivities at temperatures above room temperature
were based primarily on the data of Smith and Palmer
{Cu+ Al data sets 2, 3, 5, 6), Gaudig and Warlimont®’
{Cu + Al data sets 86, 87), and Panin ef al.>® (Cu + Al data
sets 92, 94) with some weight given to the data of Jannsen
and Pecijare®>*® (Cu + Al data sets 33—42) and Sinha and
Prasad® (Cu + Al data sets 50-53).

The resulting recommended electrical resistivity values
for Al, Cu, and for 24 Al-Cu binary alloys are presented in
Table | and shown in Figs. 1, 2, and 5. No values were gener-
ated for Cu + 20% Al alloy. The recommended values for
Al and for Cu are for well-annealed high-purity specimens,
but those values for temperatures below about 100 K are
applicable only to Al and Cu having residual electrical resis-
tivities as given at I K in Table . The alloys for which the
recommended values are generated are not ordered and have
not been quenched or cold-worked severely. For most of the
alloys, the recommended values cover a full range of tem-
perature from 1 K to the solidus temperature of the alloy
where melting starts. These values are not corrected for the
thermal expansion of the material. The estimated uncertain-
ties in the values for the various alloys and for different tem-
perature ranges are explicitly stated in a footnote to Table 1.
Some of the values in Table 1 are indicated as provisional
because their uncertainties are greater than + 5%.
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TABLE 1.

[Temperature, T, K; Electrical Resistivity, ps 1080 m]

RECOMMENDED ELECTRICAL RESISTIVITY OF ALUMINUM-COPPER ALLOY SYSTEMt

Al: 100,00% (100.00 At,%)| Al: 99,50% (99.79 At.%) |[Al: 99.00% (99.57 At.%) | Al: 97.00% (98.70 At,%) [ Al: 95.00% (97.81 At.%) |Al: 90.00% (95.49 At.%)
Cu:  0.00% ( 0,00 At.%)| Cu:  0.50% ( 0.21 AL.%) |Cu: 1.00% ( 0.43 At.%) | Cu: 8.00% ( 1.30 At.%) | Cu: '5.00% ( 2.19 At.%) |Cu: 10.00% ( 4,51 At.%)
T e T P T P T o T P T 0

1 0. 00100% 1 0. 043" 1 1 1
4 0.00100 4 0. 043" 4 4 4
7 0,00100 T 0. 043% (s 7 7
10 0,00103 10 0.043* 10 10 0,453* 10
15 0.00117 15 0,043 15 15 0.453% 15
20 0.00168 20 0.04 20 20 0,454+ 20
25 0.00296 25 0.04 25 25 0.456% 25
30 0.00564 30 0,05 30 30 0.459* 30
40 0,0188 40 0.063* 40 40 0,473% 40
50 0.0480 50 0. 092 50 50 0. 502% 50
60 0.0960 60 0.139% 60 60 0. 550% 60 1. 08*
70 0.163 70 0.206* 70 70 0.616 70 1.1
80 0.246 80 0,289* 80 /0 0800 80 1.18%
90 0.340 90 0,383 90 90 0,793 90 1.27
100 0,443 100 0, 485" 100 100 0.895 100 1,38
150 1.010 150 1.05% 150 150 1.46 150 1.94
200 1.593 200 1.63% 200 200 2.04 200 2,51
250 2.167 250 2,21% 250 250 2,62 250 3,09
273 2.429 273 2.48 273 273 2.88 273 3,36
293 2.653 293 2,69 293 293 3,10 293 3.59
300 2,731 300 2.7 300 300 3,18 300 3.87
350 3,292 350 2.4 350 350 3.75 350 4.25
400 3.854 400 3,2 400 400 4,33 400 4,86
500 4,992 500 9.1 500 500 5,54 500 6.14
600 6.155 600 6.32% 600 600 6.81 600 7.48
700 7,353 700 7.41 700 700 8.12 700 8.89
800 8,622 800 8.72 800 800 9.46 800  10.4
900 10.019 900 10.1 900 835 9.73 821 10.7
933.52  10.516% 923 10.4 913

t Uncertainties in the electrical resistivity values are as follows:

100.00 Al - 0,00 Cu:
99,50 Al - 0.50 Cu:
99.00 Al - 1.00 Cu:
97.00 AL - 3.00 Cu:
06.00 Al 5.00 Cu;

90.00 Al - 10,00 Cu:

+2% below 80 K,
+5% below 200 K,
+5% below 200 K,
+5% below 200 K,
1.5% below 200 K,
+5% below 200 K,

£1% from 80 to 200 K,
+2% from 200 to 600 K,
+2% from 200 to 600 K,
+2% from 200 to 600 K,
#2% frow 200 Lo 600 K,
+3% from 200 to 600 K,

* Jn temperature range where no experimental data are available.

+0.5% above 200 K to 500 K, and +2% above 500 K.

and +3% above 600 K,
and 3% above 600 K,
and +3% above 600 X,
and +5% above 600 K,
and +5% above 600 K.

SINILSAS AOTIV AHVNIE 40 ALIAILSISTH TVIIHLOT13
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TABLE 1. RECOMMENDED ELECTRICAL RESISTIVITY OF ALUMINUM-COPPER ALLOY SYSTEM' (continued)

[Temperature, T, K; Electrical Resistivity, p, 1070 Q) m]

Al: 85.00% (93.03 At.%) | Al: 80.00% (90.40 AL.%) | Al: 75,00% (87.60 At.%) | Al: 70,00% (84.60 At.%) | Al: 65.00% (81.39 At.%) | Al: 60.00% (77,94 At,%)
Cu: 15.00% | 6,97 At.%). | Cu: 20.00% ( 9.60 At.%) | Cu: 25.00% (12.40 At.%) | Cu: 30.00% (15.40 At.%) | Cu: 35.00% (18.61 At.%) | Cu: 40, 00% (22,06 At, %)
|

T P | T o T 4 T 0 T p T o

1 \ 1 1.00% 1 9. 98% 1 2. 1 1 3, 08%

4 4 1.9 4 2.2 4 2. 4 4 3.0

7 7 1.9 7 2,28% 7 2. 7 7 3.0
10 10 1.9 10 2.28" 10 2. 10 10 3.0
15 15 1.90% 15 2,28% 15 2.5 15 15 3.0
20 20 1. 907 20 2.2 20 2. 20 20 3.0
25 25 1.9 25 2.2 25 2. 25 25 3.0
30 30 1.9 30 2,2 30 2, 30 30 3.0
40 40 1.9 40 2, 30% 40 2. 40 40 3.10
50 50 1.95% 50 2,38% 50 2. 50 50 3.18%
60 60 2.0 60 2.38% 60 2. 60 60 3.18%
70 70 2.0 70 2. 4b% i 2. T0 70 3.2
80 80 2.1 80 2, 53% 80 2, 80 80 3.3
90 90 2.2 90 2. 62% 90 2. 90 90 3. 3¢
100 190 2. 100 2.72% 100 3. 100 100 3.4
150 150 2. 150 3.29% 150 3. 150 150 4.0
200 200 3. 200 3. 87 200 4. 200 200 4.4
250 250 4. 250 4.,45% 250 4, 250 250 5.1
20 Z13 %. 273 @, 72" 273 G 273 avs €, 567
293 293 4. 293 4,98 293 5. 293 293 5,88
300 300 4 300 5.07 300 5 300 300 5.99
250 250 5 350 8. TR 350 [ 350 350 6. 77"
400 400 5 400 6.49% 400 6 400 400 7.8
500 500 7 500 8. 05% 500 8. 500 500 9.4
500 600 8,95 600 9.68% 600 10 600 600  11.5%
700 700 10.6 700 11.4 700 12,2 700 700  13.5%
300 800 12.3 800 13.3 800 14.2 800 800  15.8%
821 821 12.7 ! 821 13.6 821 14.6 821 821 16.2%

85,00 Al - 15,00 Cu:
80.00 Al - 20,00 Cu:

e

Provisional value.

% below 200 K,
+5% below 200 K,
75.00 Al ~ 25,00 Cu: +57 below 200 K,
70.00 Al - 30,00 Cu: +5% below 200 K,
65,00 Al - 35,00 Cu: +5% below 200 K,
60.00 AL - 40,00 Cu: 15% below 200 X,

Incertainties in the electrical resistivity values are as follows:

+5% from 200 to 600 K, and +5% above 600 K.
+3% from 200 to 600 K, and +5% above 600 K.
+3% frou 200 tu 600 K, und +£5% above 600 I,
+3% from 200 to 600 K, and +5% above 600 K.
+83% from 200 to 600 K, and +5% above 600 K.
+3% from 200 to 600 K, and £6% above 600 K.

In temperature range where no experimental data are available.

861
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3.2. Aluminum-Magnesium Alloy System

The aluminum-magnesium alloy system does not form
a continuous series of solid solutions. The maximum solid
solubility of magnesium in aluminum s 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 maxi-
mum 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 for this system is even
more limited than that of the aluminum-copper alloy sys-
tem.

There are 76 sets of experimental electrical resistivity
data available for this system. Of the 43 data sets for
Al + Mg alloys listed in Table S-7, tabulated in Table S-8,
and shown in Fig. 8, 11 sets are merely single data points.
Twelve of the 28 data sets for Mg + Al alloys listed in Table
S-9, tabulated in Table S-10, and shown in Fig. 9 are single
data points. Of the 5 resistivity-composition data sets listed
in Table S-11, tabulated in Table S-12, and shown in Fig. 10,
one set is for specimens in liquid state.

For the Al 4+ Mg alloys, measurements were limited to
alloys containing no more than 14% Mg. Recommended
valucs werc, therefore, gencrated only for 0.5% to 109 Mg
alloys. For the electrical resistivity of these alloys, it appears
that the deviation from the Matthiessen’s rule due to alloy-
ing is small. Hence, a residual resistivity versus composition
curve was constructed based on the slope of the data of Gu-
lyaev and Trusova®* (A1-Mg data set 4) measured at 293 K,
and the total electrical resistivity of each alloy was then ob-
tained by adding its residual electrical resistivity to the in-
trinsic electrical resistivity of pure Al.>* The resulting rec-
ommended values agree well with the data of Idase ef al.*°
(Al + Mg data sets 1-4) and of Cordier and Detert'®
(Al + Mg data sets 12-14) above room temperature, and
agree with the data of Seth and Woods'®! (A1 + Mg data sets

9-11), Clark er al.'®*'* (Al + Mg data sets 15, 26, 27), and
Clark and Tryon'® (Al 4 Mg data sets 28-36) between 100
and 300 K. :

For the Mg + Al alloys, no measurements were made
for alloys containing more than 12.2% Al Accordingly, the
recommended values were generated for 0.5 to 10% Al al-
loys only. For the electrical resistivity of these alloys, the
deviation from the Matthiessen’s rule due to alloying ap-
pears also to be small. The residual resistivity values of these
alloys were derived based on the data of Smith* (Al-Mg
data set 5) measured at 292 K, and the total electrical resis-
tivity of each alloy was obtained by adding its residual resis-
tivity to the intrinsic electric resistivity of pure Mg.>' The
resulting recommended values agree with the data of
Staebler'® (Mg + Al data sets 19-21) and of Powell et al.'%
(Mg + Al data set 28) above room temperature, and with the
data of Hedgcock and Muir'”” (Mg + Al data sets 1-3) and
Seth and Woods'®' (Mg + Al data sets 4-6) below room tem-
perature.

The resulting recommended electrical resistivity values
for Al, Mg, and 10 Al-Mg binary alloys are presented in
Table 2 and shown in Figs. 6, 7, and 10. No values were
generated for alloys containing 15% to 85% Mg. The rec-
ommended values for Al and for Mg are for well-annealed
high-purity specimens, but those values for temperatures be-
low about 100 K are applicable only to Al and Mg having
residual electrical resistivities as given at 1 K in Table 2. The
alloys for which the recommended values are generated are
not ordered and have not been quenched or cold-worked
severely. The recommended values cover a full range of tem-
perature from 1 K to the solidus temperature of the alloy
where melting starts. These values are not corrected for the
thermal expansion of the material. The estimated uncertain-
ties in the values for the various alloys and for different tem-
perature ranges are explicitly stated in a footnote to Table 2.
Some of the values in Table 2 are indicated as provisional
because their uncertainties are greater than 4+ 5%.

J. Phys. Chem. Ref. Data, Vol. 12, No. 2, 1983
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TABLE 2.

[Temperature, T, K; Electrical Resistivity, p, 107 Q m]

RECOMMENDED ELECTRICAL RESISTIVITY OF ALUMINUM~-MAGNESIUM ALLOY SYSTEM+t

Al : 100.00% (100.00 At.%)| Al: 99.50% (99.45 At.%) | Al: 99.00% (98.89 At.%) | Al: 97.00% (96.68 At.%) | Al: 95.00% (94.48 At.%) | Al: 90.00% (89.02 At.%)
Mg: 0.00% ( 0.00 At.%)| Mg: 0.50% ( 0.55 At.%) | Mg: 1.00% { 1.11At.%) | Mg: 3.00% ( 3.32 At.%) | Mg: 5.00% ( 5.52 At.%) | Mg: 10.00% (10.98 At.%)
T P T I} T p T P T p T P
1 0.00100* 1 0.204%+ 1 0.512+4 1 1, 50" ¢ 1 2, O4F 1 4. 90" ¥
4 0.00100 4 0.254%¢ 4 0.512% 4 1, 53%¢ 4 2. 54% 4 4,93%%
7 0.00100 7 0. 25454 7 0.512f 7 1. 53+ 7 2.54% 7 4.93%4
10 0.00103 10 0, 254%% 10 0.512# 10 1.53%% 10 2. 54% 10 4,93%%
15 0,00117 15 0.254%% 15 0.51.24 15 1.53%¢ 15 2.54% 15 4,934
20 0.00168 20 0. 25644 20 0.5134 20 1. 584 20 2. 54% 20 4,99%%
25 0.00296 25 0.256% 25 0.514% 25 1,534 25 2. 54% 25 4,93%%
30 0. 00564 30 0.259% 30 0.517¢ 30 1, 54%% 30 2,554 30 4.94%%
40 0.0188 40 0.273% 40 0.531% 40 1.55%% 40 2,564 40 4. 9544
50 0.0480 50 0.302% 50 0.561% 50 1. 58%% 50 2.59% 50 4, 99%%
a0 0. 0980 a0 0. 351 a0 0. 609 a0 1. 63%% &0 2.R4% 60 5. 0454
70 0.163 70 0.418% 70 0.673f 70 1. 70%4 70 2.71% 70 5. 12%4%
80 0.246 80 0. 5004 80 0.754% 80 1. 78%% 80 2. 80 80 5.21%4
90 0.340 90 0.595% 90 0.851% 90 1.88*¢ 90 2. 90% 90 5.31%
100 0.443 100 0.697+ 100 0.958% 100 1,98+ 100 3.01% 100 5.42%
150 1.010 150 1.274 150 1.534% 150 2. 56%4% 150 3.59% 150 6. 024
200 1.593 200 1.85% 200 2.11% 200 3.15%% 200 4.194% 200 6.63%
250 2.167 250 2.43 250 2.69 250 3, 74 250 4.78 250 7.24
2173 2.429 273 2.69 273 2.96 2173 4,01 273 5.05 273 7.52
293 2.653 293 2.92 293 3.18 293 4,23 293 5.28 293 7.76
300 2.731 300 2.99 300 3.26 300 4.31 300 5.36 300 7.85
300 3.292 350 3. 0b% 300 3. 825 350 4, Hy* 300 2. 93 350 8.43
400 3.854 400 4,12+ 400 4,39% 400 5. 45% 400 6.51 400 9,02
500 4,992 500 5.26% 500 5.53* 500 6.59% 500 7.67 500 10.2
600 6.155 600 6.42% 600 6.69% 600 7.75% 600 8.86 600 11.4
700 7.353 700 7.62% 700 7.90% 700 8.97% 700 10, 1% 700 12, 6%
800 8.622 800 8. 90% 800 9.18% 800 10, 3* 800 11. 789 13,7
900 10.019 900 10.3 900  10.6 880 11, 4% 849 12,
205.52 10, 516+ 2890 10.6 919 10.8

+ Uncertainties in the electrical resistivity values are as follows:

+2%below 80 K, +1% from 80 to 200 K, £0.5% above 200 K to 500 K, and +2% above 500 K.
+10%up to 200 K and +5% ahove 200 K.
+10%up to 200 K and 5% above 200 K.
+10% up to 200 K and +5% above 200 K.
+10% up to 200 K and 5% above 200 K.
+10% up to 200 K and +5% above 200 K.

100.00 Al - 0.00 Mg:
aa §0 A1~ 0.50 Mg:
99.00 Al - 1.00 Mg:
97.00 Al - 3.00 Mg:
95.00 Al - 5.00 Mg:
90. 00 Al - 10,00 Mg:

3 Provisional value.

# In temperature range where no experimental data are available.
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TABLE 2. RECOMMENDED ELECTRICAL RESISTIVITY OF ALUMINUM-MAGNESIUM ALLOY SYSTEM1t (continued)
[Temperature, T, K; Electrical Resistivity, p, 1078 g m]

t

Al: 10.00%( 9.10 At.%) |Al: 5.00%( 4.53 At.%) | Al: 3,00%( 2.7LAt.%) |Al: 1.00%( 0.90 At.%) - | Al: 0.50%( 0.45At.%) |Al: 0.00%( 0.00At.%)
Mg: 90.00%(90.90 At.%) | Mg: 95.00%(95.47 At.%) | Mg: 97.00%(97.29 At.%) |Mg: 99.00%(99.10 At.%) | Mg: 99.50% (99.55 At.%) [ Mg: 100.00%(100.00 At.%)
T ] T [ T o T ) ! T P T o
1 13, L 1 9,02% 1 5.64% 1 1,87 1 0.936% 1 0.0062
4 13.1 4 9,02 4 5.64 4 1.87 4 0.936 4 0.0062
7 18,1 7 9.02 7 5.64 7 1.87 7 0.937 7 0. 0064
10 13.1 10 9,02 10 5.64 10 1.87 10 0.937 10 0. 0069
15 13.1 15 9,02 15 5.64 15 1,87 15 0.939 15 0. 0086%
20 13.1 20 9.03 20 5,65 20 1.88 20 0.942 20 0.0124%
25 13.1 25 9.04 25 5.66 25 1.89 25 0. 949 25 0., 01944
30 13.1 30 9.05 30 5.67 30 1.90 30 0.960 30 0. 0310
40 13.1 40 9.09 40 5,70 40 1,94 40 1.00 40 0. 0746
50 13.2 50 9.17 50 5,78 50 2.02 50 1.08 50 0.152
149 18.9 €0 9.80 60 5.90 GO 2.14 1} 1.19 (3] 0. 862
70 13.4 70 9.42 70 6,04 70 2.27 70 1.34 70 0.400
80 13.6 80 9.58 80 6.20 80 2.43 80 1.50 80 0. 559
90 13.8 90 9.75 90 6,37 90 2,60 90 1.67 90 0. 731
100 14.0 100 9.93 100 0.55 100 2.8 100 1.85 100 0.912
150 14.9 150 10.9 150 7.50 150 3.73 150 2.80 150 1.84
200 15,8 200 11.8 200 8.42 200 4.65 200 3.72 200 2,75
250 16.7 250 12.7 250 9.30 250 5.58 250 4.59 250 3.61
273 17.1 273 13.1 273 9.69 273 5,92 273 4,98 273 4.05
293 17.4 293 13.4 293 10.0 293 6.25 293 5.81 298 4.39
300 17.8 300 13.5 300 10.1 300 6.37 300 5.43 300 4,51
350 18.4 350 14.3 350 11,0 350 7.20 350 6.26 350 5.36
400 19.2 400 15.2 400 11.8% 400 8.03 400 7.10% 400 6.18
500 20, 9% 500 16. 9% 500 13, 5% 500 9.74 500 8. 79% 500 7.82
600 22, 7% 600 18,6 600 15, 2% 600 11,5 600  10,5% 600 9.44
700 24. 4% 700 20.4% 700 17, 0% 700 13.2 700 12.3% 700 110
756 25.2% 800 22, 15 800 18, 7% 800 14. 9% 800  14.0% 800  12.6
839 22, 7% 872 20, 0% 900 16. 6% 900  15.7% 900  14.2
903 16. 6% 913 15.9% 922 14.5(s)
923  26.1%(1)
1000  26.0%
1100  25.8%
1200  25.6%

Uncertainties in the electrical resistivity

values are as follows:

10.00A1~ 90. 00 Mg: +5% below 200 K, +3% from 200 to 600 K,

5.00A1- 95,00 Me: 5% below 200 K.
3.00A1- 97.00Mg: *5% below 200 K,
1.00A1~ 99,00 Mg: +5% below 200 K,
9.50A1- 99.50Mg: +5% below 200 K,

0.00A1~100.00 Mg: +5% up to 10 K, +8%between 10 and 30 K,

Provisional value.

+8% from 200 to 600 K,
+3% from 200 to 600 K,
+2% from 200 to 600 K,
+2% from 200 to 600 K,

In temperature range where no experimental data are available,

and £5% above 600 K,
and +5% above 600 K.
and £5% above 600 K.
and +5% above 600 K.
and +5% above 600 K.

+5% from 30 to 100 K, +3% above 100 K to 600 K, +5%above 600 K to 922 K, and +1(% above 922 K.
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3.3. Copper-Gold Alioy System

The copper—gold alloy system forms a continuous series
of solid solutions over theentire range of compositions.
However, ordered structures are formed at temperatures be-
low 663 K for compositions ranging from about 40% to 63 %
Au(17.7t0 35.5 at.% Au) and below 683 XK for compositions
ranging from about 63% to 94% Au (35.5 to 83.5 at.% Au).
These ordered structures are due to the formation of inter-
metallic compounds Cu;Au (50.85% Au), CuAu (75.63%
Au), and CuAu, (90.30% Au). For Cu,Au and CuAu, the
ordered state possesses a remarkably lower resistivity than
that of the disordered state. However, for CuAus, it has been
found that the electrical resistivity increases as ordering pro-
ceeds helow the transition point, but the residual resistivity is
slightly lower in the highly ordered state.'**~'*!

The experiments by Johansson and Linde'?? (Cu-Au
data sets 1-3) showed the dependence of the electrical resis-
tivity on the degree of ordering. Solid solutions of metals are
usually of the substitutional type in which the different
atoms are positioned randomly at sites of the crystal lattice.
Tn a numher of alloys with stoichiometric composition and
at sufficiently low temperatures, the atoms are arranged in
such a manner that each species of atom occupies only a
certain type of site in the crystal lattice; an alloy in this state
is called ordered. As the temperature increases, there is a
transition of some of the atoms from their sites to foreign
sites; such an alloy is called partially ordered. The concen-
tration of atoms of a given type on foreign sites increases
with temperature and at some temperature the concentra-
tion of atoms on sites of different types becomes identical;
such an alloy is called disordered. The temperature at which
such a transition occurs is called the order—disorder phase
transition temperature or the critical temperature. The or-
der—disorder phase transition occurs not only in alloys with
stoichiometric composition and the critical temperature is a
well defined function of composition. In this work experi-
mental data on intermetallic compounds and ordered alloys
are excluded, though data on partially ordered alloys are
compiled and presented in the figures and tables. However,
these data are not evaluated or analyzed since recommended
values are generated for disordered alloys only.

There are 243 sets of experimental data available for
this alloy system. These experimental data sets are listed in
Tables S-13, S-15, and S-17, tabulated in Tables S-14, S-16,
and S-18, and shown partially in Figs. 13, 14, and 15. Unfor-
tunately, most of the available data are for specimens in par-
tially ordered state. For the disordered state, more impor-

tant experimental data and information are from the
following. Johansson and Linde'*? (Cu-Au data sets 1-3)
reported a complete curve of resistivity versus composition
at 293 K. Borelius, Johansson, and Linde'? {Cu + Au data
sets 6-8 and Au -+ Cu data sets 1-22) measured a series of
alloys containing 20.2, 22.6, 25.0, 27.7, 30.1, 45.0, 50.0, and
55.0 at.% Au during both heating and cooling of the speci-
mens. Passaglia and Love'** (Au + Cu data sets 23-26) mea-
sured the resistivity of Au + Cu alloys from liquid helium
temperature to about 90 K for both quenched and annealed
specimens. Tainsh and White!? (Cu + Au data sets 9, 10)
reported the resistivity of alloys containing 20.1 and 38.0
wt.% Auat 4.2, 90, and 293 K. Linde!?® (Cu + Au data sets
1-5) reported the resistivity at 291.2 K of alloys containing
1.53, 3.00, 5.92, 7.05, and 8.75 wt.% Au.

The smoothing and synthesizing of the electrical resis-
tivity data was based mainly on the results reported in the
above five research papers. Since Cu, Ag, and Au are in the
same column of the periodic table, the properties of
Au + Cu alloys and Au + Ag alloys may be similar in some
respects. Accordingly, in the composition range where or-
dering occurs, some of the resistivity versus temperature
curves have been obtained by taking a point on the resistivity
versus composition isotherm and drawing a curve parallel to
the clectrical resistivity curve of an Au + Ag alloy of the
same atomic concentration; values obtained in this way for
the electrical resistivity are considered only provisional. Us-
ing this method, the values obtained for the gold-rich alloys
would appear to be more reliable than those for the copper-
rich alloys.

The resulting recommended electrical resistivity values
for Cu, Au, and for 25 Cu—Au binary alloys are presented in
Table 3 and shown in Figs. 11, 12, and 15. The recommended
values for Cu and for Au are for well-annealed high-purity
specimens, but those values for temperatures below about.
100 K are applicable only to Cu and Au having residual
electrical resistivities as given at 1 K in Table 3. The alloys
for which the recommended values are generated are not
ordered and have not been quenched or cold-worked severe-
ly. The recommended values cover a full range of tempera-
ture from 1 K to the solidus temperature of the alloy where
melting starts. These values are not corrected for the thermal
expansion of the material. The estimated uncertainties in the
values for the various alloys and for different temperature
ranges are explicitly stated in a footnote to Table 3. Many of
the values in Table 3 are indicated as provisional because
their uncertainties are greater than + 5%.
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TABLE 3.

[Temperature, T, K; Electrical Resistivity, p, 108 Q m)

RECOMMENDED ELECTRICAL RESISTIVITY OF COPPER-GOLD ALLOY SYSTEMt

Cu: 100.00% (100,00 At.%) Cu: 99.50% (99.84 At.%) | Cu: 99.00% (99.68 At.%) |Cu: 97.00% (99.01 AL.%) [Cu: 95.00% (98.33 At.%) Cu: 90.00% (96,54 At,%)
Au:  0,00% ( 0.00 At.%) Au:  0.50% ( 0.16 At.%) | Au: 1.00% ( 0.32 At.%) |Auw: 3.00% ( 0.99 At.%) |Au: 5.00% { 1.67 At.%) Au: 10,00% ( 3.46 At.%)
T P T P T P T P T P T P
1 0.00200 1 1 0.200%% 1 0. 530%% 1 0.870%# 1 1.72%%
4 0.00200 4 4 4 0.530%% 4 0.870% 4 1.72%%
7 0. 00200 7 7 7 0.530%4 7 0.870%% 7 1.72%%
10 0.00202 10 0.100%% 10 10 0.530%% 10 0,870%% 10 1.72%%
15 0.00218 15 0.100%# 15 15 0.530%% 15 0.870%% 15 1.72%%
20 0.00280 20 0.100%% 20 20 0.530%# 20 0.870%% 20 1.72%%
25 0. 00450 25 0.102%% 25 0. 25 0.530°%% 25 0.870%% 25 1.72%4%
30 0.00830 30 0.108%% 30 0. 30 0.531%% 30 0.871%% 30 1.73%%
40 0.0240 40 0.120%# 40 0. 40 0, 540%% 40 0.879%% 40 1,75%%
50 0.0520 50 0.141%% 50 0. 50 0.559%% 50 0,901%% 50 1.78%%
60 0.0974 60 0.180%% 60 0, 60 0. 591%% 60 0.941%% 60 1,844
70 0. 154 T0 0.237*% T0 0. 70 0.641M4 70 0.997T"+ 70 1,90%#%
80 0.216 80 0.302%% 80 0. 80 0.709%% 80  1.06%% 80 1,96%#
90 0,282 90 0,370%% 90 0. 90 0.780°%% 90  1.14%% 90 2,045
100 0.349 100 0.439%% 100 0. 100 0. 850%% 100 1.21%% 100 2,11%%
150 0,701 150 0.790% 150 0. 150 1. 150  1.56% 150 2.46%
200 1.048 200 114 200 1, 200 1. 200  1,91% 200 2. 80%
250 1.388 250 1.49 250 1. 250 1 250  2.25% 250 3.14%
273 1,544 273 1.64 279 1. 273 a, 73 2,41 273 3.20
293 1.678 293 1.77 293 1. 293 2. 293 2.54% 293 3.42%
300 1,725 300 1.82 300 1. 300 2. 300  2.59% 300 3.46%
350 2.061 350 2.14 350 2. 350 2. 350  2.92% 350 3.79%
400 2.398 400 2.48 400 2. 400 2. 400  3.26% 400 4.12%
500 3.079 500 3.173% 500 3. 500 3. 500  3.95%% 500 4,81%%
600 3.771 600 3,88%% 600 3. 600 4. 600  4,66%% 600 5.52%%
700 4.481 700 4.58%¢ 700 4. 700 5. 700 700 6.22%%
800 5,213 800 5.31%% 800 5. 800 5. 800 800 6, 94%3%
900 5,973 900 6.06%% 900 6. 900 6. 900 900
1000 6.766 1000 6.86%F 1000 6. 1000 7. 1000 1000
1100 7.596 1100 7.69%% 1100 7. 1100 8, 1100 1100
1200 8.470 1200 8.55%% 1200 8. 1200 8, 1200 1200
1300 9.395 1300 9.41%% 1300 9. 1300 9. 1300 1300
13587.6  9.946(s) 1355 9.88%% 1353 9. 1346 10. 1339 1320 11.19%4
1358 21.01(2)
1700 24,41

1 Uncertainties in the electrical resistivity values are as follows:

100.00Cu~ 0.00Au: 3% up to 100K, +1% above 100K to 250K, +0. 5% above 250K to 350 K, +1% above 350 K to 500 K, +4% above 500 K to 1357. 6 K, and +5% above 1357.6 K.
+5% from 150 to 400 K, and +10% above 400 K.
+90% from 150 w 400 K, and 1x10% above 400 K,
+5% from 150 to 400 K,

99.50Cu~ 0.50Auw: +7%below 150 K,
99.00Cu~ 1.00Au: +7%below 150 K,
97.00Cu~ 3.00Au: 7% below 150 K,
95.00Cu~ 5.00Au: +7% below 150 K, +5% from 150 to 400 K,
90. 00 Cu - 10. 00 Au: + 7% below 150 K,

+ Provisional value,

+5% from 150 to 400 K,

* In temperature range where no experimental data are available.

and +10% above 400 K,
and +10% above 400 K.
and +10% above 400 K.
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TABLE 3.

[Temperature, T, K; Electrical Resistivity, p, 107 Q m]

RECOMMENDED ELECTRICAL RESISTIVITY OF COPPER-GOLD ALLOY SYSTEM? (continued)

Cu: 85.00% (94.61 At.%) | Cu: 80.00% 592. 54 At.%) | Cu: 75.00% (90.29 At.%) | Cu: 70.00% (87.85 At.%) | Cu: 65.00% (85.20 At.%) | Cu: 60.00% (82.30 At.%)
Au: 15.00% ( 5.38 At.%) | Aw: 20.00% ( 7.46 At.%) | Au: 25.00% { 9.71LAL.%) | Aus 30.00% (12.15 At.%) | Aus 35.00% (14.80 AC.%) | Au: 40.00% (17,70 AL.%)
T o T I T 1] T o T P T P

1 2.58%% 1 3.52k% 1 4, 45%* 1 5. 47% 1 6.52+% 1 7.5k
4 2. 58% 4 3.52% 4 4.45% 4 5.47% 4 6.52¢ 1 7,52
1 2. bWF 7 3.52%% 7 4.45%F 7 5,47 7 6. 52 7 7. 52
10 2. 58%F 10 3. 52+ 10 4. 45%F 10 5. 4744 10 6. 52+ 10 7.52%¢
15 2. 58 15 3. 52i¥ 15 4.45%% 15 5.48%F 15 6. 53 15 7. 53
20 2. 59 20 3.52% 20 4.45% 20 5.49% 20 6.54% 20 7.54%
25 2. 60+# 25 3.53% 25 4.46% 25 5,50% 25 6. 55% 25 7.56%
30 2,612 30 3. 54% 30 4.47% 30 5.51% 30 6. 57k¢ 30 7.59%
40 2.63%# 40 3.57¢ 40 4,49% 40 5, 54% 40 6.615% 10 7.66%
50 2.68%# 50 3.61% 50 4.52% 50 5, 57% 50 6. 67 50 7.72%
60 PR 60 3.674 60 4.58% 60 5.63% 60 6. T4%¥ 60 7. 78%
70 2. B0%# 70 3. 74% 70 4.64% 70 5.70% 70 6.80% 70 7.85%
RO 2. AT 0N 2. 80% 80 4.72% 80 B. 77+ 80 C.07+# 80 7. 92%
90 2. 945 90 3.88% 90 4.79% 90 5.84% 90 6.93%% 90 7.98%
100 3. 00 100 3.95% 100 4.86% 100 5.91% 100 7. 00%4 100 8.04%
150 3. 36% 150 4.30 150 5.22 150 6.26 150 7.38% 150 8.37
200 3. 70% 200 4.65 200 5.59 200 6.62 200 7.66% 200 8.70
250 4. 04% 250 4.99 250 5.93 250 6.96 250 8. 00% 250 9.03
273 4,20 2173 5.15 273 6.09 2173 7,12 273 8.16 273 9.18
293 4.33 293 5.28 2923 8.223 208 7.25 203 8.20 208 0.01
300 4. 38 300 5. 32 300 6.28 300 7.30 300 8. 34 300 9.36
350 4.7 350 5.65 350 6.63 350 7,64 350 8. 69% 350 9.70
400 5. 05% 400 5.99 400 6.98 400 7.99 400 9. 04% 400 10.05
500 5. 72%F 500 6. 68%% 500 7.66% 500 8.67¢ 500 9. 7254 500 10, 75%#
600 6,427k 600 7.37F 600 8.37F 600 9.87% 600 10, 434 600 11,4754
700 7.18%F 700 8. 09%# 700 9. 08¢ 700 10. 08% 700 11. 14%4 700 12 19%%
800 7,87k 800 8. 82k 800 9.81% 800 10.81% 800 11,874 800 12.93%¢
900 8.62%% 900 9. 55%+ 900 10. 564 900 11.55% 900 12, 61%% 900 13, 69%¥
1000 9. 39%% 1000 10. 30%$ 1000 11.32% 1000 12, 3044 1000 13. 37+ 1000 14. 49%4
1100 10, 18%F 1100 11, 07#% 1100 12. 09% 1100 13, 08+# 1100 14, 15%% 1100 15, 31k
1200 11, 00%% 1200 11.86%% 1200 12. 88% 1200 13,87+ 1200 14. 963 1200 16. 15+
1303 11, 84 1289 12. 56%% 1277 13.49% 1265 14. 38%¢ 1255 15.41x¢ 1245 16. 53+

1 Uncertainties in the electrical resistivity values are as follows:

85,00 Cu ~ 15. 00 Au:
80.00 Cu - 20.00 Au:
75,00 Cu - 25.00 Au:
70.00 Cu - 30.00 A
65,00 Cu ~ 35.00 A
60.00 Cu ~ 40.00 Au:

* Provisional value.
®

+7% below 150 K,
+7% below 150 K,
+7% below 150 K,
+7% below 150 K,
+7% below 150 K,
+T% below 150 K,

+5% from 150 to 400 K,
+5% from 150 to 400 K,
+5% from 150 to 400 K,
+5% from 150 to 400 K,
+5% from 150 to 400 K,
+5% from 150 to 400 K,

In temperature range where no experimental data are available.

and +10% above 400 K.
and £10% above 400 K.
and £10% above 400 K.
and +10% above 400 K.
and +10% above 400 K.
and +10% above 400 K.

SWILSAS AOTTV AHVNIE 40 ALIALLSIS3H V21410313

yA%4



€861 ‘Z "ON ‘TL "IOA Bieq "J3Y "wayD ‘shud '

TABLE 3.

[Temperature, T, K; Electrical Resistivity, p, 1078 Q m]

RECOMMENDED ELECTRICAL RESISTIVITY OF COPPER-GOLD ALLOY SYSTEM? (continued)

Cu: 55.00% (79,12 At,%) | Cu: 50.00% (75.61 At.%) | Cu: 45.00% (71.72 At.%) | Cu: 40.00% (67.39 At.%) | Cu: 35.00% (62.54 At.%) | Cu: 30.00% (57,05 At.%)
Au: 45,00% (20,88 At.%) | Au: 50.00% (24.39 At.%) | Au: 55.00% (28.28 At.%) | Au: 60.00% (32.61 At.%) | Au: 65.00% (37.46 At,%) | Au: 70.00% (42.95 At.%)
T g T P T p T o T P T p
1 8,48%# 1 9,34%¢ 1 10, 147% 1 10, 88+% 1 11.43%F 1 11, 82+
4 8.48% 4 9. 344 4 10. 144 4 10. 88+ 4 11.43% 4 11.82%
7 8,48+ 7 9,34%¢ 7 10, 14%4 7 10, 88 7 11,43%% 1 11,824
10 8.48%4 10 9,34%% 10 10.14%4 10 10. 88%% 10 11.43%% 10 11825
15 8.48%+ 15 9,35%¢ 15 10.15%% 15 10, 88%# 15 11.43%¢ 15 11.88%F
20 8.49% 20 9,37% 20 10,17% 20 20 11,44% 20 11.84%
25 8,51% 25 9.39% 25 10.19%4 25 25  11.46%% 25 11.86%%
30 8.54% 30 9.42% 30 10,22 30 30 11.50%% 30 11, 90%F
40 8.61% 40 9,48% 40 10,28%% 40 40  11.57%% 40 11.97+%
50 8,674 50 9.554% 50 10,36%% 50 50  11.65%% 50 12. 045
(4] B, 74+ eo 0.62t €0 10,42%+ 60 11.18%+ 80 11, 795 % ({1} 12, 12%F
70 8.80% 70 9.68% 70 10,49% 70 11.22% 70 11.80% 70 12.20%
80 8.87¢ 80 9.74% 80 10.56%4 80 80  11.87%% 80 12. 275
90 8.94% 90 9.81% 90 10, 63%# 90 11,3744 90  11.95% 90 12, 35%F
100 9.00% 100 9.88% 100 10.70%% 100 11, 44%% 100 12.02 100 12, 43%F
150 9.33 150 10,22 150 150 11, 80* 150 12,40 150 12.81%
200 9.66 200 10.57 200 200 200 12,78 200 13.20%
250 10.00 280 1n.0a1 250 250 250 13.16° 250 13.59%
273 10,16 273 11,07 273 273 273 13,33 273 13.77
293 10.30 293 11,20 293 293 293 13,48 293 13.93
300 10.35 300 11.25 300 300 300 13,54 300 13, 99
350 10,68 350 11.60 350 350 350 13,92 350 14, 38
400 11,03 400 11.94 400 400 400 14,31 400 14.78%
500 11,724 500 12,654 500 500 14,404 500 15,09 500 15. 584%
600 12.434% 600 13.384% 600 600 15.17% 600  15.89% 600 16.40%%
700 13,164 700 14,134 700 700 15,954 700 16.69%% 700 17. 24%%
800 13,924 800 800 800 16.76% 800  17.53%% 800 18. 11%F
900 14,71% 900 900 900 17.61% 900 900 19. 02:%F
1000 15,52%% 1000 100 FEH U 1892+ % 1000 1000 20. 00vF
1100 16.35%+ 1100 1100 1100 19,474 1100 1100 20. 96%F
1200 17.19%4 1200 1200 1200 1196 1188 21. 854+
1236 17.49%% 1226 1216 1206

T Uncertainties in the electrical resistivity values are as follows:

55,00 Cu - 45,00 Au:
50.00 Cn - 50_00 Au:
45.00 Cu - 55.00 Au:
40.00 Cu - 60,00 Au:
35.00 Cu - 65.00 Au:
30,00 Cu - 70,00 Au:

# Provisional value,

+7% below 150 K, +5% from 150 to 400 K,
+7% helow 150 K, +5% from 150 to 400 K.

and +10% above 400 K.
and +10% above 400 K.

+7% below 150 K,
+7% below 150 K,
£7% below 150 K,
+7% below 150 K,

+5% from 150 Lo 400 K, and +10% above 400 K.
+5% from 150 to 400 K, and +£10% above 400 K.
+5% from 150 to 400 K, and +10% above 400 K.
5% from 150 to 400 K, and +10% above 400 K.

* In temperature range where no experimental data are available.
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TABLE 3. RECOMMENDED ELECTRICAL RESISTIVITY OF COPPER-GOLD ALLOY SYSTEMT {continued)
[Temperature, T, X; Electrical Resistivity, p, 1078 Q m)

1744

Cu: 1,00% ( 3.04 At.%) | Cu: 0.50% ( 1.53 At,%) | Cu:  0.00% ( 0.00 At.%)
Au: 99,00% (96.96 At.%) | Au: 99.50% (98.47 At.%) | Au: 100.00% (100.00 At,%)
T ¥e) T o T o
1 1.40% 1 0.770%4 1 0,0220
4 1.404 4 0.770% 4 0.0220
7 1.40% 7 0.770%4 7 0.0221
10 1.40% 10 10 0.0226
15 1.40% 15 15 0.0258
20 1.41% 20 20 0.0346%
25 1.43% 25 25 0.0503%
30 1.45% 30 30 0.0727%
40 1514 40 40 0.141%
50 1.60% 50 30 0.222
60 1,68% 60 60 0.309
70 1,76% 70 70 0.398
80 1.84% 80 80 0.482
90 1.92% 90 90 0.567
100 2.00% 100 100 0,652
150 2.41 150 150 1.063
200 2,81 200 200 1.464
250 3.22 250 250 1.865
273 3,40 273 273 2,052
293 3.57 293 293 2.214
300 3.62 300 300 2,271
350 4,08 350 350 2,683
400 4,45 400 400 3.102
500 5.30%% 500 500 3.962
600 6,18%# 600 600 4,853
700 7,10%% 700 700 5.780
800 8.07%4 800 800 6.755
900 9.10%% 900 900 7.787
1000 10,234 1000 1000 8,884
1100 11.46%% 1100 1100 10. 057
1200 12,774 1200 1200 11,312
1296 14.07%% 1300 1300 12.632
1323 1337.58  13,146(s)
1338 31.08(1)
1700 36.26

“IV 13 0OH

1 Uncertainties in the electrical resistivity values are as follows:

1.00Cu- 99.00Au: £7%below 150 K, +5% from 150 to 400 K, and +10% above 400 K.
0.50 Cu~ 99.50Au: +7%below 150 K, +5% from 150 to 400 K, and +10% above 400 K.
0.00Cu-100.00Au: 1% upto 10K, +£2, 5% above 10K to 15K, +6% above 15Kt0 40K, +3% above 40k to 80K, +1% above 80 Kto 500K, and +2.5% above 500K.

# Pravisional valne.

* In temperature range where no experimental data are available.
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3.4. Copper-Nickel Alioy System

Sixty-five data-source references are available in the li-
terature on the electrical resistivity of the Cu-Ni alloy sys-
tem. From these references, a total of 244 data sets, 18 of
which are merely single data points, have been extracted
along with sample characterization and measurement infor-
mation. 155 of the data sets are for the electrical resistivity of
Cu + Ni alloys as a function of temperature covering the
temperature range from 1 to 1273 K, which are listed in
Table S-19, tabulated in Table 5-20, and shown in Fig. 19; 71
of the data sets are for the electrical resistivity of Ni + Cu
alloys as a function of temperature covering the range from
1.8 to 1273 K, which are listed in Table S-21, tabulated in
Table 8-22, and shown in Fig. 20; and 18 of the data sets are
isotherms of the electrical resistivity as a function of compo-
sition, which are listed in Table S-23, tabulated in Table S-
24, and shown in Fig. 22. In order to show both functional
dependencies of the electrical resistivity, a few of the data
sets have been presented in the tables and figures both for
temperature dependence and for composition dependence.

Considerable evidence now exists to support the asser-
tion that the Cu—Ni alloy system does not form a continuous
series of solid solutions with truly random atomic arrange-
ments. Rather it appears that, for certain alloy compositions
and thermal treatments, Ni atoms tend to segregate from the
random mixture to form short-range clusters. Some of the
earliest evidence for this effect came from electrical resistiv-
ity and Hall constant measurements by K ster and Schiile'#?
who concluded that short-range ordering occurs in alloys
with from 15 to 45 wt.% Ni at temperatures below 923 K,
with a maximum degree of order at about 723 K. The effect
of the short-range ordering was to decrease the electrical
resistivity. In a similar series of experiments, Schiile and
Kehrer!43 (Cu + Ni data sets 5663 and Ni + Cu data sets
40-41) concluded that clustering begins to form below 873 K
and increases down to 623 K under conditions of slow cool-
ing. In specimens quenched from homogenization tempera-
tures of greater than 1273 K at arate of at least 10 000K s,
Schiile and Kehrer found a greater degree of clustering at
lower temperatures, which they attributed to the presence of
excess vacancies frozen-in by the quench from high tempera-
tures. Hedman and Mattuck'** (Cu + Ni data sets 16-18)
quenched alloys with 41 to 47 wt.% Ni from 1273 K and
found that subsequent annealing at temperatures from about
473 t0 723 K resulted in a decrease in the room temperature
resistivity, with a minimum resistivity for annealing tem-
peratures between 553 and 608 K. They explained these re-
sults by suggesting that quenched-in vacancies, by their mi-
gration, allow the formation of clusters which produce the
observed decrease in resistivity. Robbins ef al.'* came to a
very similar interpretation from an analysis of magnetic sus-
ceptibility and cluster specific heat data. Mozer et al.'*
found direct evidence for the existence of Ni clusters in a
diffuse neutron scattering experiment on a 47.5 at.% Ni
specimen prepared with Ni®? to enhance the difference in
scattering powers of Cu and Ni. The specimen, which was
furnace-cooled from a temperature of 1294 K, showed a type
of clustering in which “the probability of finding a Ni atom
in the first-neighbor shell around a Ni atom increases from
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the random probability of 0.475 to 0.539. The clustering was
found to be most pronounced for the first-neighbor shell,
and in fact the solid solution is essentially random beyond
this shell.” By a consideration of diffusion rates in alloys
near the composition of their specimen, Mozer et al. con-
cluded that no cooling rate would successfully quench-in the
local atomic arrangements characteristic of the alloy at 1273
K because the diffusion rates are too great at this elevated
temperature. On the other hand, according to the authors, at
around 773 to 873 K the diffusion rates become slow enough
that any reasonable cooling rate, even furnance cooling, will
freeze-in the atomic structure and prevent changes below
773 K. Hicks ez al.’” have confirmed this short-range clus-
tering cffect in ncutron cxperiments of their own on speci-
mens with compositions near the ferromagnetic critical
composition.

The magnetic critical composition for Cu—Ni alloys and
the Curie temperature for specific compositions are depen-
dent on the degree of clustering present. Hedman and Mat-
tuck'** and Kussmann and Wollenberger'*® prepared speci-
mcns with different degrees of clustering by wusing
appropriate heat and mechanical treatments. Their results
are shown in Fig. 21. In both cases, specimens annealed in
the 553 to 673 K range, where clustering is greatest, showed
higher Curie temperatures than alloys quenched from 1073
or 1273 K. Cold-work, which presumably reduces the degree
of clustering, produced specimens whose Curie tempera-
tures were much lower than those of specimens quenched
from higher temperatures. The effect of clustering on the
Curie temperature is evident in alloys with as much as 70

at.% Ni and as little as 43 at.% Ni.
In addition to the data mentioned above, Fig. 21 shows

a rather eclectic collection of measurements of Curie tem-
peratures produced by a wide diversity of methods for alloy
compositions from the critical composition to pure Ni.
Mott* predicted a linear dependence of the Curie tempera-
ture on atomic composition and predicted a critical compo-
sition of 40 at.% Ni. As shown in the figure, this linear de-
pendence is supported by the data for compositions with
more than about 75 at.% Ni, but for lower concentrations of
Ni, a discrepancy arises. In this region, the data of Hedman
and Mattuck* and Kussmann and Wollenberger'*® for
specimens quenched from high temperature fall very near a
straight line which is determined by a critical composition of
40 at.% Ni (at which the Curie temperature is zero) and a
Curie temperature for pure Ni of 631 K (represented by the
dashed line in Fig. 21). However, measurements by Hicks ez
al.,'*” Rode et al.,'*® Ahmad and Greig,'*! and Ahern et
al.152 show Curic temperatures which are not only consider-
ably lower, but also show a nonlinear dependence on compo-
sition near the critical composition. Two considerations
might contribute to an explanation of this discrepancy,
which is particularly evident for the composition range stu-
died by Hedman and Mattuck. First, the degree of clustering
may be lower for the nonlinear group of measurements, re-
sulting in lowered Curie temperatures. Indeed, the Curie
temperature determined by Hedman and Mattuck and by
Kussmann and Wollenberger for deformed specimens with a
low degree of clustering show remarkable agreement with
the Curie temperatures determined by Hicks et al., Rode et



ELECTRICAL RESISTIVITY OF BINARY ALLOY SYSTEMS

al., and Ahmad and Greig. However, with the information
available, it is difficult to determine what specific differences
in thermal and mechanical histories of the specimens gave
rise to this difference in degree of clustering. For example,
both Hicks et al. and Hedman and Mattuck quenched speci-
mens from 1273 K after homogenization, yet apparently
produced specimens of greatly differing degrees of cluster-
ing. Second, the experimental arrangement used by Hedman
and Mattuck did not allow measurements of the magnetic
susceptibility at sufficiently low temperatures, and in some
cases required extrapolation of the inverse susceptibility
from temperatures as much as 165 K above the Curie tem-
perature.

In this work the lower set of nonlinear Curie tempera-
tures, which are believed to be representative of the Curie
temperatures of alloy specimens with a low degree of cluster-
ing, has been selected. The selected Curie temperatures are
shown in Fig. 21 by a solid line and follow the data of Hicks
etal.,Rode et al., and Ahmad and Greig closely. The data of
Ahern ef al. are greater in magnitude than the selected val-
ues, though they follow the trend of selected valnes as a fune-
tion of composition. Above about 77 at.% Ni, the solid line
and the dashed line, representing the linear relationship sug-
gested by Mott, are congruent.

A number of features of the temperature dependence of
the electrical resistivity have received considerable interest
in the research literature and are worth noting. First, at low
temperatures {up to about 80 K), alloys with from ahout 30
to 45 wt.% Nishow shallow minima in the electrical resistiv-
ity, as shown in Fig. 19. This feature has been noted and
discussed by Skoskiewicz and Baranowski,'’® Crangle and
Butcher,'”" Houghton et al.'”'"® Kondorskii et al.,"™* Ah-
mad and Greig,'” Eagen,'”® Eagen and Legvold,'” and
Legvold ez al.,,'"® among others. Second, alloys with from
about 35 to 55 wt.% Ni also show a high temperature (near
700 K) minimum in the electrical resistivity, which has been
noted and discussed by Ahmad and Greig,'>"'”* Houghton
et al.,'"” and Schiile and Kehrer,'*> among others. Third,
according to Ahmad and Greig'®' and Schille and
Kehrer,'* the electrical resistivity of specimens with from
about 3010 60 wt.% Nimeasured during heating is apprecia-
bly greater than the electrical resistivity measured during
cooling, for temperatures below about 700 to 770 K. Above
700 to 770 K, the heating and cooling curves are the same.
Ahmad and Greig found differences of about 1% and Schiile
and Kehrer found differences of as much as 3.5 108 2m.
Ahmad and Greig suggested differences in the degree of
clustering as an explanation of this phenomenon.

One feature of the composition-dependent resistivity
worthy of note is the shape of the p, ,x isotherm shown in
Fig. 22. It does not have the rounded, parabolic shape char-
acteristic of the Cu~Au alloy system, but instead is similar to
the Matterhorn silhouette of the Cu-Pd alloy system. As the
maximum (about 48 at.% Ni) of the residual electrical resis-
tivity is approached from the Ni-rich side, 2 rapid increase in
slope is observed at around 60 to 65.at.% Ni. Another fea-
ture is the slight change of slope in the isotherms at the tran-
sition from ferromagnetic to paramagnetic behavior. This
can be seen, for example, at around 70 at.% Niin the 293 K
isotherm of Fig. 22. Finally, it should be noted that, as the
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temperature increases, the maxima in the isotherms of the
electrical resistivity as a function of composition are shifted
to increasingly greater Ni concentrations.

The recommended values for the electrical resistivity of
Cu-Ni alloys were generated by a careful examination and
critical analysis of the entire body of experimental data
shown in Figs. 19, 20, and 22. In order to assist in the genera-
tion of recommended values for the selected compositions,
selected more reliable data were plotted as isotherms of the
electrical resistivity as a function of composition at 4.2, 30,
80, 150, 230, 300, 400, 500, 600, 700, 900, and 1100 K. The
data were graphically interpolated and smoothed as a func-
tion of composition and temperature successively in order to
produce the final recommendations, which are shown in
Figs. 16, 17, and 18 as a function of temperature, in Fig. 22 as
a function of composition at selected temperatures, and in
Table 4. The additional Fig. 18 in linear scale is given for
showing more clearly the recommended curves at high tem-
peratures.

In the generation of recommended values for the resis-
tivity of the Cu—Ni system, we have relied heavily upon the
data of Ahmad and Greig'>"!” (Cu + Ni data sets 145-147,
152, Ni + Cu data sets 56-59, and Cu-Ni data sets 14-15),
which constitute one of the most comprehensive sets of data
in their coverage of a wide range of both temperature and
composition. From 30 to 50 wt.% Ni at low temperatures,
the data of Houghton ez a/.'* (Cu + Ni data sets 38-44) are
ahout 1.0 to 1.5 10~8 2m higher than the data of Ahmad
and Greig, while the data of Crangle and Butcher!’!
(Cu + Ni data sets 51-55) are about the same amount lower.
The data of Legvold ez a.'”® (Cu + Ni data sets 103~108) are
in good agreement. In this range, the recommended values
are consistent with all these data. However, near 50 wt.% Ni
at low temperatures, only the specimens of Ahmad and
Greig®' (Ni+ Cu data sets 58-59) and Cranglc and
Butcher'”! (Ni 4 Cudata set 39)are available, yet their resis-
tivities differ by as much as 6 X 1078 Qm. (Near room tem-
perature the resistivities for these specimens are in good
agreement.) In this region of composition, the data of Ah-
mad and Greig have been given preference and a large uncer-
tainty is assigned to the recommended values. Again at high
temperatures, there is a conflict between the data of Ahmad
and Greig®! (Ni+ Cu data sets 56-59) for alloys with
greater than 50 wt.% Ni and the data of Yao™® (Ni + Cu
data sets 60-63) and Svensson'® (Ni + Cu data sets 19-22).
Both Yao and Svensson report resistivities which are as
much as 3 to 4X 1078 2m higher than the data of Ahmad
and Greig. The data of Yao are believed to show too great an
increase with temperature above the Curie temperature, as
can be seen with his pure Ni specimen. The data of Svensson
were disregarded because they were often too high over the
whole composition range and because the specimens were
not well characterized.

The resulting recommended electrical resistivity values
for Cu, Ni, and for 25 Cu~Ni binary alloys are presented in
Table 4 and shown in Figs. 16, 17, 18, and 22. The recom-
mended values for Cu and for Ni are for well-annealed high-
purity specimens, but those values for temperatures below
about 100 Kare applicable only to Cu and Ni having residual
electrical resistivities as given at 1 K in Table 4. The alloys
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TABLE 4.

[Temperature, T, K; Electrical Resistivity, p, 1078 © m)

RECOMMENDED ELECTRICAL RESISTIVITY OF COPPER-NICKEL ALLOY SYSTEM*T

Cu: 100.00% (100.00 At.%)| Cu: 99.50% (99.46 At.%) | Cu: 99.00% (98.92 At.%) | Cu: 97.00% (96.26 At.%) | Cu: 95.00% (94.61 At.%) | Cu: 90.00% (89.27 At. %)
Ni:  0.00% ( 0.00 At.%)| Ni: 0.50% ( 0.54 At,%) | Ni: 1.00%( 1.08 At.%) | Ni: 3. 00% { 3.24 At.%) | Ni: 5.00% ( 5.39 At.%) | Ni: 10.00% (10.73 At. %)
T 4 T p T p T 4 T [4 T [
1 0. 00200 1 0.58% 1 1. 16% L 3. 93+ 1 5.09 1 11.79
4 0. 00200 4 0.58 4 1.16 4 3.53 4 5.89 4 11.79
7 0. 00200 7 0. 58% 7 1.16% 7 3.53% 1 5.89 7 11.79
10 0.00202 10 0.58% 10 1.16% 10 3.53% 10 5.89 10 11.79
15 0.00218 15 0., 58% 15 1.16% 15 3.53% 15 5.89 15 11.79
20 0.00280 20 0.59% 20 117 20 3.53 20 5.89 20 11.79
25 0.0045C 25 0.59* 25 1.17 25 3.53 25 5.90 25 11.79
30 0.00830 30 0.59% 30 1.17 30 3.54 30 5.90 30 11.80
40 0. 0240 40 0.61% 40 1.19 40 3.56 40 5.93 40 11.80
50 0.0520 50 0.63% 50 1.21 50 3.59 50 5.97 50 11.82
60 0.0974 00 Go T+ 60 1.26 80 3.R2 80 6.00 60 11.88
70 0.154 70 0.71 70 1.28 70 3.67 70 6.02 70 11,91
80 0.216 80 0.77 80 1.33 80 3.71 80 6.09 80 11.97
20 0.282 90 0. 82% 920 1.39 90 3.76 20 6.13 90 12.01
100 0.349 100 0. 88% 100 1.45 100 3.82 100 6.19 100 12.08
150 0.701 150 1.21% 150 1.81 150 4.15 150 6.52 150 12.46
200 1.048 200 1.59 200 2.20 200 4.55 200 6.94 200 12.93
250 1.3686 250 1.05 2580 256 250 4.97 250 7.38 250 13.44
273 1.544 273 2.10 273 2.71 273 5.17 278 7.60 273 13,69
293 1.678 293 2.23 293 2.85 293 5.32 293 7.97 293 13.89
300 1.725 300 2.30 300 2.91 300 5.39 300 7.82 300 13.96
350 2.061 350 2.66 350 3.27 350 b, 350 8.22 950 14.40
400 2.398 400 3.00 400 3.62 400 6.18 400 8.62 400 14.81
500 3.079 500 3.69 500 4.34 500 6.96 500 9.47 500 15. 58
600 3.111 600 4.37 600 5.03 600 7.65 600 10.18 600 16.28
700 4.481 700 5.09 700 5.78 700 8.37 700 10.90 700 16.96
800 5.213 800 5.87 800 6.54 800 9.13 800 11.69 800 17.62
200 5,973 900 6.61 900 7.31 900 9.98 900 12.54 900 18.36
1000 6.766 1000 7.39% 1000 8. 1% 1000 10, 787 1000 10,41 1000 19.10x%
1100 7. 596 1100 8.25% 1100 8.99% 1100 11.69% 1100 14. 31 1100 19.99%
1200 8.470
9.395
1357.6 9.946(s)
1358 21.01(1)
1700  24.41

4 Uncertainties in the electrical resistivity values are as follows:

100,00 Cu -
99.560 Cu ~
99,00 Cu -
97.00 Cu -
95,00 Cu -

0.00 Ni:
0,50 Ni:
1.00 Ni:
3.00 Ni:
5.00 Niz

90. 00 Cu - 10. 00 Ni:

£3%up to 100K, +1%above 100K to 250K, +0,5%above 250K to 350K, 1%above 350K to 500K, +4%above 500K to 1357.6 K, and +5%above 1357.6K.

£5%.
+5%.
+5%.

+5%below 400K and +4%from 400 to 1100K.
+5%below 400K and +3%from 400 to 1100K.

% In temperature range where no experimental data are available.

144

“1v 13 OH



TABLE 4. RECOMMENDED FLECTRICAL RESISTIVITY OF COPPER-NICKEL ALLOY SYSTEMT (continued)

[Temperature, T, K; Llectrical Resistivity, p, 1070 Q m]
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Cu: 85.00% (83,96 At.%) | Cu: 80.00% (78.71 At.%) | Cui 75.00% (73.49 At.%) | Cu: 70.00% (68.31 At.%) | Cu: 65.00% (63.18 At.%) [ Cu: 60.00% (58. 09 At.%)
Ni: 15.00% (16.04 AL.%) | Ni: 20.00% (21,29 At.%)_‘ Ni: 25.00% (26.51 At.%) | Ni: 30.00% (31.69 At.%) | Ni: 35.00% (36.82 At,%) | Ni: 40.00% (41.91 At.%)
T P T p T I T P T P T I

1 17.69% 1 23.61 1 29.55% 1 35.48% 1 41.43% 1 48, 19%
4 17.69 4 4 29.55 4 35.47 4 41.39 4 46.17

7 17.69% 1 T 29.55% 1 35.45% 1 41.35 7 46, 18+

10 17.69% 10 10 29. 55% 10 35.42% 10 41.32 10 46. 11

15 17.69% 15 15 29, 55% 15 35.41% 15 41.29 15 46,09
20 17.69 20 20 29.55 20 35.40 20 41.27 20 46. 04
25 17.69 25 25 29.55 25 35.40 25 41.25 25 46.02
30 17.69 30 30 29.55 30 35.41 30 41.24 30 45,99
40 17.71 40 40 29.58 40 35.42 40 41,23 40 45.93
50 17.75 50 50 29,60 50 35.48 50 41,27 50 45,90
60 17,79 60 €0 29.62 60 35.52 60 41,30 60 45.86
70 17.83 70 70 29.68 70 35,58 70 41,32 70 45,82
80 17.90 80 80 29.71 80 35.63 80 41,37 80 45.80
90 17.97 90 90 29.78 90 95.09 90 41.99 20 45. 78
100 18.01 100 100 29.82 100 35,73 100 41.40 100 45.176
150 18.39 150 150 30. 186 150 36.05 150 41.48 150 45,70
200 18.87 200 200 30. 56 200 36.32 200 41.50 200 45.62
250 19.39 250 250 30.99 250 36.58 250 41.50 250 45.51
278 19.63 273 273 31.19 273 36.67 273 41,50 273 45.43
293 19.83 293 293 31.35 293 36.72 293 41.49 293 45,38
300 19.90 300 300 31.40 300 36.76 300 41.48 300 45.35
350 20.32 350 350 31.72 350 36.85 350 41.40 350 45.20
400 20.70 400 400 31.92 400 36.89 400 41.30 400 45,01
500 21.42 500 500 32.18 500 36.82 500 41.10 500 44.70
600 22.04 600 600 32.39 600 36.82 600 40,90 600 44,40
700 22.59 700 700 32. 60 700 36.92 700 40,90 700 44,29
800 23.31 800 800 32.88 800 37.10 800 41.09 800 44.52
900 23.95 900 900 33.19 900 37,46 900 41.46 900 44.98

1000 24.49% 1000 1000 33.60% 1000 37.82 1000 41.86 1000 45.42%

1100 25.06% 1100 1100 34.18% 1100 38.34 1100 42.32 1100 45.92%

|

SWILSAS AOTTV AHVNIG 4O ALIAILSISIY T¥DIHLO313

+ Uncertainties in the eleclrical resistivity values are as follows:

85.00 Cu - 15,00 Ni: +5%below 400K and +3% [rom 400 to 1100 K,
80.00 Cu - 20.00 Ni: #5%below 400K and +3%from 400 to 1100K.
75.00 Cu ~ 25,00 Ni: x5%below 400K and +3%from 400 to 1100K.
70,00 Cu - 30,00 Ni: +4%.
65,00 Cu ~ 35,00 Ni: +4%,
60.00 Cu - 30,00 Ni: +4%.

* In temperaturc range where no experimental data are available,
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TABLE 4.

[Temperature, T, K; Electrical Resistivity, p, 1078 O m)

RECOMMENDED ELECTRICAL RESISTIVITY OF COPPER-NICKEL ALLOY SYSTEM?' (continued)

Cu: 55.00% (53.04 At.%) | Cu: 50.00% (48.02 At.%) | Cu: 45.00% (43.05 At.%) | Cu: 40.00% (38.12 At.%) | Cu: 35.00% (33.22 At.%) | Cu: 30,00% (28.37 At,%)
Ni: 45.00% (46.96 At.%) | Ni: 50.00% (51.98 At,%) | Ni: 55.00% (56,95 At.%) | Ni: 60.00% (61.88 At.%) | Ni: 65.00% (66.78 At.%) | Ni: 70,00% (71.63 At.%)
T P T I} T 4 T P T I] T I
1 1 46. 604 1 1 1 27. 30% 1 23, 40%
4 4 46.734 4 4 4 27,37 4 23.43
1 7 46.874% 7 7 7 7 23. 5
10 10 47,014 10 10 10 10 23, 56%
15 15 47224k 18 15 15 15 23.G7%
20 20 47,494 20 20 20 20 23.78
25 25 47.73% 25 25 25 25 23.89
30 30 47,98 30 30 30 30 24,01
40 40 48,40% 40 40 40 40 24.28
50 49,00 50 48.82¢ 50 50 50 50 24.56
60 49,00 60 49.21% 60 60 60 60 24.89
70 49.00 70 49, 52¢ 70 70 70 70 25,28
80 49.00 80 49.81% 80 80 80 80 25.71
90 49,00 90 50. 02¢ 90 90 20 20 26.20
100 49,00 100 50, 22 100 43.92 100 36,77 100 100 26,73
150 49.00% 150 50.68 150 47,18 150 40,56 150 150 29.98
200 48. 89% 200 50. 56 200 48.44 200 44.27 200 200 33,91
250 48, 72% 250 50,31 250 49.017 250 46.92 250 250 38.29
273 48.65 273 50. 19 273 49.23 273 47.42 273 273 40.19
293 48.58 293 50. 06 293 49,34 293 47.73 293 293 41.79
300 48,55 300 50,01 300 49.38 300 47.82 300 300 42,34
350 48.33% 350 49.73 350 49.47 350 48.28 350 350 44.51
400 48, 09% 400 49,50 400 49.40 400 48.49 400 400 45,40
500 47,60 500 49.03 500 49.19 500 48.68 500 500 46.39
600 47,17 600 48.74 600 49.02 600 48.81 600 600 47,08
700 6. 98 700 48403 700 49,18 700 49, 18 700 700 47,00
800 47.19 800 48.86 800 49.62 800 49.72 800 800 48,82
900 47,62 900 49,39 900 50,29 900 50. 53 900 900 49,98
1000 48.07 1000 49,92 1000 51. 10% 1000 51.49 1000 1000 51,27+
L100 4%, 08 1100 0. 49% 1100 52,007 1100 52.83 1100 53. 107 1100 82, 76%
+ Uneertaintioe in the ol 1 repistivity values axe ac followe:

55.00 Cu - 45.00 Ni:
50.00 Cu ~ 50.00 Ni:
45.00 Cu - 55.00 Ni:
40.00 Cu - 60. 00 Ni:
35,00 Cu - 65.00 Ni:
30.00 Cu - 70.00 Ni:

¢ Provisional values.

+4%,

+10%below 40K, +6%from 40 up to 150K, and £4%from 150 to 1100 K.

5%
+5%.
+5%.
+5%.

* In temperature range where no experimental data are available.

oge
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TABLE 4.

* In temperaturc range where no experimental data are available.

[Temperature, T, K; Electrical Resistivity, 0, 108 Q m]

RECOMMENDED ELECTRICAL RESISTIVITY OF COPPER-NICKEL ALLOY SYSTEM? (continued)

Cu: 25.00% (23.55 At.%) | Cu: 20.00% (18.76 At.%) | Cu: 15.00% (14.02 At.%) | Cu: 10.00% ( 9.31 At.%) | Cu: 5.00% ( 4.64 At.%) | Cu: 3.00% ( 2.78 At.%)
Ni: 75.00% (76.45 At.%) | Ni: 80.00% (81.24 At.%) Ni: 85.00% (85.98 At.%) | Ni: 90.00% (90.69 At.%) | Ni: 95.00% (95.36 At.%) | Ni: 97.00% (97.22 At.%)
T P T P T P T p T P T P
1 19, 50% 1 15. 60% 1 1 7.81% 1 3. 90% 1
4 19.53 4 15. 64 4 4 7.82 4 3,90 4
7 7 15. 68+ 7 7 7. 83+ 7 3,90% 7
10 10 15, 72% 10 10 7.85 10 3.91 10
15 15 15, 78% 15 15 7.89% 15 3.92% 15
20 20 15.85 20 20 7.92 20 3.97 20
25 25 15.92 25 25 7.97 25 4,00 25
30 30 16. 01 30 30 8.02 30 4,03 30
40 40 16.18 40 40 8.12 40 4,14 40
50 50 16. 36 50 50 8.27 50 4.28 50
60 60 16,56 60 60 8.41 60 4,41 60
70 70 16.79 70 70 8,58 70 4.59 70
80 80 17.02 80 80 8.76 80 4,18 80
Qa0 20 17.36 20 20 9,00 20 4. 98 20
100 100 17.66 100 100 9.28 100 5.20 100
150 150 19.68 150 150 10.90 150 6.57 150
200 200 22.37 200 200 12.93 200 8.26 200
250 250 25. 64 250 250 15.38 250 10.37 250
273 273 27.38 273 273 16.65 273 11.49 273
293 293 28. 98 293 293 17.82 293 12. 50 293
300 35.6Y 300 29.53 300 300 18.26 300 12.90 300
350 39.6 350 33.63 350 350 21,51 350 15.69 350
400 42.8 400 37.57 400 400 25,19 400 18,78 400
500 44,6 500 42,12 500 500 22.170 500 95.77 500
600 45. 6 600 43.86 600 600 37,78 600 33.17 600 30, 60%
700 46.6 700 45,25 700 700 40.42 700 36.67 700 34,99
800 47,7 800 46.56 800 800 42,37 800 39,113 800 37.68
900 49. 1. 900 47,92 900 900 44,02 900 41.43% 900 40.31
1000 50.6 1000 19. 3! 1000 1000 46. 027 1000 43, 89% 1000 42, 94
1100 52.1 1100 51, 11% 1100 1100 48.47% 1100 46.43% 1100 45, 57

Uncertainties in the electrical resistivity values are as follows:

26,00 Cu - 75.00 Ni:
20.00 Cu - 80.00 N
15,00 Cu ~ 85.00 N
10,00 Cu ~ 90.00.N
5.00 Cu L00 N
3,00 Cu ~ 97.00 Ni:

5%,

In temperature range where no experimental data are available,

SW3LSAS AOTIV AHYNIE 40 ALIALLSISIH TvOIHLO313
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TABLE 4. RECOMMENDED ELECTRICAL RESISTIVITY OF COPPER-NICKE], ALIOY SYSTEM T (continued)

(Temperature, T, K; Electrical Resistivity, p, 1078 ) mj

[414

Cu: 1.00% ( 0.92 At.%) | Cu: 0.50% ( 0.46 At.%) | Cu:  0.00% ( 0.00 At.%)
Ni: 99.00% (99.08 At.%) | Ni: 99.50% (99.54 At.%) | Ni: 100.00% (100.00 At.%)
T P T P T 7]
1 0. 78% 1 0. 39 1 0. 00320
4 0.78 4 0.39 4 0. 00360
7 0. 78% 7 0. 39% 7 0. 00443
10 0.78 10 0.39 10 0.00573
15 0.78% 15 0. 39% 15 0.00901
20 0.79 20 0.39 20 0.0140
25 0.80% 25 0.40% 25 0. 0212
30 0.82 30 0.41 30 0.0317
40 0.88 40 0.44 40 0.0678
Bl 0. 9* 30 0. 52+ 30 0.135
60 1,08% 60 0. 62+ 60 0.242
70 L21 70 0.76 70 0.377
80 1.37 80 0.93 80 0.545
90 1.57% 90 1.18% 90 0. 741
100 1.81% 100 1. 36% 100 0.959
150 3. 09% 150 2.62% 150 2.21
200 4,57% 200 4,10 200 3.67
250 6.32% 250 5, 82% 250 5.32
273 7.23 213 6.71 278 6.16
2063 2.08 2403 7.592 2903 6.93
300 8.37 300 7.82 300 7.20
350 10. 63 350 10. 01+ 350 9.34
400 13.18% 400 12. 49% 400 11.78
500 19.33% 500 18.48% 500 17.67
600 217.28% 600 26. 39% 600 25,54
700 700 32, 64% 700 32,14
8UL 300 39. 94 800 39.02
900 900 38. 88% 900 38,58
1000 1000 41. 60% 1000 41.41
1100 1100 44.,27% 1200 46.62
1400 51,73
1600 56.94
1728 60,22(s)
1729 82.24%(1)
2000 85,224

"1V 13 OH

¥ Uncertainties in the electrical resistivity values are as follows:

1.00 Cu ~ 99.00 Ni: +5%below 400K and 3% from 400 to 1100K,
0.50 Cu - 99.50 Ni: +5%below 400K and 3% from 400 to 1100 K,
0.00 Cu - 100, 00 Ni: +5%below 150K, +3%from 150 to 1300K, x5%above 1300 Kto1728K, and +10%above 1728K.

% Provisional value.
#* In temperature range where no experimental data are available.
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for which the recommended values are generated are well-
homogenized alloys with a low degree of clustering and have
not been quenched or cold-worked severely. The recom-
mended values cover a full range of temperature from 1 to
1100 K. These values are not corrected for the thermal ex-
pansion of the material. The estimated uncertainties in the
values for the various alloys and for different temperature
ranges are explicitly stated in a footnote to Table 4. A few of
the low-temperature values for molten Ni are indicated as
provisional because their uncertainties are greater than
+ 5%.

3.5. Copper-Palladium Alloy System

The copper—palladium alloy system forms a continuous
series of solid solutions over the entire range of composi-
tions. However, ordered structures are formed at tempera-
turcs below about 775 K for compositions ranging from
slightly below 10 to somewhat above 25 at. % (16 to 36 wt. %)
palladium and at temperatures below about 975 K for com-
positions ranging from slightly below 30 to somewhat above
50 at.% {42 to 63 wt.%) palladium. The maxima of the tem-
peratures of transformation suggest that these ordered struc-
tures are due to the formation of PdCu; and Pd;Cus, respec-
tively. Structurc ordering decreascs the resistivity of these
alloys.

There are 124 sets of experimental data available for
this system, which are listed in Tables S-25, §-27, and S-29,
tabulated in Tables S-26, §-28, and S-30, and shown in Figs.
25, 26, and 27. However, since many of the resistivity mea-
surements were made to determine the maximum degree of
order and the minimum value of electrical resistivity of indi-
vidual alloys in this system with various compositions, a
large portion of the data was not useful for the purpose of
this study.

For this alloy system most of the data for disordered
alloys are room-temperature values. The data of Svensson??!
(Cu~Pd data set 7) agree quite well with the pure element
data and were chosen as the best resistivity versus composi-
tion curve at 291 K. Johansson and Linde??? (Cu—Pd data set
3) also reported resistivity values for the entire spectrum of
compositions; these data support the shape of Svensson’s
curve but are generally higher. At low Pd concentrations the
agreement between the data of these authors is fairly good,
but at concentrations above 60 wt.% Pd there is almost a
209 discrepancy. Pott’s data?? (Cu + Pd data scts 58~61
and Pd + Cu data sets 34-39) at 291 K agree quite well with
the values from Svensson’s isotherm. Késter and Lang?*
(Cu~Pd data sets 16—19) and Jaumot and Sawatzky?*? (Cu—

J. Phys. Chem. Ref. Data, Vol. 12, No. 2, 1983

Pd data sets 11-15) reported values only slightly higher than
Svensson’s.

At temperatures above and below 291 K there were not
many useful data to work with. Otter®® (Cu + Pd data sets
9-12) reported resistivity versus temperature for low Pd con-
centrations, but his data at higher Pd concentrations were
limited and conflicting. As a result, a procedure similar to
that used for the Cu—Au alloy system was followed. Since
Cu, Ag, and Au lie in the same column of the Periodic Table,
it was assnmed that their alloying properties with Pd should
be similar. Accordingly, for a point on the 291 K resistivity
versus composition isotherm a curve was drawn parallel to
the recommended resistivity versus temperature curve for
the same atomic percent of Ag in Pd. As in the case of the
Cu-Au alloy system, values obtained in this way are only
provisional. In the Ag—Pd alloy system at 65 to 70 wt.% Pd,
the smoothed resistivity values as a function of temperature
showed a change in slope {i.e., + to — to -+ ). When these
curves were followed for the Cu-Pd alloy system, a peculiar
shape in the resistivity versus composition curves resulted.
Since these values are only provisional, the bends were taken
out so that the slope was always positive, and a family of
resistivity versus composition isotherms similar to that of
the Au—Pd alloy system was obtained.

Supporting data for the provisional values obtained by
the above procedure are provided by Otter®*® (Cu + Pd data
sets 9-12) at all temperatures for low Pd concentrations. At
low temperatures Bécklund*?’ (Cu + Pd data sets 1-3} pro-
vides supporting data. The greatest uncertainty occurs
between 60 and 80 wt.% Pd where few data exist and pure
element resistivity provides no guidance.

The resulting recommended or provisional electrical
resistivity values for Cu, Pd, and for 25 Cu-Pd binary alloys
are presented in Table 5 and shown in Figs. 23, 24, and 27.
The recommended values for Cu and for Pd are for well-
annealed high-purity specimens, but those values for tem-
peratures below about 100 K are applicable only to Cu and
Pd having residual electrical resistivities as given at 1 K in
Table 5. The alloys for which the recommended or provi-
sional values are generated are not ordered and have not
been quenched or cold-worked severely. The values cover a
full range of temperature from I to 1200 K, and are not
corrected for the thermal expansion of the material. The esti-
mated uncertainties in the values for the various alloys and
for different temperature ranges are explicitly stated in a
footnote to Table 5. The values for the alloys at temperatures
below 150 K and above 400 K are indicated as provisional
because their uncertainties are greater than + 5%.



TABLE 5.

RECOMMENDED ELECTRICAL RESISTIVITY OF COPPER-PALLADIUM ALIOQY SYSTEM*t

[Temperature. T. K: Electrical Resistivity, p. 1078 0 m)

Cu: 100,00% (100.00 At,%) | Cu: 99.50% (99.70 At.%) | Cu: 99.00% (99,40 At.%) | Cu: 97.00% (98.19 At.%) | Cu: 95.00% (96.95 At.%) | Cu: 90,00% (93,78 At.%)
Pd:  0.00% (0,00 At.%) | Pd: 0.50% ( 0.30 At.%) | Pd: 1.00% ( 0.60 At.%) | Pd: 3.00% ( 1.81 At.%) | Pd: 5.00% ( 3.05 At,%) | Pd: 10.00% ( 6,22 At,%)
T P T p T p T I T P T P
1 0. 00200 1 0.280%% 1 0.580%% 1 1 2.70%# 1 5.32%%
4 0.00200 4 0.280% 4 0.580%% 4 4 2.70% 4 5.82%%
7 0. 00200 7 0.280%% 7 0.580%% 7 7 2.70%% 7 5.32%%
10 0.00202 10 0.280%% 10 0.580%% 10 10 2. 70%% 10 5. 39%4+
15 0.00218 15 0.280%% 15 0,580%% 15 15 2.70%% 15 5,32%4%
20 0.00280 20 0.280%# 20 0.580%% 20 20 2.70%% 20 5.32%
25 0. 00450 25 0.282%% 25 0. 5804 25 25 2.70%% 25 5.33%
30 0. 00830 30 0.289%% 30 0,580%#% 30 30 2.70%% 30 5.34%
40 0.0240 40 0.298"# 40 0,592%% 40 40 2.70%% 40 5.36%
50 0.0520 50 0.313%# 50 0.617%% 50 1.66%4 50 2.71%% 50 5.38%
60 0.0974 60 0.350%% 60 0.652%4% 60 1.69%4 60 2,74%% 60 5.41%
70 0.154 70 0.407%% 70 0.699%% 70 1,75%4 70 2. 80%¢ 70 5.46%
80 0.216 80 0.471%4 80 0.763%% 80 1.83%# 80 2.86%¢ 80 5.52%
90 0.282 90 0.540%% 90 0.8374 90 1.90%4 90 2.93%¢ 90 5.60%
100 0.349 100 0.012% ¥ 100 0,909™% 100 1.98%% 1uu 2.99%F 100 5.69%
150 0,701 150 0. 982% 150 1.26* 150 2,35% 150 3,85% 150 6.07
200 1.048 200 1.33* 200 1.60% 200 2.68% 200 3,70% 200 6.40
250 1.388 250 1.67% 250 1,94% 250 3.01% 250 4.05% 250 6.74
273 1.544 273 1.83 273 2.10 273 3,17 273 4.21 273 6.89
293 1.678 293 1.96 293 2.23 293 3.31 293 4.35 293 7.03
300 1,725 300 2.01 300 2.27 300 3.36 300 4.40 300 7.08
350 2.061 350 2,34% 350 2.59 350 3.89 350 4.74 350 7.41
400 2.398 400 2,67 400 2.92 400 4,02 400 5.08 400 7,74
500 3.079 500 3.32%% 500 3.59% 500 4,674 500 5.72% 500 8, 40%%
600 3,71 600 4,01%% 600 4.29% 600 5.39% a00 A_30% 600 9. 05%+
700 4.481 700 4,72%¢ 700 5.00% 700 6,03% 700 7.09% 700 9.20%%
800 5.213 800 5,47%% 800 5.74% 800 6.78% 800 7.82% 800  10.39%%
900 5.973 900 6.25%% 900 6.51% 900 7.53% 900 8.60% 900  11,12%%
1000 6.766 1000 7.06%% 1000 7.29%% 1000 8.34%% 1000 9.43%% 1000  11.91%%
1100 7.596 1100 7.88%% 1100 8.11%# 1100 9.20%% 1100 10, 30%# 1100 12,74%%
1200 8.470 1200 8,71%4 1200 9.00%% 1200 10.08%# 1200 11,18%¢ 1200 13.62%%
1300 9395
1357.6  9,946(s)
1358 21,01(¢)
1700 24,41

1 Uncertainties in the electrical resistivity values are as follows:

100.00Cu~ 0.00Pd: +3%upto 100K, +1% above 100K to 250K, +0. 5% above 250K to 350K,

99.50Cu~ 0,50 Pd: +8%below 150 K, +5% from 150 to 400 K, and +10% above 400 K.
99,00Cu~ 1.00Pd: +8%below 150 K, 15% from 150 to 400 K, and +10% above 400 K,
97.00Cu- 3.00Pd: +8%below 150 K, 5% from 150 to 400 K, and +10% above 400 K.

+1% above 350K to 500K,. +4% above 500K to 1357, 6K, and +5% above 1357, 6K,

SHALSAS AOTIV ABWNIE 40 ALIAILISISIY TVIIHLOT3

€861 ‘2°ON ‘TI "JOA ‘eleq “joH "woyd 'shug

95.00Cu- 5.00Pd: +8%below 150 K, 5% from 150 to 400 K, and +10% above 400 K.
90.00 Cu~10. 00 Pds 18% below 160 K, 16% from 160 to 400 K, and 107 above 400 K.

# Provisional value,
* In temperature range where no experimental data are available.
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TABLE 5. RECOMMENDED ELECTRICAL RESISTIVITY OF COPPER-PALLADIUM ALLOY SYSTEM? (continued)
[Temperature, T, K; Electrical Resistivity, p, 1078 Q m]

Cu:  1,00% ( 1.66 At,%)
Pd: 99,00% (98,34 At.%)

Cu:  0.50% ( 0.83 At.%)
Pd: 99.50% (99.17 At,%)

Cu:  0.00% (
Pd: 1060,00% (100,00 At.%)

0.00 At,%)

T P T P T 3
1 2.10% 1 1.10%% 1 0.0200
4 2,104 4 1.10%¢ 4 0.0205
7 2.10%+ 7 1.10%+ 7 0.0217
10 2.10% 10 1.10%% 10 0,0242
15 2,10%¢ 15 1.10%% 15 0,0346
20 20 1.10% 20 0.0564
25 25 1.13%4 25 0.0938
30 30 1.19%% 30 0.151
40 40 1.40%¢ 0 0.335
50 50 1.68%4 50 0.607
60 60 2,004+ 60 0.940
70 70 2.38%¢ 70 1.32
80 80 80 1.75
g0 90 90 2.19
100 4,784 100 100 2.63
150 6.91% 150 150 4.81
200 9.00% 200 200 6.89
250  11.00 250 250 8.88
273 11.90 273 273 9.78
293 12.67 293 293 10. 54
300 12.93* 300 300 10.80
350 14, 82% 350 350 12.66
400  16.68% 400 400 14,46
RON 20 19%% 500 s0N0 17_89
600  23.41%F 600 22,284 600 21,10
700 26.42%% 700 25,265+ 700 24,10
800  29,25%% 800 28,0754 800 26. 89
900  31.88%# 900 30, 68%4 900 29,50
1000 34.27%% 1000 33,0944 1000 31,92
1100 36.46%F 1100 35,3254 1200 36.21
1200 38.50%% 1200 37.40%¢ 1400 39. 80
1600 42,70
1827 45,14(s)
1830 83.0(4)
2000 83,0

1 Uncertainties in the electrical resistivity values are as follows:

1.00 Cu - 99.00 Pd: +10%below 150 K, +5%from 150 to 400 K, and & 10% above 400 K,
0.50 Cu - 99,50 Pd: *10%below 150 K, +5% from 150 to 400 K, and +10% above 400 K,
0.00 Cu ~ 100,00 Pd: +2%up to 40 K, *1% above 40 K to 350 K, +2% above 350 K to 1600 K,

% Provisional value.

* In temperature range where no experimental data are available.

+2. 5% above 1600 K to 1827 K, and +5% above 1827 K.
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3.6. Copper-Zinc Alloy System

The copper-zinc alloy system does not constitute a con-
tinuous series of solid solutions. The maximum solid solubi-
lity of zinc in copper is 39.0 wt.% (38.3 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 Kitt]*” analyzed the existing data and concluded that
the boundary lies at about 34 at.% Zn at 473 K and it may lie
at less than 30 at.% Zn at room temperature. Shinoda and
Amano®® reported a much greater reduction in solubility at
room temperature. The maximum solid solubility of copper
inzincis 2.7 wt. % (2.77 at.%) at 697 K and it decreases to 0.3
wi. % (0.31 at. %) al 373 K.

There are 175 sets of experimental data available for
this alloy system. These data sets are listed in Tables S-31, S-
33, and S-35, tabulated in Tables S-32, S-34, and S-36, and
shown partially in Figs. 29, 30, and 31. Most of the available
data are for copper-rich alloys in the solid solution region.
Due to the scarcity of data for zinc-rich alloys, the available
data for Zn + Cu alloys are not evaiuated and no recommen-
dations are made in the present work.

For Cu + Zn alloys, Argent and Lee”® (Cu + Zn data
sets 31-50) reported the electrical resistivity for various com-
positions ranging from pure copper to 34.2 wt.% Zn at 77,
195,273, and 373 K. Henry and Schroeder?*® (Cu + Zn data
sets 57-65) reported the electrical resistivity of alloys with
compositions ranging from 0.93 to 35.97 wi.% Zn at tem-
peratures below room temperature. The values of Argent
and Lee scatter more than those of Henry and Schroeder on
a plot of resistivity versus composition.

Fairbank®! (Cu + Zn data sets 12-30) has investigated
the electrical resistivity of a full range of alloy compositions
in the alpha-phase solid solution region in the temperature
range 14.3 K to room temperature. Measurements were
made on both annealed and hard-drawn specimens. His val-
ues for the annealed specimens are higher than those report-
ed by other authors.

The data outside the region of solid solution are frag-
mentary and conflicting. In addition, beta-brass (4648
wt.% Zn) forms ordered structures below about 735 K. For
these reasons the data smoothing and synthesis was limited
to the alpha-phase solid solution and was based mainly on
the results of Henry and Schroeder?* (Cu + Zn data sets
57-65), Smith®*** (Cu + Zn data sets 67-79}, Smith and
Palmer® (data set 80), and Kemp, Klemens, Tainsh, and
White!?%24247 (Cu 4 Zn data sets 81-94).

The resulting recommended electrical resistivity values
for Cu, Zn, and for 9 Cu + Zn binary alloys are presented in
Table 6 and shown in Figs. 28 and 31.No values were gener-
ated for alloys containing 35 t0 99.5% Zn. The recommend-
ed values for Cu and for Zn are for well-annealed high-purity
specimens, but those values for temperatures below about
100K are applicable only to Cu and Zn having residual elec-
trical resistivities as given at 1 K in Table 6. The alloys for
which the recommended values are generated are not or-
dered and have not been quenched or cold-worked severely.
The recommended values cover the temperature range from
1 to 700 K. These values are not corrected tor the thermal
expansion of the material. The estimated uncertainties in the
values for the various alloys and for different temperature
ranges are explicitly stated in a footnote to Table 6.

J. Phys. Chem. Ref. Data, Vol. 12, No. 2, 1983
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FADLE ¢. RECOMMEMDED ELECTRICAL RESIETIVITY OF COPPER-ZINC ALLOY SYSTEMt (continued)

[Temperature, T, K; Electrical Resistivity, p, 1078 3 mj

Cu: 85.00% (85.36 At.%) | Cu: 80.00% (80.45 At.%) | Cu: 75,00% (75,53 At.%) [ Cu: 70.00% (70,59 At.%) [Cu:. 0,00% ( 0,00 At,%)
Zn: 15.00% (14.64 At.%) | Zn: 20.00% (19.55 At.%) | Zn: 25.00% (24.47 At.%) | Zn: 30.00% (29.41 At.%) |Zn: 100.00% (100,00 At.%)
T P T ] T P T P T P
1 2,38 1 2,84 1 1 3,39 1 0. 0100%
4 2.38 4 2.84 4 4 3.39 4 0.0100
7 2.38 7 2.84 7 7 3.39 7 0.0102
10 2.38 10 2.84 10 10 3.39 10 0.0112
15 2,39 15 2,85 15 15 3.40 15 0. 0190
20 2.40 20 2.86 20 20 3.41 20 0. 0387
25 2,42 25 2.87 25 25 3.43 25 0.0788
30 2.44 30 2,89 30 30 3,46 30 0,142
40 2.48 40 2.93 40 40 3.51 40 0.306
50 2,54 50 3,00 50 50 3.58 50 0. 507
60 2.60 60 3.08 60 60 3.68 60 0.715
70 2,68 70 3,17 70 70 3.78 70 0,931
80 2.77 80 8.26 80 80 3.88 80 1.15
90 2,85 90 3.35 90 90 3.98 90 1.37
100 2,93 100 3.44 100 100 4,08 100 1.60
150 3.35 150 3.89 150 150 4.60 150 2.7
200 3.77 200 4.35 200 200 5,12 200 3.83
250 4,18 250 4,80 250 250 5.63 250 4,95
273 4,87 273 5,01 273 273 5.87 273 5.46
293 4.54 203 5.19 293 293 6.08 293 5.90
300 4,60 300 5.26 300 300 6.15 300 6.06
350 5.02 350 5.71 350 350 6.67 350 7,20
400 5,44 400 6.17 400 400 7.19 400 8.37
500 6.29% 500 7.08% 500 500 8. 28 200 10,82
600 7.12% 600 7,99% 600 600 9,27% 600 13,49
700 7,95 700 8.90% 700 700 10. 31% 692.73 16,23*

T Uncertainties in the electrical resistivity values are as follows:

+3% below 500 K and +5% from 500 to 700 K.
+3% below 500 K and +5% from 500 to 700 K.
+3% below 500 K and +5% from 500 to 700 K.
+3% below 500 K and +5% from 500 to 700 K.
+5% below 50 K, +3% from 50 to 400 K, and +4% above 400 K.

85,00 Cu - 15.00 Zn:
80.00 Cu -~ 20,00 Zn:
75,00 Cu - 25.00 Zn:
70,00 Cu - 30,00 Zn:

0.00 Cu - 100.00 Zn:

* In temperatlire range where no experimental data are available.
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3.7. Gold-Palladium Alloy System

Twenty data-source references are available for the
electrical resistivity of the Au—Pd alloy system. From these
references, a total of 93 data sets, six of which are merely
single data points, have been extracted along with specimen
characterization and measurement information. Forty-three
of the data sets are for Au + Pd alloys covering the tempera-
ture range from 1.2 to 1400 K, 15 of the data sets are for
Pd + Au alloys covering the temperature range from 4 to
1400 K, and 35 of the data sets are isotherms of the electrical
resistivity as a function of composition. These experimental
data sets are listed in Tables S-37, S-39, and S-41 which pro-
vide information on specimen characterization and mea-
surement conditions, tabulated in Tables S-38, S-40, and S-
42, and shown partially in Figs. 34, 35, and 37. In order to
show both functional dependencies of the electrical resistiv-
ity, a few of the data sets have been presented in the tables
and figures both for temperature dependence and for compo-
sition dependence.

Since the electrical resistivity of a specimen depends on
the arrangement of its constituent atoms such as ordering,
the crystal structure of Au—Pd alloys is briefly discussed here
first. The preponderance of data indicates that the Au-Pd
alloy system forms a continous series of solid solutions.?%4
However, electron diffraction analyses of thin film speci-
mens by Nagasawa et a/.?®® have indicated the existence of
long-range ordered structures in Au alloys with 15, 25, and
30 at.% Pd when annealed at temperatures below about
1123 K, the possible existence of such structures near the
stoichiometric composition AuPd,, and the absence of such
structures in alloys with 10 at.% Pd or 35 to 60 at.% Pd. The
authors suggest that the reason why x-ray diffraction studies
of bulk specimens have not shown similar evidence of super-
lattice structure may be that the time required for homogeni-
zation of the alloys is much greater for the bulk specimens
than for the thin films.

The existence of short-range order in the Au-Pd alloy
system has been cstablished through diffusc x ray scattering
studies of an alloy with 40 at.% Pd by Copeland and Nichol-
son,?% of alloys with 40, 50, and 60 at.% Pd by Iveronova
and Katsnel’son,?5”%® and of an alloy with 40 at.% Pd by
Lin et al.?® These studies further indicated that (1) cold-
worked samples can exhibit short-range order, (2) subse-
quent annealing of cold-worked samples at temperatures
from about 373 to 773 K, when followed by quenching, tends
to increase the degree of short-range order, (3} subsequent
annealing at temperatures of about 1073 K, when followed
by quenching, tends to decrease the degree of short-range
order, and (4) subsequent annealing at about 1073 K, when
followed by slow cooling, may produce a greater degree of
short-range order than any of the other described treatments
of cold-worked samples. Devi er al.*” carried out x-ray in-
vestigations of the temperature dependence of the lattice pa-
rameter of a 41% Pd alloy, but no deviation from linearity
was found up to 873 K, and the authors concluded that mea-
surements of the lattice parameter may not be sensitive to the
presence of short-range order in Au-Pd alloys.

The effects of plastic deformation on the electrical resis-
tivity of Au~Pd alloys have been studied by Koster and Hal-

J. Phys. Chem. Ref. Data, Vol. 12, No. 2, 1983

pern,?’' T ogie et al,?7? and Kim and Flanagan.?*? Normally,
the effect of deformation is to increase the electrical resistiv-
ity, due to increased scattering from crystal defects intro-
duced by the deformation. However, each of the above stu-
dies provided evidence for an anomalous decrease occurs for
a wide range of compositions, but it is a maximum for speci-
mens with about 40 at.% Pd. Such specimens, when de-
formed by about 40% reduction in area, may show a resistiv-
ity decrease of nearly 6%. Kim and Flanagan,®? in this
consideration of alternative explanations for the anomaly,
concluded that cold-work reduces the degree of short-range
order present in the specimen. This conclusion, together
with the knowledge?*? that short-range ordering causes an
increase in the resistivity of Au-Pd alloys, explains the
anomaly. Although dcformation does produce dcfccts
which tend to increase the resistivity, the destruction of
short-range order {and the consequent resistivity decrease)
overshadows the effect of the defects and results in a net
decrease in resistivity.

Studies of the recovery kinetics of cold-worked or
quenched specimens upon annealing by Kim and Flana-
gan,’“ Haas and Liicke,””* and Liicke ez @l.”” have given
further insight into the processes and mechanisms of short-
range ordering in Au-Pd alloys. The picture of short-range
ordering derived from these studies and ones mentioned ear-
lier is as follows. Above a certain high temperature, short-
range ordering does not occur. Below this temperature, the
degree of short-range order present at equilibrium increases
with decreasing temperature. The formation of short-range
order is dependent on the presence of crystal defects (such as
vacancies, interstitials, etc.) which allow local atomic order-
ing via their migration through the crystal. Such defects may
be produced by plastic deformation, quenching, or irradia-
tion. Kim and Flanagan studied the formation of short-
range ordering via defects produced by cold-working while
Liicke and co-workers primarily studied ordering via defects
produced by quenching. As discussed before, the cold-work-
ing of annealed specimens may destroy short-range order
while at the same time introducing defects which, npon sub-
sequent annealing, may allow the formation of a greater de-
gree of short-range order than was originally present in the
annealed specimen. Not only does the formation of short-
range order depend on the presence of defects, but the rate of
ordering depends on the concentration of defects. The rate of
ordering tends to increase with increasing defect concentra-
tion and with increasing temperature. In addition, different
types of defects may come into play in ordering at different
temperatures. Kim and Flanagan, based upon their analysis
of ordering rates, described distinct stages of ordering which
differ according to the mechanism of ordering and the types
of defects involved at different temperatures.

The final state of short-range order achieved at a given
temperature may depend on the thermal history of the speci-
men. For example, Liicke ez al*” found that equilibrium
values of short-range order may be difficult to attain. Atlow
temperatures, the rate of diffusion may be too slow to attain
equilibrium. This difficulty may in part be overcome by
quenching the specimen from high temperatures, where the
vacancy concentration is high, prior to annealing at a lower
temperature. The surplus concentration of vacancies frozen-
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in by the quench theu serves (o enhance the rate of ordering.
In other cases, the excess vacancies may be annealed out
before the equilibrium degree of short-range order is at-
tained. With the resultant negligible vacancy concentration,
no further ordering can occur and the final degree of short-
range order is less than the equilibrium value. A constant
resistivity value is thus reached, but it is lower than the resis-
tivity value characteristic of the equilibrium state of short-
range order.

The effect of short-range ordering on the magnitude of
the electrical resistivity can be sizeable. In their studies of the
anomalous decrease in resistivity of annealed alloys upon
deformation, Kim and Flanagan®? found that short-range
ordering, even when opposed by the effects of cold-work,
may contribute as much as 3% to the electrical resistivity of
25 at.% Pd alloys, 5% to 40 at.% Pd alloys, and 2% to 65
at.% Pd alloys. Similarly, in their studies of the increase of
resistivity upon annealing cold-worked specimens, Kim and
Flanagan®” found that short-range ordering may contribute
as much as 4% or 5% to the electrical resistivity of 25, 30,
and 40 at.% Pd alloys, even when opposed by the effect of
the annealing out of crystal defects. Further information was
contributed by Liicke ez a/.2”® who found that the electrical
resistivities of specimens in different states of short-range
order may differ by as much as 8% for 50 at.% Pd alloys and
1% for 10 at.% Pd alloys.

Liicke ezal*” (Au + Pd data sets 42 and 43) also inves-
tigated the effects of short-range order of the temperature
dependence of the electrical resistivity. Using specimens
with 50 at.% Pd, they quenched from 1273 K and then an-
nealed at 513 K for different times to establish different de-
grees of short-range order. The resistivities of the specimens
with different degrees of order were then measured from 73
to 473 K. The results showed differences in the magnitude of
the resistivity of up to 8% and differences in the temperature
derivative of the resistivity {at 273 K) of up to about 3% for
the different degrees of short-range order. Rowland et al.27¢
(Au + Pd data sets 26-32, Pd 4+ Au data sets 13-15, and
Au-Pd data sets 13-2R) speculated that a temperature de-
pendence of short-range ordering might be a possible expla-
nation of a very shallow minimum observed around 700 K
for alloys with 30 to 60 at.% Pd).

The first step in the generation of recommended electri-
cal resistivity values for this alloy system was the simulta-
neous examination of the residual resistivity (p,), the resistiv-
ity at 300 K (p300x ), and the difference between the two, in a
manner similar to that used in the analysis of the electrical
resistivity of the Ag—Pd alloy system. Only three research
documents have reported the residual resistivity of Au—Pd
alloys over a wide range of compositions. One of the three
documents, by Kim*”’ {Au-Pd data set 34}, was a thesis un-
available in its original form, so the data were extracted as
reported by Kim and Flanagan?’® without specimen charac-
terization or measurement information. Of the three, only
Hau®”(Au + Pd data sets 9-14, Pd + Au data sets 1-3, and
Au-Pd data sets 4-6) and Rowland et al.?"® reported the
resistivities at 4.2 K and near room temperature. The 1%
inaccuracy in the measured resistivities, as reported by Hau,
was about 4% better than the inaccuracy reported by Row-
land et al., whose measurement of the spectmen dimensions

was uncertain. Consequently, the values of Hau were fol-
lowed rather closely in generating recommended values for
the residual resistivity.

The residual resistivities of Hau?’ (Au-Pd data set 4)
and Rowland ef a.?’¢ (Au~Pd data set 13) show reasonable
agreement over much of the composition range, but the val-
ues of Rowland et al. are lower than those of Hau by as much
as 1.3X107° 2m in the 35 to 55 at.% Pd range. As men-
tioned above, this is the region where short-range ordering is
known to have its maximum effect on the resistivity, with
greater degrees of short-range order producing greater rcsid-
ual resistivities. The immediate question of whether the dis-
crepancy between the two sets of data is due to a difference in
the degree of short-range order present in the respective
specimens is difficult to answer conclusively with the known
information. The heat treatment of the specimens of Row-
land et al., heating at 1073 K followed by slow cooling, couid
conceivably produce a significant degree of short-range or-
der, as could the heat treatment of the specimens of Hau

. which consisted of heating at 973 K followed, presumably,

by slow cooling. Unfortunately, Rowland et a/. had insuffi-
cient knowledge of the structural details of their specimens
to be certain of the degree of short-range ordering present
and Hau reported that short-range order could not be detect-
ed in his cxperiment. Comparison of the data of Hau with the
room-temperature resistivities reported by Késter and Hal-
pern®”! (Au-Pd data sets 1-3) and Liicke et al.™ (Au + Pd
data sets 42—43) for alloys with 40 and 50 at.% Pd show that
the resistivities reported by Hau are in all cases lower than
the resistivities reported by the other authors. Since the
specimens of Koster and Halpern and of Liicke er al. were
known to possess some degree of short-range order, this in-
formation is consistent with the conclusion that the speci-
mens of Hau possessed less short-range ordering than even
the least specimens of these other authors. However, the ex-
planation of the discrepancy between the residual resistivity
data of Rowland et al. and of Hau is still unclear.

The discrepancy between the residual resistivity data of
Hau and of Rowland et a/. raises inunediate problems for the
generation of recommended values of the electrical resistiv-
ity at high temperatures. Rowland ef al. are the only investi-
gators to report resistivities at high temperatures for a wide
range of compositions. Given the discrepancy in residual
resistivities, the low temperature data of Hau, which were
followed closely in generating recommended values, cannot
simply or easily be joined with the higher temperature data
of Rowland et a/. This problem is diminished by an examina-
tion of (p300x — po)» the temperature-dependent part of the
resistivity at 300 K. While the residual resistivities of Hau
and Rowland et a/. differ by asmuch as 1.3 X 1078 2m in the
35 to 55 at.% Pd range, it was found that the temperature-
dependent part of their resistivities differed by less than
0.1 107% 22m at 300 K in this composition range. Appar-
ently, the difference in the specimens of Rowland er al. and
Hau is such that only the residual resistivity is affected, and
the temperature-dependent part of the resistivity remains
largely unaffected. Thus, it becomes possible to synthesize
the data of Rowland e a/. and Hau if the analysis is carried
out primarily in terms of the temperature-dependent part of
the resistivity, (o — po). This procedure assumes that any dif-
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ferencen in the degree ol short-range order present in the two
sefs of specimens have negligible effect on the temperature-
dependent parts of the resistivities at all temperatures.

Accordingly, the temperature-dependent part of the re-
sistivity was separated out in all cases where p, was reported
by the authors. In some cases, the authors did not report the
residual resistivity, but it still seemed reasonable to estimate
pofor the specimen by using the recommended residual resis-
tivity for the composition in question. In one case, the auth-
ors reported the temperature-dependent part of the resistiv-
ity directly. Kim and Flanagan®’® reported thermal
resistivities based on values of the residual resistivity which
were obtained “by extrapolation to the temperature at which
the resistivities of pure metals over the same temperature
range extrapolate to zero,” and not by direct measurement.
Comparison of the extrapolations with direct measurements
was not possible because neither the extrapolated values nor
the total resistivities were reported. Although the gross fea-
tures of the thermal resistivity as reported by Kim and
Flanagan, Hau, and Rowland et ql. are similar, the magni-
tudes of the data of Kim and Flanagan are sometimes incon-
sistent with the more complete data reported by others. Con-
sequently, the temperature-dependent resistivity data
reportd by Kim and Flanagan were given little weight in the
generation of recommendecd values.

Smoothed isotherms of the temperature-dependent re-
sistivity as a function of composition were generated by a
cross-plotting procedure involving successive smoothings of
the temperature-dependent resistivity as a function of both
temperature and composition. The final results for selected
temperatures are shown in Fig. 36. For compositions from 0
to 17 at.% Pd, there is a gradual decrease in the temperature-
dependent resistivity from its value for pure gold. This
downward slope is supported at low temperatures by the
data of Hau and, for dilute alloys up to 700 K by the data of
Otter??® (Au + Pd data sets 1-4). At high temperatures, the
data of Rowland et al. also show a negative slope, but one of

J. Phys. Chem. Ref. Data, Vol. 12, No. 2, 1983

less magnitude than shown in Fig. 37. This is because the
final smoothed values of the temperature-dependent resistiv-
ity pass below the data of Rowland et al. for their 10.5 at.%
Pd. These deviations are not inconsistent with an error in
sample dimensions, which was suggested as possible by
Rowland et al., and result in deviations from the total resis-
tivity reported by Rowland ef al. which lie within their ex-
perimental inaccuracy of 5%. From a minimum at around
17 at.% Pd, the temperature-dependent resistivity at high
temperatures rises to a maximum at about 40 at.% Pd, falls
again to a minimum at about 50 at.% Pd, and thcn riscs
rapidly to the values for pure palladium.

The final total electrical resistivity values were obtained
by adding the residual resistivities to the temperature-depen-
dent resistivities for the selected compositions. The resulting
recommended values for Au, Pd, and for 25 Au-Pd binary
alloys are presented in Table 7 and shown in Figs. 32 and 33.
The recommended values are also shown in Fig. 37 as a func-
tion of composition together with some experimental data.
The divergence of the data of Rowland ez a/. from the recom-
mended values results primarily from differences in the re-
sidual resistivity, as discussed above. The recommended val-
ues for Au and for Pd are for well-annealed, high-purity
specimens, but those values for temperatures below about
100 K arc applicable only to Au and Pd having residual
electrical resistivities as given at 1 K in Table 7. The alloys
for which the recommended values are generated have at
most a low degree of short-range order and have not been
quenched or cold-worked severely. The recommended val-
ues cover the temperature range from 1 to 1400 K and are
not corrected for the thermal expansion of the material. The
estimated uncertainties in the values for the various alloys
and for different temperature ranges are explicitly stated in a
footnote to Table 7. A few of the values for dilute gold-rich
alloys are indicated as provisional hecause their uncertain-
ties are greater than + 5%.
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3.8. Gold-Silver Alloy System
Most of the evidence?®** indicates that the gold-silver
alloy system forms a continuous series of solid solutions.
Grum-Grzhimailo®® has reported measurements on the
electrical resistance, Hall effect, and lattice parameter which
indicate the formation of intermetallic compounds Ag;Au,
Ag;Au;, and AgAus,, but this work has been discounted in
the present analysis.

The existence of short-range ordering in the gold-silver
alloy system is well recognized, though the mechanism of the
ordering process and the effects of short-range order on the
resistivity are disputed. Liicke and co-workers?!-2%3.275
have performed isothermal and isechronal annealing inves-
tigations of a wide range of silver—gold alloys and have con-
cluded that an increase in the degree of short-range order is
associated with an increase in the electrical resistivity and
that the short-range order is of the conventional type de-
scribed by Cowley.” On the contrary, Schiile and co-
workers?>?¢ have reported measurements on specimens
very nearly identical with those of Liicke e a/. which indi-
cate that an increase in the degree of short-range order is
associated with a decrease in the electrical resistivity under
certain conditions and that the formation of short-range or-
der proceeds in a nonhomogeneous manner via the growth of
localized regions of high order, the boundaries of which can
cause additional electron scattering and the consequent re-
sistivity increase observed by Liicke ef al. The change in the
resistivity of quenched gold-silver alloy specimens upon an-
nealing and the formation of short-range order can be as
much as 2%.

There are 183 sets of experimental data available for the
electrical resistivity of this alloy system, with 17 sets being
single data points. These data sets are listed in Tables S-43, S-
45, and S-47 which provide information on specimen charac-
terization and measurement conditions, tabulated in Tables
S-44, S-46, and S-48, and shown partially in Figs. 40, 41, and
42. In order to show both functional dependences of the elec-
trical resistivity, a few of the data sets have been presented in
the tables and figures both for temperature dependence and
for composition dependence.

In the analysis and synthesis of experimental data to
generate recommended values, the dependence of residual
resistivity on alloy composition was determined using the
abundant data from measurements at 4.2 K and below. A
curve representing the totality of the data was tested and
smoothed by examination of second differences. It shows a
region of relatively low curvature for atomic fraction ¢ of
silver between 0.65 and 0.85 (between 65 and 85 at. % Ag);
the reality of this feature seems to be supported by analysis of
the alloy resistivities at higher temperatures.

The analysis of alloy resistivity was based on a study of
the quantity 4 (¢, T’), as given by Eq. (26), derived from total
resistivity values by subtracting from them the residual resis-
tivity for the given ¢ and the atomic-fraction-weighted aver-
age of the pure metal resistivities for the given 7. The quanti-
ty 4 is only a few percent of the total resistivity, and varies
smoothly with ¢ except for very dilute alloys. The analysis is
described in some detail in Appendix 5.1; here a very few
comments will suffice.

J. Phys. Chem. Ref. Data, Vol. 12, No. 2, 1983

Examination of A values makes very evident the pres-
ence of relatively large and erratic errors in much of the older -
data, probably due to inadequate control of the composition
and purity of the alloy samples. The analysis began with a
study of the data for T < 300 K obtained using samples for
which the resistivity was also measured at 4.2 K or below,
since knowledge of the latter quantity helped to eliminate or
diminish several sources of error. The data of Giauque and
Stout®’ (Au + Ag data sets 23-26, Ag + Au data sets 21,
22, and Au-Ag data sets 16-20), Crisp and Rungis®*®
(Au + Ag data sets 38-44, Ag + Au data sets 30-39, and
Au + Ag data sets 9, 10), Davis and Rayne®® (Au 4 Ag
data sets 51-57, Ag + Au data sets 48-51, and Au—-Ag data
scts 11-13), Bocs ez al. 3% (Au + Agdatascts 6-11, Ag + Au
data sets 5-10, and Au-Ag data sets 2, 3), and Huray ez al.'*®
(Au + Ag data sets 45, 46, and Ag + Au data sets 40, 41)
were plotted and cross-plotted to arrive at acceptable
smoothed values of 4 and 4 /T from 100 to 300 K. The val-
ues of 4 could be extrapolated to lower temperatures and to
more dilute alloys guided by values derived from the data of
Stewart and Huebener™' (Au + Ag data sets 58—60 aud Au—
Ag data set 14) and of Dugdale and Basinski®® (Au + Ag
data set 15), who studied deviations from Matthiessen’s Rule
in alloys with less than 1 at.% solute. The analysis was then
extended to higher temperatures by using the data of Iyer
and Asimow®? (Au + Ag data sets 2-5, Ag + Au data sets
11-13, and Au—-Ag data set 46} on alloys with 5, 10, 30, 50,
70, 90 and 95 at.% silver. These data were smoothed and
then partially corrected for errors that have a systematic
effect on a plot of 4 against T for a single sample {errors in
solute concentration, in sample dimensions, and in the resid-
ual resistivity curve) by comparison with the more accurate
low-temperature data. The reasonableness of the corrections
was checked, and the values were interpolated and extrapo-
lated to other solute concentrations by use of cross-plots.
Finally, the recommended values of the resistivity were de-
rived from the values of 4, p,, and the pure-metal resistivi-
ties- The most reliable results were obtained for concentrat-
ed alloys (20 to 80 at.% solute), for which extrapolation of 4
to low temperature and of 4 /T to high temperatures was
most reliable. At low temperatures and low solute concen-
trations the uncertainty (in percent) rises along with the esti-
mated uncertainty in the residual resistance. At high tem-
peratures and low solute concentrations the uncertainty in
the extrapolation of 4 combines with the uncertainty in the
resistivity of the pure metals to produce the estimated + 4%
uncertainty in the result. It is unfortunate that there seem to
be no resistivity data on Ag—Au alloys with less than 5 at. %
of solute, for T'> 400 K.

The resulting recommended electrical resistivity values
for Au, Ag, and for 25 Au—Ag binary alloys are presented in
Table 8 and shown in Figs. 38, 39, and 42. The recommended
values for Au and for Ag are for well-annealed high-purity
specimens, but those values for temperatures below about
100 K are applicable only to Au and Ag having residual
electrical resistivities as given at 1 K in Table 8. As discussed
in the beginning of this section, the electrical resistivity of
Au-Ag alloys can be varied by changes in their short-range
order produced by thermal treatment. This can amount to as
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much as 2% in the case of concentrated alloys subjected to
extremes of quenching and annealing. The data analyzed
here were obtained with samples not deliberately subjected
to such treatment, and the recommended values may be re-

garded as applicable to alloys which have not been quenched

or cold-worked severely and have the equilibrium degree of
short-range order at each temperature. The recommended
values cover the temperature range from 1 to 1200 K and are
not corrected for the thermal expansion of the material. The
estimated uncertainties in the values for the various alloys
and for different temperature ranges are explicitly stated in a
footnote to Table 8.

3.9. Iron-Nickel Allby System

Theelectrical resistivity of the iron—nickel alloy system
has received a considerable amount of attention, no doubt
duein large measure to both elements being present in a large
number of technologically important alloys. There are 45
data-source references available in the literature on the elec-
trical resistivity of Fe-Ni.alloys. From these references, 198
sets of experimental data were obtained spanning a tempera-
ture range 0.4 to 1995 K. These experimental data sets are
listed in Tables S-49, S-51, and S-53 which provideinforma-
tion on specimen characterization and measurement condi-

_tions, tabulated in Tables S-50, S-52, and S-54, and shown
partially in Figs. 47, 48, and 50.

The iron-nickel alloy systern does not form a contin-
uous series of solid solutions at low and moderate tempera-
ture (below 1183 K). The maximum solid solubility of nickel
in iron-is 6.81 wt.% (6.5.at.%)-at 618 K and the solubility
decreases at higher and lower temperatures.3?! For nickel-
rich alloys the solubility of iron in nickel is uncertain due to
the formation of FeNi, ordered structure; it may be below 3
wt.% around room temperature. In addition, there is a mar-
tensitic transformation from metastable austenite in alloys
containing up to 30 wt.% Ni resulting in a metastable a,
phase. The phase diagram is further complicated by magnet-
ic transitions; at about 1040 K in the a phase, at about 673 K
in the a + v equilibrium phase mixture, and on a curve
reaching a maximum of about 885 K at about 66 wt.% Ni in
the y.phase.?® Finally, there is an order—disorder transfor-
mation due to the formation of FeNi, covering a wide range
of composition; from perhaps 50 to 85 wt.% Ni, which has a
maximum transition temperature of about 776 K.

Regarding the metastable states in ihie irou-rich region,
early work identified the transformation of metastable aus-
tenite as being of the diffusionless, martensitic type.>*? Later,
effects of strain and grain size upon martensite formation
were studied from changes in the electrical resistivity.*>*-32¢
The results indicate that the tranformation is essentially in-
dependent of heating/cooling rate, the transformation may
occur over an intervaliof temperatures spanning perhaps 100
deg for a 30% Ni alloy, and the amount of martensite formed
upon cooling depends upon specimen history.

The electrical resistivity of dilute alloys with either iron
or nickel as base metal has been measured during investiga-
tions of the deviations from Matthiesson’s rule. At the low-
est temperatures the deviations follow a roughly 7" behavior
attributed to spin-mixing .as reporied by Fert and :Camp-

tion,

bell*” (Fe + Ni data set 93) for 1% or 2% Ni in Fe and by
Farrell and Greig®?® (Ni + Fe data sets 3-5) for up to 5% Fe
in Ni. Further, the variation with composition is quite weak
at these temperatures. Near room temperature the rapidly
rising deviations have leveled off as observed by Farrell and
Greig,>*® Schwerer and Conroy*?’ (Ni + Fe data sets 47-51),
and Schwerer and Cuddy®?® (Fe 4 Ni data set 94). Above
300 K Schwerer and Cuddy*? (Fe 4 Ni data sets 95, 96 and
Ni + Fe data sets 64, 65) find evidence for spin-disorder re-
sistivity in the generally decreasing temperature dependence
of the deviations for both 1% Ni in Fe and 1% Fe in Ni at
temperatures up to the Curie point.

Electrical resistivity of alloys with compositions in the
<30% Ni region is well documented. The extensive mea-
surements of Shirakawa®*® (Fe 4 Ni data sets 65-76) from
78 to 1123 K map out the temperature hysteresis loops for
alloys with compositions between 4% and 30% Ni. It is un-
fortunate that the resistivity data reported on the lower Ni
content specimens are atypically small in value, increasingly
so at elevated temperatures; this is perhaps the result of
problems inherent with a two-probe measurement tech-
nique. These findings were confirmed by the work of
Ascher®®! (Fe + Ni data sets 90, 91) in which a 30% Ni
specimen had ‘been chilled in liquid air prior to measure-
ment. The specimen was subsequently subjected 1o a com-
plete temperature cycle with the resulting electrical resistiv-
ity in both martensitic and austenitic states being in close
agreement with that of Shirakawa.?** The change in electri-
cal resistivity upon transforming the austenite to martensite
is quite striking for this composition, amounting to a reduc-
tion of about 60%. A number of alloy compositions had
previously been measured by Ingersoll**? (Fe 4+ Ni data sets
1-8) at these temperatures, but with only heating curves re-
ported. In retrospect it may be noted that these smoothed
data apparently do show the onset of the inverse transforma-
tion at higher temperatures. Recent work by Reed et al.3*
(Fe + Ni data sets 36-39) on an alloy with 29% Ni show the
effects of a low-temperature anneal upon the electrical resis-
tivity. The findings include the following: annealing of point
defects affects only the residual resistivity such that the ob-
served 3.1X107% 2m residual resistivity recovery corre-
sponds to an estimated 0.5 at.% in point defect concentra-
the reduction in electrical resistivity which
accompanies the martensitic transformation amounts to an
average of 0.46 X 1078 2m/% martensite at 293 K, and the
effect of dislocations upon electrical resistivity is negligible
at room temperature, with estimates being down at the
0.1 1078 2m level. The findings of Livingston and Muk-
heriee®®* (Fe + Ni data set 42) on a slow-cooled specimen
with 29.7 at.% Ni also show a very rapid onset to the de-
crease in resistivity at the transformation temperature.

The Invar composition range of about 35% to 50% Ni
has received recent attention. The residual resistivity is
found to increase sharply with increasing iron content. An
explanation in terms of a weak ferromagnet model was sug-
gested both by Armstrong and Fletcher®*® and by Gautier
and Loegel.>*® Further, the temperature-dependent resistiv-
ity is found to increase with temperature as 7', where # is
reported as n = 2 below 60 K>*®and n = 1.8 to 2.0 up to 120
K.*** Generally, the residual resistivity data from Ref. 335
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(Fe-Ni data set 34) along with those of Mikhailova®’
(Fe + Ni data set 48) and Clark et al.'® (Fe + Ni data sets
31, 32, and Ni + Fe data set 32) are for commercial grade
materials. Consequently, these data lie somewhat above
those from Ref. 336 (Fe + Ni data sets 50-56), of Larikov et
al**® (Fe-Ni data set 27), and of Kondorskii and Sedov®**
{(Fe~Ni data set 26). Near room temperature are the data of
Jellinghaus and Andrés®*® (Fe-Ni data set 30), Kalinin ez
al3*! (Fe-Ni data set 25), and Window>*? (Fe~Ni data set
29), all of which are in reasonably good agreement. At higher
temperaturcs are the data of Larikov e @l.33® (Fc + Ni data
sets 80-83 and Ni + Fe data set 61) up to 1300 K and of
Somura®*® (Fe 4- Ni data sets 84-89) up to about 800 K.
Both of them reported a concentration dependence that var-
ies rapidly, but diminishes toward the highest temperatures,
and perhaps even disappears above 700 K.*** Also in this
connection are the weakly concentration-dependent data re-
ported by Window>*? (Fe-Ni data set 28) at 873 K. If, as has
been suggested, alloys in the Invar range are describabie in
terms of a mixed phase model (see, for instance, Ref. 344),
then specimen thermal history becomes very important. For
instance, the cooling data reported by Larikov ez al.**® de-
viate toward slightly smaller resistivity values, but only be-
low the Curie temperature. This may indicate that some
phase segregation is taking place.

In the nickel-rich portion of the Fe~Ni system, the for-
mation of ordering associated with FeNi, has been intensive-
1y studied. Basically two techniques have been reported to
achieve the order. Following the initial high-temperature
annealing a sequence of anneals below the critical tempera-
ture may be carried out. Or, a constant cooling rate may be
applied. The first method was used in the early work of Kall-
back?*> who reported electrical resistivity of the disordered
(quenched) state (Ni + Fe data set 29) and also of states with
partial, but undetermined amounts of order (Ni 4 Fe data
set 28). Recently Moore et al.>*S (Ni + Fe data sets 39-42)
subjected an alloy to a series of extended anneals designed to
achieve essentially complete ordering. The electrical resis-
tivity was reduced some 35% for temperatures between 4.2
K and 400 K by this procedure. The second method of pro-
ducing order was reported by Wakelin and Yates®’
(Ni + Fe data sets 9-27) who applied cooling rates from 100
degh™!t0 0.1 deg h™! on alloys containing 50%-80% Ni.
The essentially linear nature of the cooling curves at the
slower cooling rates suggested that the fully ordered state
was achieved. However, the cooling curves for the slower
rates were relatively displaced, perhaps indicating that an
extra resistivity mechanism was present. This was tentative-
ly identified with dislocations being frozen in during the rap-
id cooldowns. Overall, this method resulted in alloy speci-
mens having varying degrees of order. Consequently, some
ambiguities arise when making comparisons of the electrical
resistivity data on these alloy specimens with other data.

Data which fall between the two preceding composition
ranges are those reported by Szentirmay>*® (Ni + Fe data
sets 62, 63) on alloys with 58% and 65% Ni. The data are for
quenched alloys at temperatures between 150 and 350 K.
The 58% Ni specimen was later subjected to an anneal fol-
lowing which the electrical resistivity was shown to be re-
duced by some 2%-5%.

J. Phys. Chem. Ref. Data, Vol. 12, No. 2, 1983

‘I'he electrical resistivity of the molten alloys shows a
linear temperature dependence as reported by Ono and
Yagi®* (Fe + Ni data sets 40, 41, and Ni + Fe data sets 34—
36), by Baum ez al.3*° (Fe + Ni data sets 57-64, Ni -+ Fe data
sets 52-55, and Fe—Ni data set 24), and by Epin ez al.**! (Fe-
Ni data set 33). The slope values reported in Refs. 349 and
351 agree rather well for the nickel-rich compositions while
those from Ref. 350 are lower by a factor of ten. The ratio of
resistivities, liquid to solid, for compositions throughout the
alloy system was also reported in Ref. 351. An alloy with
75% Niwas rcported by Ono and Yagi3*? to show an anoma-
lously low resistivity. This was attributed to possible FeNi,
clusters. Temperature hysteresis was reported by Baum ef
al.3>° upon cycling through the melting range. This may be
an indication of the tendency for structures in the Fe-Ni
system to be retained into the melting range as suggested by
Filippov and Krestonikov.>5?

Much early work on the electrical resistivity of the
iron-nickel system was devoted to mapping out the compo-
sition dependence. This information, usually obtained at or
near room temperature, helped to form initial insights into
the inner workings of this system. The early efforts of Bur-
gess and Aston®*? (Fe-Ni data set 10} directed toward tech-

nical application were followed by the work of Honda®**

(Fe~Ni data sets 7, 8) showing the effects of cold-chilling on

alloys having <30% Ni, by the combined composition and
temperature dependence measurements of Ingersoll**? (Fe-
Ni data sets 14-22), and by the careful pressure dependence
measurements of Bridgman®*® (Fe-Ni data set 12).

Each of the experimental areas discussed above formed
the basis for a set of recommendations. These were subse-
quently merged smoothly together to form the recommenda-
tions for the entire Fe-Ni system.

Recommendations for the residual resistivity were
based upon a number of low temperature data sets whic
generally included a value at 4.2 K. These are the data of
Fert and Campbell,>*> Schwerer and Cuddy,*?® and Reed et
al > for low nickel compositions. Also included were the
temperature-dependent data of Bécklund** (Fe 4+ Ni data
sets 13, 14) and Soffer et al>*’ (Fe + Ni data sets 20-24),
from which p, was extracted. At higher nickel compositions
the recommendations were based on the data of Cadeville
and Loegel®>® (Fe—Ni data set 9), Larikov et al.>*® and Kon-
dorskii and Sedov®*® for 35%—-60% Ni, of Van Elst and
Gorter?®® (Ni + Fe data set 6) and Moore er al.>*¢ (disor-
dered state only) for 75% Ni, of Berger and Rivier’®
(Ni -+ Fe data set 2) for 85% Ni, and of Farrell and Greig,**°
Schwerer and Conroy,**” Fert and Campbell,**® and
Schwerer and Cuddy>?° for »>95% Ni.

At low temperatures, the temperature-dependent resis-
tivity follows a T2 dependence. The scattering strength is
quite strong in the Invar region, in which the recommenda-
tions follow the data of Gautier and Loegel,**® and dimin-
ishes with increasing base metal compositions, for which the
recommendations follow the data of Soffer et al.,>*’ Fert and
Campbell,??5 Schwerer and Cuddy,??® Farrell and Greig,**
and Schwerer and Conroy.>?’

At higher temperatures, a cross-correlation involving
both temperature and composition was applied. The data
used for this were those of Schwerer and Cuddy,****?° Soffer
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et al.,*’ Bicklund,**® Reed et al.,*** Livingston and Muk-
herjee,*** Ascher,*' Shirakawa,**® Ingersoll,>** Larikov et
al.,**® Szentirmay,>*® Moore et al.,>*® Farrell and Greig,3?®
and of Schwerer and Conroy.>?” Curie temperatures were
taken from Hansen.?%*

For the martensitic and austentic metastable states, rec-
ommendations are given for compositions between 3% and
30% Ni. The transformation temperatures are the median,
50% transformation completion, values from Hansen.?%*
Values applicable to a 30% Ni composition follow the data
of Reed et al.>** and Livingston and Mukherjee® up to 300
K. The temperature hysteresis loops for all compositions are
based upon the data of Ascher**! and of Shirakawa.3*°

Recommendations at high temperatures includc valucs
for the liquid state. Solidus and liquidus temperatures are
taken from Hansen.?s* Values for the solid state are based
upon the data of Baum et al.,>*® and for the step-up resistivity
increase across the melting range upon the g, /p, data from
Epin ef al.** The linear temperature dependence of the elec-
trical resistivity in the molten region follows the slope values
reported by Epin et /., and for nickel-rich compositions
also follows the slope values reported by Ono and Yagi.>*

It may be worthwhile to point out that the data from
Refs. 349-351 were measured with a rotating field method.
Since the electrical resistivity in this case is proportional to
specimen volume (see, for instance, Ref. 349), a significant
thermal expansion correction arises, amounting to 7%-8%
for pure nickel or iron at the melting point. Therefore, inas-
much as Ref. 349 reports expansion corrections having been
applied to the data, it is thought that actually all three refer-
ences, 349-351, are reporting corrected data. As a result, the
recommended values for alloys below 1300 K are not cor-
rected for thermal expansion, while those at higher tempera-
tures, up to and beyond the melting range, do in fact include
the corrections.

The resulting recommended electrical resistivity values
for Fe, Ni, and for 25 Fe-Ni binary alloys are presented in
Table 9 and shown in Figs. 43-46, and 49. The recommend-
ed values for Fe and for Ni are for well-annealed high-purity
specimens, but those values for temperatures below about
100 K are applicable only to Fe and Ni having residual elec-
trical resistivities as given at 1 K in Table 9. The alloys for
which the recommended values are generated are those hav-
ing the stated compositions and being in the specified appro-
priate metallurgical state. The latter includes the fully mar-
tensitic or austenitic metastable states for 3% to 30% Niand
the completely disordered state for other compositions. The
recommended values cover a full range of temperature from
1 to 2000 K and cover both solid and molicn states. The
estimated uncertainties in the values for the various alloys
and for different temperature ranges are explicitly stated in a
footnote to Table 9. Some of the values in Table 9 are indicat-
ed as provisional because their uncertainties are greater than

+ 5%.

3.10. Silver-Palladium Alloy System

The preponderance of available evidence?®*28%32! gug-

gests that the silver—palladium alloy system forms a contin-
uous series of solid solutions without the formation of long-

J. Phys. Chem. Ref. Data, Vol. 12, No. 2, 1983

range ordered structure. However, the results of electrical
resistivity measurements by Savitskii and Pravoverov>¢®3¢
have suggested to the contrary, which will be discussed later
in detail as these bear directly on the evaluation of electrical
resistivity data for these alloys.

Investigations of the effect of plastic deformation on the
electrical resistivity of silver—palladium alloys have been un-
dertaken by Aarts and Houston-MacMillan,>”® Rao,*”!
Nicholson and co-workers,>”>>"* and others and have
shown an-anomalous decrease of resistivity with increasing
deformation. These investigations, together with isochromal
and isothermal annealing studies of recovery processes and
Hall constant measurements, have been interpreted (see, for
example, Ref. 373) as showing the existence of short-range
ordering in the silver—palladium alloy system. No x-ray evi-
dence for the existence of short-range order in these alloys
exists, probably because the scattering factors for silver and
palladium atoms are nearly the same. In an x-ray investiga-
tion of a range of alloy compositions, Rao and Rao*” found
that the variation of lattice parameter with temperature de-
viates from a straight line, but concluded that their results
could not be explained by the formation of short-range or-
der.

There are 123 sets of data available for the electrical
resistivity of this alloy system. These experimental data sets
are listed in Tables S-55, S-57, and S-59 which provide infor-
mation on specimen characterization and measurement con-
ditions, tabulated in Tables S-56, S-58, and S-60, and shown

" partially in Figs. 53, 54, and 56.

Resistivity values reported for Ag—Pd alloys show strik-
ing discrepancies. Residual resistivities given for alloys with
50% silver differ by as much as 13%, and the room-tempera-
ture resistivities by 35%. Large differences occur even with-
in the work of single authors; for instance, Kemp et al.3’®
(Ag + Pd data sets 41 and 42) report for two samples with
60% silver (wire and rod, respectively) residual resistivities
that differ by over 5%, and changes in resistivity to 300 K
that differ by 25%. The discrepancies are such as to indicate
that the preparation of Ag—Pd alloys of known composition,
good homogeneity, and predictable resistivity offers serious
(and perhaps unexpected) difficulties.

Pravoverov and Savitskii*®®3*%° (Ag 4 Pd data sets 58—
61, Pd + Ag data sets 32-35, and Ag-Pd data set 23) have
reported measurements on Ag-Pd alloys subjected to very
prolonged annealing (124 h at 1273 K, followed by 200 h at
1073 K), with results very different from those of other
workers. For alloys with over 70% silver they report essen-
tially the same room-temperature resistivities as do other
workers, but for alloys richer in palladium their values arc
much lower. A plot of their resistivity values against the
atomic fraction of silver clearly indicates a downward cusp
at 40% silver, where they obtain p,5, = 28X 1078 Om,
about 2/3 as large as the values obtained by others; in addi-
tion, their value for 50% silver is quite low, suggesting the
presence of a kink, if not a cusp, at this composition. Plots of
microhardness against composition -show well-defined
downward cusps at both compositions. Pravoverov and Sa-
vitskii attribute these features to the existence of ordered
structures corresponding to the compounds Pd,Ag, and
PdAg. Samples quenched from 1123, 1273, and 1373 K
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show progressive lessening of these features, and they are
entirely absent from a plot of the resistivities of samples
quenched from'1473 K, asthey are from aplot of microhard-
ness against composition. The results of Pravoverov and Sa-
vitskii-provide a clear indication that the order in Pd + Ag
alloys can increase slowly during prolonged anneals, becom-
ing quite high for certain composition; and that: the heat
treatment of these alloyscan markedly affect their electrical
resistivity. The thermal histories of samples used by other
workers in- this: field-are often inadequately described, but
they seem to be diversé enough to account for a good deal of
the scatter in the reported results.

The difference of the results.of Pravoverov and Saviiskii
from thoese of all other-workers-with Pd + Ag alloys is:so
great as to suggest. that they arc dealing with-an cssentially
different, more: ordered; material.- Unfortunately, there is
also some question as to the accuracy of their measurements.
In the case-of the. alloy with 15% palladium, their room-
temperature resistivity fits in well with the results of others,
but their reported increase in resistivity with temperature is
less than half that reported by a number of other workers for
Ag-rich alloys. Their cxpcrimental arrangcment for mea-
surements. at- high  temperatures, though inadequately. de-
scribed, appears to be unconventional, and may be responsi-
ble for the fact:that their high-temperature resistivities are
consistently lower than those of other workers. It isnot clear
‘whether this can have any relation to the low values that they
find for Pd-rich alloys-at room temperature. At any rate,
their data.are not used in ‘our analysis.

. The:Ag=Pd systémis of great theoretical i 1nterest Mott
-and Jones (Ref. 6, p: 297) pointed out that the d-states of the
transition metal Pd have little effect on electrical conduction
in’the silver-rich: alloys, but- that -electron scattering into
these states comes to be:the dominating factor,.and produces
a striking change inthe behavior of the alloys.as the concen-
tration of ‘Pd incrcascs..A -uscful survey of the problem is
given by Mott (Ref. 377, p. 372). A number of calculations
‘have been based on the model of Mott and Jones; but their
success has been mainly qualitative rather than quantitative.
It is'‘now.evident why the behavior of the system is so com-
plex, but the theory has suggested no useful analytic form for
representation of the residual resistivities of the system, or of
the even more striking peculiarities of the temperature-de-
pendent part of the res1st1v1t1es p-po which are illustrated in
Fig.55. .
The dlﬁiculty of ‘making a rational. cho1ce between di-
vergent data without the assistance of a.suitable thcory has
made it difficult (despite the relative abundance of data) to
arrive at recommended values. for.the electrical resistivity
that have small limits.of error. The lelSlon of the total resis-
‘tivity, for purposes of analysis, -into residual and tempera-
ture-dependent parts is less useful for the attainment of accu-
racy in the.total than it is when the parts exhibit a simpler
behavior. This approach has-been used, however, to obtain
recommended values that reflect, as well as may be, those
features in the behavior of the temperature-dependent part
that are reliably indicated by the data. It is believed that the
trends in the temperature-dependent part of the resistivity
are more accurately represented by the recommended values
than might be suggested by the error limits {absolute, not

frac_tiomﬂ) assigned to the total resistivities.

-The greater part of the available data relates to residual
and room-temperature resistivities. The difference between
these quantities can best be determined from measurements
of the two quantities made on a single sample, since this

_minimizes the effect of many errors, including those of sam-

ple characterization. In our analysis the data of Kemp et

- al’ (Ag +Pd data sets 2944, Pd -+ Ag data sets 13-18,

and Ag-Pd data sets 10-13), Rickerand Pfliiger’’® (Ag + Pd
data sets 11-15 and Pd + Ag data sets 3-6), and Coles and

.Taylor*> (Pd + Ag data set-1 and Ag-Pd data set 3) were
. g

used in-determining values for p(c,300 K) — p(c,0.K) over the
entire range of ¢. {The wire data of Kemp et al. were given
preference over their rod data, since only the wire data ex-
tended to intcrmcediate temperatures.) The individual con-
tours for p(c,0 K) and p(c,300 K) were then determined from
the entire mass of data at liquid-helium and room tempera-
tures, subject to the constraint of their established separa-
tion. This correlation of low-and room-temperature data in
determining p(c,0 K) resolved some problems of choice, and

‘appeared to give a significant improvement in the accuracy

with which p(c,0 K) could be determined,

Below room temperature, the data of Kemp et al.’’®
give a reasonable coverage of the silver-rich alloys, but leave
series gaps between 5% and 30% silver and between 30%

.and 50% silver, The second of these gaps is filled by the data

of Ahmad and Greig'”® (Pd + Ag data set 22) and of Coles
and Taylor.*® In the first gap one must use the data of Ricker
and. Pfliiger,>’® which are scanticr and less well presented.

Ricker and Pfliiger made no measurements below liquid-air
temperature, and they apparently extrapolated their curves
to 0 K in rather rough fashion. Their data.for each of their
samples, as read from their curves, have been adjusted to fit
our recommended values. for p(c,300 K) by addition of an
appropriate constant, with results that are useful down to
about 100 K. At temperatures below 40 K the works of Mur-
ani®”® (Ag + Pd data sets 52-56 and Pd + Ag data sets 19—
21), Edwards eral.** (Ag + Pd datasets 23-25and Pd + Ag
data sets 7-10), and Chen et al.*®'-(Ag + Pd data sets 7-10}
‘have provided values of p; (not always concordant) for a wide
range of compositions. (The values given by Murani for al-
loys with 62% and 70% silver are quite out of line with other
results, and have been ignored.) The work of Greig and Row-
lands*****? (Pd + Ag data sets 23-26) provides values of p;

for dilute alloys with up to 2% Ag in Pd, and the work of
Schroeder et al.'®® (Ag + Pd data sets 1-4) gives values of p;

for up to 10% Pd in Ag.

In general, the analysis of these data began with the
construction of smoothed temperature plots. of p; for the
individual samples. In.the case of dilute alloys, interpolation
and smoothing was facilitated by working with the ratio of
the reported p; to that of the pure metal, or its differences
from that.of the pure metal—that is, the deviation from
Matthiessen’s rule {DMR). Values read from these. curves
were then used in constructing .a family of isotherms of p;
over the whole range of composition, from which were read
values for compositions to appear in the tables. Finally, the
values thus obtained were used in constructing smoothed
plots against 7 of p; (or of a ratio or:difference), from which
values were read for the temperatures to appear in the table.

J. Phys. Chem. Ref. Data, Vol. 12, No. 2, 1983
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It may be mentioned that Kemp er al. considered the
deviations from Matthiessen’s rule to be insignificant for up
to 30% Pd in Ag. Schroeder et al., however, found small but
measurable values for the DMR appearing rather abruptly
in their sample with 10% Pd; they attribute this to disenga-
gement of the Fermi surface from the zone boundary. Since
the data of Coles and Taylor support the conclusion of
Kemp et al. that the DMR remains very small for up to 30%
Pd, we have used the data of Schroeder et al. for alloys with
up to 10% Pd (which indicates that the DMR is negligible
for alloys with less than 5% Pd) and have taken the DMR to
be constant thereafter for alloys with up to 30% Pd, except
at temperatures below 100 K, where the very-low-tempera-
ture isotherms indicate some variation in this practically
negligible quantity.

The extension of the analysis to temperatures above 300
K had to be based primarily on the data of Ricker and
Pfliiger, normalized to the recommended values for 300 K,
as noted above. For concentrated alloys there exist also the
data of Coles and Taylor*® (Pd + Ag data set 1) for an alioy
with 39% silver, and the data of Ahmad and Greig!™
(Pd + Ag data set 22) for an alloy with 40% silver. Their
results are in reasonable agreement with those of Ricker and
Pfiiiger, and the results of Ahmad and Greig were actually
given preference for the 40% Ag alloys, since they provide a
value of p, measured on the same sample. Measurements of
Arajs et al.*** (Ag + Pd data set 57, Pd + Ag data sets 27—
31, and Ag-Pd data set 25), still unpublished when this anal-
ysis was made, are in reasonable agreement with other re-
sults at room temperature, but indicate a much greater in-
crease in resistivity at high temperatures.

No data exist for dilute solutions of Ag in Pd above
room temperature. The interpolation between results for
pure palladium and an alloy with 10% Ag was made by
assuming that there would be a continuation of the tendency,
indicated by the low-T" data, for the range of concentration in
which the DMR is positive to decrease to insignificance as T’
rises.

The data for dilute ( < 30%) solutions of Pd in Ag offer
some problems. The data of Schroeder et a/.'®® indicate that
the DMR of a 10% alloy is positive and essentiaily constant
from 100to 250 K. On the other hand, the data of Ricker and
Pfiliger for T'> 300 K yield p;-plots for alloys with 10%,
20%, and 30% palladium that sag markedly below the pure-
sitver plot as temperature rises, yielding negative DMR but
at the same time indicating that the DMR is increasing alge-
braically over this range. If this were true, it would mean that
above 300 K the DMR becomes negative and fairly large
{over 0.5 X 108 2m) with increasing palladium concentra-
tion, but that this tendency is sharply reversed before 10%
palladium is reached, with the DMR increasing thereafter.
The data of Otter®® (Ag + Pd data sets 19-22) for alloys
willi 19, 2%, 3%, and 4% palladium, though not obtaina-
ble from his figures with high accuracy, are inconsistent with
this idea. We have accepted as working hypothesis the idea

J. Phys. Chem. Ref. Data, Vol. 12, No. 2, 1983

that through some systematic error the resistivity values of
Ricker and Piliiger tend to be too low at high 7, with the
error greater the lower the total resistivity of the specimen.
We have therefore followed the suggestion of the low-T" data
in assuming that the DMR of these alloys in positive and
constant for all 7> 150 K. A corresponding small modifica-
tion, well within the limits of error, has been made in the
high-T" data of Ricker and Pfliiger for alloys with 40% and
50% palladium.

From this point, the analysis followed the lines indicat-
ed above for the low-T" data. The 300 K isotherm of p,, which
equals (p — po), derived from low-temperature data and il-
Iustrated in Fig. 55, shows a minimum for about 40% siliver
and a maximum for about 52% silver, as was noted earlier by
Coles and Taylor. As the temperature rises, these features of
the isotherms are increasingly marked. Addition of p, to p;
yields isotherms of p that are increasingly flattened for silver
concentrations around 40%, and the 1100 K isotherm actu-
ally has a slight dimple in this region. Changes in the analysis
of the existing data can decrease the depth of this dimple, but
the existence of the deep minima in the isotherms of p;, and
of the flattening in the isotherms of p, is indicated by all data.
This unexpected form of the isotherms of p would certainly
make trouble in an analysis based on direct consideration of
p» and might well lead to some smoothing out of a real fea-
ture of the isotherms.

The resulting recommended electrical resistivity values
for Ag, Pd, and for 25 Ag—Pd binary alloys are presented in
Table 10 and shown in Figs. 51, 52, and 56. The recommend-
ed values for Ag and for Pd are for well-annealed high-purity
specimens, but those values for temperature below about 100
K are applicable only to Ag and Pd having residual electrical
resistivities as given at 1 K in Table 10. The recommended
values for Ag-Pd alloys are intended to apply to samples
that are well homogenized and are annealed to remove the
effects of cold work, but that have not been subjected to very
prolonged annealing such as that which seems to have pro-.
duced the relatively ordered alloys measured by Pravoverov
and Savitskii. This is hardly an idcal charactcrization of a
material, but no more precise one can be given for the materi-
als from which our recommended values have been derived.
The recommended values cover the temperature range from
1to 1100 K, and are not corrected for the thermal expansion
of the material. The uncertainties assigned to the recom-
mended values, as indicated in a footnote to Table 10, are
intended to represent the possible effects of measurement
errors and of other difficulties in our analysis, and also in-
clude some allowance for differences in the structure of dif-
ferent carefully prepared samples. This latter allowance is
based on the scatter in existing data but can not be precisely
defined; certainly it does not define a range that includes all
existing results, or all future ones. A better characterization
of these alloys, and some precise reference values, are much
to be desired.
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5. Appendices

5.1. Analysis of the Eiectrical Resistivity of Gold-
Silver Alloy System

In deriving recommended values of p(c,T") for binary
alloys from experimental results for various temperatures T
and mole fractions c of one component, one faces the consid-
erable problem of correlating the results in such a way as to
smooth out, so far as is possible, the effects of the various
errors that may influence the individual measurements.
When the full range of T"and c is to be dealt with, this cannot
be done by getting a “best fit” (in some sense) of a smooth
approximating function of T and ¢ to the reported values of
P, since it is not clear what manifold of approximating func-
tions should be considered. Given, as in the case of the Au—
Ag alloy system, values of p measured for a reasonably large
number of values of 7" on samples with a reasonable number
of values of ¢, cross-plotting is effective.

The precise tactics to be employed in cross-plotting

may depend on the data available in a particular case. One
may, for instance, begin with plots of measured p against T’
for each value of ¢ for which sufficient data is availablic.
Through each set of points one can draw a smooth curve, or
T-plot, to represent p(c,T') for that value of c. The choice of
such curves is always subject to arbitrariness, but an immedi-
ate check is available if one can assume that p(c,T) is a
smoothly varying function of ¢: one can plot values of p read
from these curves against c, for various test temperatures 7, .
If each such set of points lies on a smooth curve, this c-plot
can be taken to represent the variation of p(c,T') with ¢ for the
given T,. If not, the original 7-plots should be reexamined
and revised until an acceptably smooth c-plot can be passed
through the points corresponding to each T',. When this has
been accomplished, one can derive from the revised 7T-plots a
set of c-plots for any desired set of temperatures 77, and from
these, by cross-plotting again, a set of 7-plots for any desired
set of ¢;. Smoothing can be introduced at each step in repeat-
ed cross-plotting, but care must be taken that the end result
of multiple smoothing remains consistent with the original
data.

If one lacks assurance that p(c, T') is a smooth function of
both ¢ and 7, the value of cross-plotting is correspondingly
reduced. It may also be noted that scattered values of pic, T7)
are of little value during the process of cross-plotting, but
may be useful in testing the final results.

Instead of cross-plotting p(c, T}, it is often better to work
with

pileT) = ple.T) — polc), (A1)

where py(c) is the residual resistivity of the alloy (or, usually,
with adequate accuracy, its measured resistivity at 4 X). This
temperature-dependent part of p(c,T’) changes more slowly
with ¢ than does the total p, and its isotherms may form a
family more convenient for cross-plotting. In the case of the
Au-~Ag system it has proved very useful to go further in this
direction, to work with the quantity

0.008 : — T T | T T T
B T
c.o/ o%g\ 2
o3 w -
( x;\:
c\ \
o.ooe‘{—/ . a3 k—/ g\:
B ] e A
[ O~ —~ Y
3 gf \D\ '\ e
=] g o 59 & .
?9 \u \.
- ¢.004 \ -
IS o
LY \n
- 0
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_/. —, 20 k
3 T/ —
P—— e e _______,_.\-3
2 I | P ) 1 |
°'°°co 20 : 40 60 80 100
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Figure A-1. pj(c,T)/T as a Function of T. Pure Metal Values Recommended by CINDAS, Values for
¢ =0.25 and 1 At ¢ from data of Stewart and Huebener {301], for ¢ = 10 to 90 At % from
data of Giauque and Stout {287, and for ¢ = 99 2nd 95.5 Al‘{ from dsta of Dugdale and
Bastnskt { 297,
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A@T)=pieT) AT (a2)

where p;. is the; atomm-fractlon-welghted average of the in-
trinsic resistivities of the pure metals:

pile.T)=cp"(T) + (1 — c)p, “™(T’) (A3)
with c==c, ;.. The motivation for-this choice will be clear
from Fig. A-1,-where resuits of measurements of Giauque
and Stout®’ (Au + Ag data sets 2426, Ag + Au data sets
21 and 22, and Au—Ag data‘sets’ 16—20) on a series of alloys
c=0.1 to ¢=0.9) are presented by plotting p;(c,T)/T
against c, for seven tperatu.res ranging from 14 to 298 K.
Correspondmg values for small ¢; derived from the results of
Stewart and Huebener®”' (Au + Ag data sets 59 and 60 and
Au + Agdataset 14), ‘and for small (1 — ¢, derived from the
results of Dugdale and Basinski* {Au=Ag data set15) are
also given for these: temperatures Comparison of the plotted
vatues of p;/T for each:temperature with-the straight line
between the'end _points (the pure' ‘metals), which represents
p:(e,T)/T, shows that A/Tis small’ and varies only slowly
with ¢ for 0. 2<c<08 ‘By deﬁmtlon, it ‘vanishes as ¢ ap-
proachm Oorlat any T, and {barting highly unlikely behav-

ior of pat low temperatur&s) as.T goes to 0 for any c. Figure

A-1also shows that 4’ /T (likep; /T, pi (és) /T, and p{**/T)
changm only slowly Wlth T at thh tcmperatures, and even

The quantlty 4, whxch s at smost a few percent of p, is
the small correction to the good approx1mat10n

Ple.T)=pife) +p1(v,T),. o

Irregu]antms and dlscrepancm in valuw of p(c,T ) be-
come very conspicuous in.plots.of 4.or 'A /T, and this in-
creases the confidence with which one can reject some data
as aberrant or unreliable. Cross-plotting.of 4 is convenient’
up-to 300 K;; and cross-plotting of 4 /T down to 100 K; the
range of overlap in T'makes it-useful to employ both types of
plot in relating low-T" data to high-T data. -

- As.examples, Figs. A-2 and A-3 show values of 4 /T

(A4)

313

derived from five sets of measurements, for Cag = 0 5 and
0.9, respectlvely The indicated curves were derived ' by
cross-plotting’ values of 4, starting from data on samples
with ¢ = 0.05, 0.1, 0.3, 0.5, 0.7, 0.75, 0.9, 0.95, and 0.97 for
which the authors had measured p(c,4 K) as well ‘as p at
higher temperatures. (As ‘will be dlscussed later, avallablhty
of p(c,4 K) eliminates some sources of error in the determina-
tion of 4.) The value of p{c,4 K) was available for all data
illustrated in Figs. A-2 and A-3 except that of Iyerand Asi-
mow*®? (Au 4+ Ag data sets 2-5; Ag + Au data sets 11-13,
and Au-Ag data set 46), for which pglc) had to be-deduced
from a p, vs ¢ curve and the stated ¢. The correction for
thermal expansion of the samples, made’ by Iyer and Asi-
mow, has been removed in calculating 4 / Tis orderto main-
tain uniformity in the neglect of this correction: Data of
Griineisen and Reddemann'®*(Au -+ Ag data sets 27 and 28
and Ag + Au data sets 23 and 24)are not represented in Fig.
© A-2, sinee two of the three values of A /T derived from thelr
measurements lie outside the range of the figure.:

-The result of cross-plotting A to lower temperatures is
illustrated; for the Ag-rich alloys, in:Fig. A4 The ‘crosses
represent values read from cross-plots-of 4 /7. Also shown
are values of 4 for ¢ = 0.99 and 0.995, as deduced from the
results of Dugdal and Basinski®® (Au-Ag data set 15), who
were primarily-concerned with deviations' from Matthics-
son’s rule; their correction for’ thermal expansion ‘was re-
moved, but not their correction for change of volume on
alloying, which they describe as small: These data are consis-
tent with the idea {not necessarily correct) that 4 increases
montonically with ¢ at all 7, and this idea has been used as a
guide in extrapolating to the very small corrections at the

- lowest T. For small ¢ a similar relation was found between
values of 4" derived from cross-plots of 4 /T for ¢>0.05 and
values derived from the results of Stewart and Huebener*!
(Au-+'Ag data sets 59 and 60 and Au—Ag data set 14) for
¢<0.01. For interpolation to low values of ¢ it is convenient
to use cross-plots of p(c,T')/c against c.
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Figure A-2. A/T as a Function of T for Cag
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For the solid above room temperature the only data
useful in cross-plotting are those of Iyer and Asimow,*? for
¢=0.05,0.1, 0.3, 0.5, 0.7, 0.9, and 0.95. As is illustrated in
Figs. A-2 and A-3, values for 4 derived from thcir data do
not always join smoothly onto values derived from other
data at room temperatures and below. This appears to be due
in part to errors that (as concerns data obtained for a single
sample at many temperatures) may be regarded as systema-
tic, and that are absent from the low-T values of 4. The low-
T values were computed as

4(e,T)=ple,T)— ple,d K) — Bile,T) (A5)
with the first two terms on the right measured on the same

sample. An error 8¢ in control of the ¢ for the sample will
change the sum of these two terms by just (dp; /dc)/6c. Er-

dJ. Phys. Chem. Ref. Data, Vol. 12, No. 2, 1983

rors in determination of the dimensions of the sample, said
by Iyer and Asimow to be the major source of error in their
results, will change the sum of these two terms by a fixed
fraction of p,, which we write as p, 84 with §£a measure of
the overall effect of dimensional errors. Together, these er-
rors change 4 by

64 = . bc + p; 8¢, (A6)

dc

Both terms on the right tend to be small because p; is smaller
than p and is, indeed, very small at low temperatures. In
processing the data of Iyer and Asimow, on the other hand,
it was necessary to use Eq. (A2) instead of Eq. {(AS5}). The
errors 8¢ and 6<’then affect only the first term on the right of
Eq. (A2), and there is no partially cancelling contribution
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from the second term; in addition, there is an independent
error, — dpgfc), arising from any error Spylc) in the value
assigned to p,, at the nominal ¢. Together, these sources of
error will change A‘by
9o

b= { ac + 3
The difference between Eqs. (A6) and (A7) represents a syste-
matic difference between the 4 *s derived from the low-T
data and the data- of Iyer and Asimow, respect1ve1y

Since the sources of error should be less important for
the low-7 results, it seems reasonable to use those results as
reference points in Teducing ‘the effects of the errors bc, ¢,
and 8p, un the values of A derived from the data of Iyer and
Asimow. This can be done' by adjustmg the available param-

. eters to'make the corrected values 4"~ 54 “for the high-T
data continue smoothly, in the region 300-400 K, the trend
established by cross-plotting the low-T data. The process
involves no great arbitrariness because 84 for any sample is

]6c+ (po+ pi 160 Spdlc). (A7)

nearly a linear combination of two known functions of 7% a -

constant, and g (¢, 77). For the Ag—Au alloys one has, with. ali
the accuracy needed in. computmg thls small correctlon,

Pi —Pjg B (AS) e

Ll =5 AT — p, AT, A9

3 =50 ~ AT =) (A9)
Further, though p; and {dp;/dc) involve the metal resistivi-

ties in quite different ways, they change with 7'in nearly the
same way because the 7-dependences of the pure-metal re-
sistivities are so similar. This is illustrated in Table A-l:

Since p;4# — ;!4 is about a third as large as p;, and
only small corrections areinvolved, one can reasonably take
the T-dependence of thie second of the five terms on the right
in-Eq. (A7) to be the same as that of'the fourth. ‘Replacing
(9p; /c) by xp; (c) we havc

54 ~{ %o e+ py (€6~ p4 c)]
+p,(Tc){x6 +64 '(AiO)

where the quantltles in braces are independent of T. Adjust-

ment of these two constants to achieve a smooth fit of high=7"

to low-7" data does not, of course, make it possible to esti-
mate the three errors: 5c,—6/ 8p, for a particular high-T sam-
ple.

Table A-1. Values of p(T)/p(300 K)
(ag) (Au) - -
oy () - p, (D) P (Mo 4300 B
T,K G G Xple Fraction of Silver
py (300K)-p; (300K)

0.1 0.3 ? 0.5. 0.7 0.9
t

300 1 1 1 1 1 1

60C 2,13 2.15 2.15 | 2.15 2.15 2.15

900 3.54 3.45 | 3.4 1 3.4 | 3.03 | 3.42
L2200 5.43 ! 501 | 4.08 | 495 | 4.92 4

In treatmg the Au-Ag alloys, the fit between high-T
and low-T 4 ’s was actually made on plots of 4 /T, such-as
Figs. A-2 and A-3. Analysis of the low-T data yle]ded plots
that were nearly linear in 7" from 100to 300K, and appeared
tofix4 at 300Kw1thanerrornotexceedmg0 03x10-802m
for-any c. For eachof the seven:compositions mentioned.

- -above, smooth curves were then. passed through the high-T"

data points, with the i intention of smoothing out the effect of
random errors: This was done as carefully as possible by eye:
and French curve, without consideration of the relation of
curves for different c, except in one case: ¢ =0.3. For this
composition the three points derived from the data of- -Iyer
and Asimow for 293 K<T<350 K were far.out of line with
the other points, and a curve passed through them couldnot
be made to fit in with other curves, either before or after‘
adding the correction — 4. These three- points ‘were. ig-
nored, and the. smoothed curve was passed through the re-
maining points. with knowledge of, but no-detailed attention
to, the trend of the corresponding curves for other composi-
tions. Each smoothed high-T curve was then matched to the
corresponding smoothed low-T curve by addition of a cor-
rection — 84 that brought it to the same value at 300 K and

at400K.: The T-plotsformed by this union/of the high-T and

low-T parts were then tested by cross: plotting. The results
were acceptable, and further study of the possibilities led to:
no change in the initial T “plots. From these 7~ -plots a com-
plete set of c-plots was derived, and from these in turn a-
complete set of T-plots. .

Figure A-5 illustrates the effect of the correction — 54
on the high-T ‘data shown in Fig. A-3; it also shows the final
T-plotfor ¢ = 0.9. Figure A-6 shows the final c-plots of 4 /7,
which are particularly useful for interpolation or extrapola-
tion-at high 7.

It is now necessary to con51der the uncertainty in the
valuesofp(c, T} derived by addmg theestimated4 (¢, T)tothe
interpolative approximation given by Eq. (A4). This uncer-
tainty. arises, not just from uncertainties involved in con-
structing plots -of 4, but from the fact’ that onc must use
throughout, not the exact values of p(c) for al]oys and of

-.. p;(T') for the pure metals burt the best available approxima-
tions.

We consider first the uncertainties in the process: of cor-

- recting the hlgh-T data, of which a detailed study was made

in the case of ¢:= 0.5. Tt was found that alternative choices of
the smoothed curve: through the uncorrected -data:points;
together with different ways in which the smoothed: lngh-T
curves could be fitted to the low-T curve without an evident
discontinuity in the slope, could shift the inferred vahie of A
at 1000 K only by 3 0.1 10~® 2m. Since independent ad-
justments of this magnitude in the T-plots for different ¢
would make trouble with the c-plots, + 0.1 10~%02m seems
tobe a reasonable, and even high, estimate of the uncen:amty
in A at 1000 K due to uncertainties in the fitting process. To
this error of fitting one must add the uncertainty of the low-
temperature 4 at 300 K. Estimates of the possible construc-
tional errors in 4, intended to be safe maxima, are shown in
Tabie A-2. These apply to the construction ofall the original
T-plots, for ¢ ranging from 0.05 to 0.95.

J. Phys. Chem. Ref. Data, Vol. 12, No. 2, 1983
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Table A-2. Eetimated Maximum Error in Constructing T-DPlots

Uncertainty in

T.K A, 10°° gn -

100 0.015

200 X Q.02

400 0.04

600 0.06

800 0.085

1000 0.11

1200 0.14

In this method of analysis, the primary reason for sub-
tracting pofc) and p; (c,T") from the observed p(c,T') is to get a
smalleror moreslowly changing quantity[A (c,T'),or4 /T, or
4 /c] to study. Then inevitable errors in the assumed pofc),

0.8 (T).andp; A" (T),ifsmoothly changing; will result only
1n smooth changes in the c-plots and T-plots that represent
4. Smoothness of the plots constructed from given data on p
may thus prowde some check on the smoothness; but none
on the accuracy of the assumed Poandp;. To theextent that
the analys:s only smooths out the contribution to 4 of the
experimental errors in p, recommended values of p{c,T’) de-
rivedas - - - .

ple,T) —Po(c) +pileT) +4 (C,T) (A11)

will not contain errors due to the inaccuracies in g4 or g;,
these being cancelled out by the difference between the *‘ex-
act” and the denved values of A. If, however, one constrains
the derived 4. to have special properties known to be pos-
sessed by the exact A; this will no longer be the case. If, for
instance, one imposes on the derived 4 ’s the conditions that
they vanish as ¢=»0, as c—1, and as 70, then errors in the
assumed p,c) will necessanly appearas errors in the derived
ple,0 K),and errors in the assumed p;4® and p;‘4? will ap-
pear as errors in-the derlved p(1,T) and p(O T), respectively.

This is the best one can do unless the data under considera-
tion justify.a different extrapolation to the indicated limits—
in which case one would in effect be usmg them to arrive at
improved estimates of py and of p; .

In..the :present- case, to extrapolate the alloy data
smoothly: ¢ — 0, 1-would yield valucs of thc 4 ’s that arc
negative,and values of p(0,7') and p(1,7 ) that are unaccepta-
bly low. The plots of 4 in Fig. A6 have therefore been con-
structed subject to the condition that the 4’s vanish as
¢—0,1. The possxblhty of removmg the somewhat ill-defined
minima near the ends of the curves, by reinterpretation of
the data for ¢ = 0.05, 0.1, 0.9 and 0.95, has been examined.
The minima for small ¢ can be removed by changing the

corrections discussed above, while maintaining the smooth-
ness of cross-plots, but this cannot be done with the minima
for large c. The initial and most natural interpretation of the
data is that presented in Fig, A-6.

An estimate of the constructional uncertamties remain-
ing in the 4 ’s of Fig. A-6, after the full cross-plotting proce-
dure, is given in Table A-3; to these should be added any '
systematic errors not removed in the reconcﬂmg of high-T'
and low-T data.

. The uncertamtles in'the values of p computed using Eq
{A11) have been- estimated as follows. For the more concen-
trated alloys, ¢ or 1.— ¢ equal to or greater than 0.05 10~38
£2m, the estimated error-has been taken to be the estimated

" errorin g, (in the first row of Table A-4) plus twice the esti-

mated constructional error. Inclusion of the first term re-
flects the doubt that the uncertainty in p, has been much

reduced in the cross-plotting, and the doubling of the second.

term is intended to allow for systematic errors not removed
in that process. For the most dilute alloys, the estimated
error has been taken to be the estimated constructional error
in A, plus the uncertainty in o, Plus the uncertainty in the p;
of the pure solvent metal (first or last column:of Table A-4)..
The estimated uncertainties are shown in Table A-4 ‘bothin
absolute terms, and as.a percentage of the estimated p-

The low:estimates of crrors for the concentrated alloys, .
0.3<¢<0.7, reflect some: optimism  that the cortélation of
high-T and low-T" data have reduced (by about 50%) the
errors estimatd by Iyer @nd Asimow for.the high tempera-
ture data; the percentage error in o due to the uncertainty in
4 also tends to be simall because p is itself so large. The per-
centage uncertainty-is decidedly larger for the more dilute
{c =0.01 — 0.03) alloys, for which observations are entirely
lackmg for'T > 373 K, and interpolations of A are relatively
msecure

Table A-3. Estimated _Uncettainties'_in the .Final Values of A
Uncortainty in 4, 10 80m
Mole Fraction of Silver
T:K 001 0.03-0.97 0.9
100 0.005 0.015 .01
200 0.005 ©0.02 0.01
400 0.02 - 0.03 0.02
600 1.  0.025 . 0.04 0.02
800 .} 0.03 0.06 0.03
1000 © 0.04 0.08 0.04
1200 i ‘0.05 0.10 0.05
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Table A-4. Estluwaited Uuncertainties iu the Recomweaded Values for the Electrical
Resistivity of Gold-Silver Alloy System.
Uncertainty in p, 1078 Qm and % (in parentheses)

T,K Mole Fraction of Silver

0.00 0.01 0.03 0.05 0.10 0.30 0.50 0.70 0.90 0.95 0.97 0.99 1.00
0 0 0.01 0.03 ¢.05 0.05 0.05 0.05 0.05 0.05 0.05 0.03 0.01 0

50 0.004 0.019 0.039 0.058 0.058 0.058 0.058 0.058 0.058 0.058 0.049 0.019 0.004
(2.0) (3.6) (3.5) (3.5) (1.9) (0.8) (0.6} 0.7) (1.7) (3.1) (4.2) (3.9 (4.0)
100 0.008 0.028 0.053 0.065 0.065 0.065 0.065 0.065 0.065 0.065 0.066 0.026 0.006
(1.3) (2.9) (3.4) (3.0} (1.9) (0.8) (0.7) (0.8) (1.7 (3.0) (4.8) (3.3) (1.5)
200 0.015 0.035 0.055 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.08 0.035 0.010
(1.0) (2.0) (2.3) (2.4) (1.6) (0.8) 0.7) (0.8) (1.6) (2.5) 3.7 (2.3) (1.0)
300 0.011 0.051 0.066 0.08 .08 0.08 0.08 0.08 0.08  0.08 0.09 0.05 0.010
(0.5) (2.0) (2.1) (2.1 (1.6) (0.9) 0.7 (0.8) (1.6) (2.3) (3.3) (2.5) (0.6)
400 0.03 0.08 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.11 0.07 0.02
(1.0) (2.4) (2.3) (2.0) (1.5) (0.9 0.7y (0.8) (1.6) (2.2) (3.3) (2.7) 0.9
600 0.10 0.16 0.17 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.16 0.10 0.05
(2.1) (3.1) (3.0) (1.6) (1.3 (0.9) 0.7} (0.8) (1.3) (1.9) (3.5) (2.6) (1.4)
800 0.15 0.22 0.24 0.11 ¢.11 0.11 0.11 0.11 0.11 0.11 0.22 0.14 0.07
(2.2) (3.2) (3.2) (1.4) (1.2) (0.8) (0.7) 0.8) (1.3) (1.7) 3.7 (2.7) (1.4)
1000 0.22 0.31 0.33 0.13 .13 0.13 0.13 0.13 0.13 0.13 0.29 0.19 0.10
(2.5) (3.4) (3.5) (1.3) (1.1) €0.8) (0.8) (0.9) (1.3) (1.6) (3.9) (2.9 (1.6)
1200 0.33 0.44 0.46 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.36 0.24 0.13
(2.9) (3.9 (3.9) (1.2) (1.1) (0.8) (0.8) (0.9) (1.3) (1.5) (4.0) (2.9) (1.6)

5.2. Methods for the Measurement of Electrical
Resistivity

At the Center for Information and Numerical Data
Analysis and Synthesis (CINDAS) of Purdue University, the
experimental methods for the measurement of electrical re-
sistivity have been classified into various categories accord-
ing to a similar scheme used by CINDAS for the classifica-
tion of methods for the measurement of thermal
conductivity (Ref. 399, pp. 13a-25a). This classification
scheme of CINDAS is presented below. Note that the letters
in parentheses following the respective methods are the code
letter used in the “Method Used” column of the Table of
Measurement Information for indicating the experimental
methods used by the various authors.

Methods for the Measurement of Electrical Resistivity

A. Steady-State Methods
1. Voltmeter and ammeter direct reading method (V)
(Ref. 400, p. 159; 401, pp. 244-5)
2. Direct-current potentiometer method (A) (Ref. 19,
pp. 151-8)
a. 4-probe potentiometer method
3. Direct-current bridge methods (B) (Ref. 19, pp. 144-51)
a. Kelvin double bridge method
b. Mueller bridge method
¢. Wheatstone bridge method
4. Van der Pauw method (P) (Refs. 402 and 403)
5. Galvanometer amplifier method (G) (Ref. 12,
pp. 159-62)
B. Non-steady-state Methods
1. Periodic current method
a. Direct connection to sample
(1) Alternating-current potentiometer method (C)
(Ref. 19, pp. 161-2)
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(2) Alternating-current bridge method (D) (Ref. 19,
p. 162)
b. No connection to sample
(1) Mutual inductance method {(M)?04
(2) Self-inductance method (8)*%°
(3} Rotating field method (R)**
2. Non-periodic current-method
a. Direct connection to sample
(1) Transient {subsecond) method (T)*’
b. No connection to sample
(1) Eddy current decay method (E) (Refs. 408 and 19,
p. 103)

5.3. Conversion Factors for the Units of Electrical
Resistivity
The recommended values and experimental data for the
electrical resistivity of alloys tabulated in this work are in the
units: 10~% 2m. Conversion factors for the units of electrical
resistivity, which may be used to convert the values given in
{1078 2m) to values in other units, are given in Table A-5.

Table A-5. Conversion Factors for the Units of Electrical Resistivity

Multiply the Value

Units to Convert to Given in (10°° @ ®) by

ohm-reter (Q m) 1x10°®
ohm-ceatimcter (0 em) 1 2 207¢
ohz-inch (2 fn.) 3.937 x 1077
cha~foot (9 ft) 3.281 x 10°°

microochm-centimeter (HQ cm) 1

abshm-centimeter (ab@ cm) 1 x10°
statohm-centimeter (stat cm) 1.113 x 107'°
emu (= abR em) 1 x 10°

1.113 x 107*¢
6.015

esu (= statQ cm)
oh-circular mil per foot (R cmil £t~%)

Example: 1.000 x 10°°Qm = 3.937 x 1077 2 in..
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