PROPERTIES AND PREPARATION OF HIGH-PURITY ALUMINUM*

V. Arp
Cryogenics Division, Institute for Basic Standards
National Bureau of Standards
‘Boulder, Colorado

I. INTRODUCTION

The potential economy of using aluminum magnets operating at low temperatures was
suggested by Post and Taylor1 in 1959, before the advent of high field superconductivi-
ty. A liquid-hydrogen-cooled aluminum magnet was built and operated not long there-
after,2 but by that time superconducting magnets seemed to be generally more attractive.
Nevertheless, a small effort was carried on, since, for some low duty cycle conditions,
aluminum appears to be more attractive than superconductors.-: We have continued a
study of the properties of aluminum which are related to this type of application, and
a major part of this paper summarizes this study and knowledge in a tutorial fashion.
The final and minor section of the paper reports the current status on the availability
of high-purity aluminum in technologically useful quantities.

1I. PROPERTIES OF HIGH~PURITY ALUMINUM

In this, the major portion of the paper, electrical and thermal conductivities of
metal are discussed, and data relevant to high-purity aluminum are presented. The
analysis starts with a summary of various contributions to the dc resistivity. It then
goes on to demonstrate the quantitative relationship between the electrical and thermal
conductivities. Finally, it considers the response of metals under ac conditions.

1. The dc Resistivity of Metals

The customary approximation used in the discussion of the resistivity of metals is
Mathiessen's rule

o~To W

where p; is the "partial" resistivity due to any one mechanism which inhibits the flow
of electrons through the metal. In the next approximation, one can find deviation
terms to be added to the right side of Eq. (1)7; however, they will not be considered
in this paper. Equation (1), then, forms the basis for separate discussions of various
contributions to the total electrical resistivity of a metal.

Data on the electrical resistivity of. aluminum as a function of temperature are
summarized in Fig. 1.6 Starting at low temperature, samples of different purity are
seen to have different resistivities, independent of temperature. This is the region
where localized imperfections in the atomic lattice dominate the total resistivity;
various types of imperfections, and the separate contributions to the total resistivity
are discussed in Section 1.A. As the sample temperature is raised, the resistivity of
all samples finally begins to rise, following a common or universal curve for this
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element. The temperature dependent resistivity is due to lattice vibrations, and is
discussed in Section 1.B. The increase in resistivity for small sample sizes, not
illustrated in Fig. 1, is discussed in Section 1.C. '

1.A. Imperfection Resistivity

Imperfections in a metal can be divided into two general classes: impurities,
which are discussed in 1.A.l., and lattice defects, which are discussed in 1.A.2.
Lattice defects are further subdivided into (a) vacancies, (b) dislocations, and
(c¢) grain boundaries.

_ 1.A.1. Impurity resistivity. 1In close analogy with BEq. (1), the impurity resis~-
tivity can be written .

pimpuritias

= Z'i(p/c)i c; s (2)
where (p/c)i is a measure of the electron scattering by an isolated impurity atom of
species i when substituted for a host atom in the lattice, and ¢; is the concentration
of the i atoms. Table I gives exBerimentally determined values of p/c for a variety
of impurity atoms in aluminum, /-1 It must be emphasized that these data cannot be
used at high concentrations or where the sample treatment has caused precipitation,
segregation, or clustering of the impurity atoms.

TABLE I

Impurity Resistivity in Aluminum

“Partial resistivity

ple ratio" for
Impurity (10-12 0.m/ppm) 1 ppm of "impurity
Cr . 8 3 300
Mo ' 7.5 3 500
Mn, V, W. Zr 7 3 800
Fe 6.5 4 100
Ti ‘ .6 4 400
Sc 5 5 300
Co 3.5 7 500
Ni 1.8 15 000 ’
Ge, Ag, Cu, Pb, '
Li, Sb, Sn, Sb ~ 1 ~ 26 000
Si, Zn As, Be, Mg ' s 0.7 . 2 38 000

In practice, for all reasonably pure metals except mercury, the impurity resistive-
ity is much larger than any other contribution to the total resistivity in the liquid
helfum range. Thus, the resistivity at 4°K is a direct measure of the total impurity
content of the metal. It has become customary, however, to cite the "residual resist-
ance ratio," (usually called just the “resistance ratio," or just "ratio”) which is

°c)
Residual resistance ratio = iiigxg >
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where R is a measured sample resistance, rather than p(4°K) as a measure of the sample
purity. The last column of Table I gives the resistance ratio which would result from

1 ppm of the stated impurity in aluminum. We have been using p(20°C)= 2.64 pQ.cm =
2.64 x 1078 Q.m, :

For samples having resistance ratios in the range 1000 to 10 000, we have found
excellent agreement (within 207) between the measured resistivities and resistivities
calculated using Eq. (2), Table I, and quantitative mass spectroscopic analysis. At

“higher resistivity ratios (higher purities), the calculated resistivities tend to be
systematically higher than the measured resistivities, the disagreement being a factor
of two for a 24 000-ratio sample. This certainly is due in part to the great difficulty
of doing accurate mass spectrographic impurity analyses at less than 1 ppm total impu~
rity concentration. We feel, however, that the systematic trend may be evidence for
segregation of a fraction of impurities at grain boundaries where they would have less
effect on the total resistivity than they would if randomly distributed throughout the
sample, This will be discussed more carefully in Section 1.A.2.

A recent study on copper11 contains evidence for the major effect which clustering
of impurities can have on the resistivity ratio. By a suitable oxygenation technique
they have been able to increase the resistivity ratio of copper from 2500 to 42 000
without removing the impurity atoms. They suggest that this is probably due to solute
atom clustering or precipitation of impurity oxides, but neither has been verified.

If the impurity oxide precipitation is responsible, however, the analogous procedure
for aluminum would probably be ineffective, since aluminum oxide has a higher heat of
formation than do . .the oxides of any expected impurities in aluminum. We have found no
difference between aluminum annealed in air and aluminum anmealed in a vacuum.

1.A.2, The lattice defect resgistivity. A number of defects may occur in the
atomic lattice arrangement of a metal. For the purposes of this paper, we may group
them into three classes: (a) vacancies.and/or interstitial atoms, (b) dislocations,
which are linear regions where the atomic layers exhibit a slight misfit, and (¢) grain
boundaries, which separate regions (crystals) having completely different lattice orien-
tations. Impurity atoms are often attracted to these defects, and so must be consider-
ed in certain aspects of the study.

Vacancies are formed spontaneously in a metal when it is heated to near its melt-
ing temperature, but a substantial portion will be retained at low temperatures only if
‘the metal is quenched rather than being allowed to cool slowly. They are also formed
at any temperature when the metal is stralned beyond its elastic region. TFor aluminum,
the vacancy resistivity is

p/le = 1.4 X 10-12 Cem/ppm .

We have found that wvacancy concentration reaches equilibrium in high—purity aluminum
at room temperature in just a few hours.

The resistivity due to dislocation structures in metals is a subject of active
study at the present time, 13-15 particularly in trying to find agreement between theory
and experiment. The results depend to some extent on the type of dislocation and other
factors which are beyond the scope of this paper. A reasonable estimate for aluminum
comes from Rider and Foxonl6

6/n =3 ¥ 1072 qom s

where n is the number of dislocation lines per square meter in the sample. We may
reasonably expect no more than 1010 or 1011 dislocations/m? in an annealed pure metal
sample. After heavy deformation, this rises to a saturation value of roughly 1016 /m2
for most metals.
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As with vacancies, dislocations are formed when a metal is strained beyond its
elastic limit. Large uncertainties exist in trying to predict theoretically the num-
ber of vacancies or dislocations which are formed by a given strain. We have studied
a portion of this problem with measurements on high-purity aluminum at low temperature.
Samples were carefully prepared and annealed so as to be truly polycrystalline, since
dislocation formation and structure are strongly dependent upon the relative orienta-
tion of the individual grains and the applied stress. Results obtained at 4°% on sam-
ples of about 2000 resistivity ratio are shown in Fig. 2, where the increase in re51s—
tivity is plotted against the strain € which produced that resistivity.

These results are described approximately by the equation

po (107 Qemy = 110 117 -,

It is reasonable to assume that minor changes in temperature or purity in the range of
interest for cryogenic coils will not significantly change the numbers in this equa-
tion. Subsequent annealing of the samples at room temperature for a day or more re-
sults in the disappearance of about two-thirds of the strain-induced resistivity. We
believe this is due to removal of vacancies and dislocation rearrangement. A much
higher temperature, probably 300 to 400°C for one hour, would be necessary to eliminate
the dislocations which are formed during straining.

Figure 3 shows the stress-strain curves which were taken simultaneously with the
data of Fig. 2. It is difficult to estimate how the yield stress (about 3000 psi in
these samples) would vary with purity in this high~purity range. It is, in fact, prob-
ably more strongly dependent upon grain size and orlentatlon than on impurity content
per se. The yield stress for annealed samples of 103 _higher impurity content (commer-
cial 1100 aluminum) is only 2 to 3 times higher than ‘that of these samples, so that a
dramatic decrease in yield stress would not be expected as the resistivity ratio is
increased from 2000 to the limit of available material. We will be making experimental
measurements in this range in the near future. Fatigue life at stress levels below the
vield stress would be very high, probably well into the 106 to 107 cycle range.

The resistivity due to grain boundaries has not been studied in much detail, and
its direct effect is probably rather small, especially in high-purity metals where the
grain size may be very large. However, impurities are in general attracted toward
grain boundaries and may thus be removed from solid solution where they have maximum
contribution to the sample resistivity. 1If we make the assumption that the saturatiocn
concentration of impurities at the grain boundaries corresponds to one atomic layer,
this impurity trapping could become important when

(impurity concentration in ppm) X (grain diameter in mm) < 2 .

In practice, for a well-annealed sample, the grain size tends to increase as the purity
increases, so that this inequality .is not so easily satisfied. Much depends in this
respect on details of sample preparation, annealing sequences, etc.

We have initiated a study of grain size ve resistivity in high~purity aluminum.
Some of the preliminary results are shown in Fig. 4 which is a plot of sample resisti-
vity as a function of grain boundary area per unit sample volume. The increase in re-
sistivity at low values of grain boundary area/unit sample volume, S/V (large grain
sizeg), is tentatively interpreted as release of impurities from grain boundaries
which have become saturated at the minima of the curves. This is in qualitative agree-
ment with Fig. 3 of Maimoni's paper®”’ where 2 minimum in aluminum resistivity is seen
as a function of annealing temperature; he does not report the corresponding grain
sizeg, 1t ig also similar to a resistivity minimum found in copper and one in plat-
inum*? as a function of annealing temperature. None of these authors have suggested
an explanation of the effect,
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Extrapolation of these grain-size data to other purities, cold-work and amnealing
sequences, etc., is complex, and we cannot yet do this with confidence. The minimum
in resistivity at less than maximum annealing conditions is of considerable importance,
and should influence the design and fabrication of aluminum coils.

1.B. The Lattice Resistivity

In principle there would be no resistance to the motion of conduction electrons
through a perfectly regular atomic lattice if the individual atoms were rigidly fixed
in position. However, rather than being fixed in position, the atoms are vibrating
about their equilibrium lattice positions with an amplitude and frequency which in-
creases as the temperature rises, and as a result there is increasing resistance to
the motion of conduction electrons through the lattice. This is the cause for the rise
in resistivity seen in Fig. 1 as the temperature rises above the residual resistance
region.

The theory for the lattice resistivity was worked out by Grimeisen, and is covered
in many texts. For a given lattice, the Debye temperature © is an approximate charac-
terization of the modes of vibration. Grineisen theory predicts that

5
p =T when T<<6 ,
and
p=T when T > 8.,

For most metals, the Debye temperature is in the neighborhood of 300°K. The Debye tem-
perature of aluminum is a little higher than most, about 400°¢.22,23 (One must be care-
ful to distinguish between the Debye 6 evaluated from resistivity measurements and
Griineisen theory and the Debye & evaluated from heat capacities.or neutron spectroScopy.
These are numerically close, but not identical.)

Numerous experiments on metals have verified that the Gruneisen theory is essential-
1y correct, though the low temperature exponent on T is often closer to 4. 5 than to 5.
Several reports have shown. that the lattice- resistivity of aluminum at 20. 4°K is about
0.64 nQ+em. 10, 24-26 . Of these, Pawleck and Rogalla show that the resistivity is quite
accurately proportional to T2 from 20°K up to about 50°K, while Alexandrov and d'Yakov
obtain 4.6 as the exponent on T in this range. 1In the neighborhood of room temperature,
the exponent on T has fallen to about 1.27.

Below ZOOK, available data for aluminum by Willott,27 Holwech and Jeppeson,28
Alexandrov and d'Yakov,25 Revel, 10 ang Chiang and' Eremenko“’ are in major disagreement
with extrapolation of the T3 law as well as being generallg inconsistent among each
other. It happens, though, that both Revel and Wlllott obtain a value of about
1.3 x 10713 Q.m at 4.2°K. Chiang and Eremenko“” mention an unpublished suggestion of
Alexandrov that there is a T2 contribution to the resistivity which is making itself
felt below 20°K. Such a term has been found in transition metals and explained on the
basis of electron-electron interactions,30 but it is mot expected to be measurable for
aluminum in this purity range. A theoretical calculation by Kagan and Zhernov3! shows
that impurities may contribute a temperatuze dependent resistivity. At low temperatures
they calculate terms proportional to T R , and T35, but the magnitudes of the terms are
not known. At present there are no clear correlatlcns.of theory to available experi-
mental data. We will be making resistivity measurements in this range in the near fu~
ture.

Figure 5 is a graphical summary of available -data on the lattice resistivity of
aluminum.
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1.C. The Size Effect

When an electron strikes the surface of ‘a sample, it is reflected back into the
metal in a- manner which depends primarily upon its angle of incidence and the micro-
scopic surface roughness. A certain fraction of these reflections, in particular those
near grazing incidence, will be specular and have no effect on the resistivity. More
generally, however, these collisions with the surface will be diffuse and add to the
resistivity in the same way that collisions with impurities do. When the sample size
is reduced to the point that electron collisions with the surface become comparable in
frequency with other types of collisions, the resistance of the sample rises. This is
called the size effect. :

The natural parameter to use in evaluation of the size effect is the ratio of the
sample dimension, d (thickness of plate, or diameter of wire), to the electron mean
free path; £, which would be observed in a large sized sample of the same percent im-
purity and imperfection, and at the same temperature. To evaluate £, it is most con-
venient to make use of the equation

P X L= constant = (pd)_ , ' (3)

which is approximately true for a bulk sample independent of temperature and impurity.
The constant (p4), is a measure of the area of the Fermi surface of the metal, again
within a certain approximation. For aluminum, a reasonable average of reported values
in the helium range is

i5 2

(P, =~ 0.7 x 1077 Qem” .

The increase in resistivity with decreasing d/£ was first calculated by Fuch333
and later Sondheimer,34 on the assumption that there is no specular reflection at the
surface, More recently Parrott,35 and Brandli and Cotti3® have extended the calcula-
tions on the assumption that electrons incident to the surface at less than some angle
6 will be specularly reflected, while those incident at greater angle (more nearly nor-
mal incidence) will be diffusely reflected; the angle © becomes an additional adjust-
able parameter. A yet more recent study by Soffer37 relates statistical measures of
surface roughness to the electron scattering process. He finds that the fractional
specular reflection is angle-dependent, and that the diffuse reflection is anisotropic.
The qualitative behavior of the resistivity as predicted by these theories as a function
of sample thickness is shown in Fig. 6. Except for the unrealistic case of pure specu-
lar reflection, the theories are in pretty good guantitative agreement for thicknesses
down to d/f =~ 1 or 2. Quantitative corrections based on Fuchs' theory for flat plates
and round wires, for both dc and eddy current measurements, are given in Fig, 7. The
coordinates are chosen so that a measured resistivity can conveniently be corrected to
a theoretical bulk resistivity. The eddy current correction for round wires has been
evaluated from an unpublished calculation provided by Dr. Cotti. TFor rough calcula-
tion, the size effect resistivity pgp to be added to the bulk resistivity pg is

8y,
Peg &4 >

provided pgp « Pjp.

2. Magnetoresistivity

The statistical link between the macroscopic electrical resistivity and the para-
meters describing the microscopic electron collision processes is the Boltzman equation.
Its various ramifications and approximations have been the subject of much study, and
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the interested reader should consult a good text if he wishes to pursue this. The
point to be made here is that the presence of a magnetic field enters the Boltzman
equation in such a way as to affect all the electron collision processes (except for
certain special cases and approximations of no importance here). Hence the change in
resistivity of a sample as a function of applied magnetic field is more generally a
multiplicative factor rather than an additive factor as with Matthiessen's rule; the
only exception is the size effect resistivity, as will be explained later.

The general Boltzman equation including a magnetic field is not susceptible to
simple analysis. However, with certain approximations, one can obtain Kohler's rule
which is useful for engineering study: :

where ¢ is the angle between the field H and the measuring current. The function f is
unique for a given polycrystalline metal, i.e., it is independent of small variations
in purity for a nominally pure metal.

Magnetoresistance data for aluminum have been summarized by Corrucciui.24 For
transverse magnetoresistance (field perpendicular to current), he gives an empirical

equation for f which fits most available data within about % 20%:

p(E) _ . _h> (1+ 0.00177 h)

p(0) 1.8+ 1.6 h + 0.53 hZ
where
h=H (0e) X Pref | 1073
p(0) ’
and
- 8 .
Preg = 2:75 X 107" Qm .

This equation is plotted in Fig. 8. It is important to note, however, that data taken
at 20°K on aluminum of 10 000 to 20 000 ratios9 are in major disagreement with this
curve, and show a saturation magnetoresistivity of about 7 times the zero field. value,
rather than the approximate value of 3 from Fig. 8. This may be an indication of tem-
perature dependent anisotropy in the electron scattering processes, a phenomenon which
was assumed not to occur in deriving Kohler's rule.

Also shown in Fig. 8 is a curve summarizing available data on the magnetoresistiv~
ity of copper.40'43 The linearity with field in the high field region is evident. This
is related to immutable electronic properties of copper, and is the primary basis for
choosing aluminum over copper for high field service.

When a sample thin enough to show the zero-field size effect is placed in an in~
creasing magnetic field, two effects operate simultaneously: (1) The bulk resistivity
begins rising as would be expected from Kohler's rule, and (2) the radius of the helical
motion of the electrons decreases and for most geometries the electrons collide less
often with the surface. Combination of these two effects may give resistance-field
curves of unusual shape, especially in the low field region, which depend strongly on
orientation. " ? At sufficiently high fields the size effect resistivity often disap-
pears.
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3.A. Thermal Conductivity

The conduction of heat through a metal is governed by much the same processes
which govern the flow of electric current. It turns out, in fact, that the thermal
conductivity K and the electrical resistivity are quantitatively related by the
Wiedemann-Franz equation

RK.p=1L-T , . )

where L is known as the Lorenz number. Detailed theory46 shows that in the residual
resistance region at low temperatures, and at temperatures above the Debye temperature,
the Lorenz number has the constant value

= 2.44 % 10”8 w/°k

for any metal or alloy in which heat transport by lattice vibrations (phonons) is
negligible, i.e., for any nominally pure metal or dilute alloy. This is a very power-
ful result, for it allows a prediction of thermal conductivity in these two tempera-
ture ranges from much simpler measurements of electrical resistivity on the same metal.

Over the intermediate temperature range there is no simple rule, but qualitative
guides can be given. Consider Egq. (4) to be exact, so that a temperature dependent
Lorenz number L{T) can be evaluated knowing R(T) and p{(T). Generally L(T) tends to
drop below the theoretical value as T increases, and may exhibit less understandable-
bumps and dips before leveling off again at the_theoretical wvalué of T 2 8. This is
illustrated in Fig. 9 (Powell, Hall, and'Roder47; these data are slightly in error at
low temperatures where corrected data converge to the theoretical Lorenz number within
experimental error) andFig. 10 (Hust and Powell48) for several aluminum alloys. Note
that in no case does L{T) dip below 50% of the theoretical value. It is reasonable to
expect that the deviations from the theoretical value will be of this order of magni-
tude for other dilute alloys.

In a heavily alloyed (highly impure) sample, or in one containing many disloca-
tions or defect structures, resistance to the motion of conduction electrons may be so
high that a significant portion of the heat is carried by lattice vibrations or phonons,
as with an electrical insulator. 1In this case, the L(T) curve will rise above the
theoretical value, at least initially., This is illustrated in Fig. 11 for A-110AT
titanium.48 Serious errors could occur in trying to estimate such a curve without
much more knowledge than is available now.

Unfortunately there have been very few evaluations of L(T) in the literature, and

no detailed correlations of such curves have been made. Studies along this line have
begun in our laboratory.

3.B. Thermal Conductivity in a Magnetic Field

Just as a magnetic field inhibits the flow of electric current through a metal,
it also inhibits the transfer of thermal energy by the (same) conduction electroms.
In a nominally pure metal or dilute alloy, where most of the heat is carried by the
conduction electrons, we thus might reasonably expect that the thermal conductivity
would scale with the electrical conductivity in a magnetic field. 1In other terms,
the Lorenz number would be relatively independent of magnetic field. This topic
has not been studied theoretically to my knowledge, and I have not found experimental
measurements which relate directly to this suggestion, though decreasing thermal con~
ductivity in a magnetic field has been reported.49 This might be a deterrent to the
use of copper as a thermal conductor in a high field at low temperature, because of
its high magnetoresistivity.
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4., Ac Effects

The response of a conductor to alternating electromagnetic fields may be typified
by the relative magnitudes of three length parameters. These are:

1,
2
The classical skin depth, 6§ = ( ﬁgt .
o
The electron mean free path, £ ,

The sample dimension (thickness or diametef), d .

In the equation for the skin depth, p is the dc resistivity of_a large sample of the
conductor having the same percentage impurities, wg = 41 X 10-7 H/m , and w is 27 times
the frequency. If response to a pulse rather than a continuous wave is being analyzed,
it will be necessary to consider the Fourier components of the pulse in order to esti-
mate the appropriate w and §; howsver, in some situations it may be less complicated

to use other mathematical techniques which do not explicitly imvolve the Fourier com~
ponents. Classification of the types of response is outlined in Table IT and discussed
below.

TABLE II

Frequency and Size Effects

5§>d4>14 ) dc ecircuit theor§

6> 4>4d dc size effect
L>8>4d dc size effect
d>86>4 classical skin effect
d>4>8 anomalous skin effect
£>d4>9% "anomalous size effect"

At low frequencies § > d, current distribution is essentially uniform throughout
the sample, and dc theory is applicable. If £ > d, a size effect correction must be
made. '

When d > & > £, the theory of the classical skin effect applies. The current is
confined to a thin surface layer, resulting in higher circuit resistance than in the
dc case., The effective resistance of the surface layer is

L
;- /uowp)z
\ ™2 :

When d > Z > 8, the theory of the anomalous skin effect must be used. Analysis
of this situation is much more complex than that of the classical skin effect. Here
the electric field sensed by an electron changes significantly over the space of one
mean free path. This means that instead of using the ordinary Ohm's law J{(r) xp= E(zr)
(J is the current density and E is the electric field) as was done in the classical

.skin effect calculation, one must in essence use an effective E averaged over the mean
free path. The calculations are quite complex, and the resulting integro-differential
equations have not been solved in full generality. 550,51 When £ >> 6 the resulting
expression for the surface resistance is
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/3 u.i o 1/3
.

—— . ) )

where (pl), is the same fundamental parameter which arose earlier in the discussion of
the dec size effect. This expression assumes 100% diffuse reflection of the electrons
at the sample surface, but it is multiplied only by a factor of 8/9 if 100% specular
reflection occurs. It is worth noting that in this limit the surface impedance is in-
dependent of the sample purity. The surface resistivity will be higher than that calc-
ulated from the classical skin effect, since the current density falls off more sharply
with distance than in the classical case (or following Pippard's reasoning, only a
fraction 8/4 of the electrons contribute to the effective current).

The importance of using the anomalous skin effect theory for high-purity metals
can be emphasized by calculating the frequency at which the electron mean free path £
is equal to the classical skin depth 6. Calling this frequency w,, wé find

3
=20

c 2
by (P8

For aluminum this turns out to be a frequency

2e 10

3

o = 3 2

fC (Hz) =

where r.r. is the resistivity ratio, 2.64 uli+cm/p. Aluminum can be purchased at the
present time in large ingots of about 14 000 resistivity ratio. With this material at
helium temperatures, the anomalous skin effect theory would be necessary above about

4 Hz; with the most pure aluminum cbtained in the laboratory (45 000 ratio), the anom-
alous skin effect theory would be used above 0.1 Hz.

When £ > d > 8, the theory of the anomalous skin effect must be combined with the
size effect calculation. This subject has been discussed in the literature
(Gantmakher 22 and references cited therein), though with particular application to
various cyclotron-like resonances which occur in single crystals in a large static
magnetic field. The analysis is not particularly applicable to systems in the absence
of a magnetic field, and it is mnot clear what modification would be necessary in
Eg. (5), for example. Cotti's eddy~current size effect correction illustrated in
Fig. 7 is somewhat related to this problem, but his analysis was made in terms of res-
ponse to a step function and did not treat individual Fourier components.

5. . Summary

Through the analysis of Section 1, the complete resistivity-temperature curve
for aluminum may be constructed by adding the residual resistivity to the "lattice"
resistivity. The residual resistivity may be determined by direct measurement, or
estimated from knowledge of impurity content, grain size, and state of lattice strain.
The "lattice" resistivity below 20°K is not known accurately, but the curve in Fig. 5
labeled "Alexandrov' is probably the best estimate at the present time. The resistiv-
ity in a magnetic field at any temperature may then be calculated from the Kohler piot
in Fig. 8; the important discrepancy between this curve and the data of Borovik,
Volotskaya, and Fogel39 for aluminum of the highest purity around 20°K is unresolved
at present.



The thermal conductivity at any temperature may then be estimated from the
. Wiedemann-Franz relationship, Eq. (4), knowing the resistivity and assuming that the
Lorenz number is roughly constant. More accurate assumptions on the Lorenz number
are possible, in keeping with the curves of Figs. 9 and 10, but insufficient data
exist to establish a truly reliable L(T) curve for high purity aluminum. Though the
derivation of the Lorenz number assumed the absence of a magnetic field, it is postu-
lated that in the first approximation the Lorenz number would be independent of mag-
netic field. Thus the thermal conductivity should decrease as the electrical resistiv-
ity increases. .
The response of a conductor to alternating electromagnetic fields is discussed in’
terms of the skin depth §, the electron mean free path £, and the sample dimension d.
The importance of the anomalous skin effect theory for high purity metals at low tem-
peratures is emphasized. Calculations based on this theory are very complex, and have
not been carried out except for the limiting case d >> 4 >> §, in which case the sur-
face resistivity becomes independent of sample purity. 1In any case the surface resis-
tivity will be higher than that calculated by the classical skin effect theory, since
(in one sense) not all the electrons can effectively respond to the applied field.

«

IIT. PREPARATION OF HIGH-PURITY ALUMINUM

Since the first separation of the metal from its ore, aluminum has been prepared
by electrolytic reduction of molten aluminum oxide. Ishihara and Mukai®3 have suggest~
ed that residual impurities im the aluminum produced by this process may be strongly
influenced by contaminants in the carbon electrodes, as well as the impurities in the
original ore. With very careful selection, it is possible to obtain multikilogram
quantities refined by only this technique having resistivity ratios in the range 1000
to 2000.

To obtain additional purity, zome refining is performed on the nominally pure
metal. This process is usually found only on the laboratory scale, producing at most
perhaps one-kilogram ingots at a low rate. Recently, however, a commercial source of
zone refined ingots weighing up to about 40 kg has become available. The best 20 kg
of these ingots are apparently of reasonably uniform high purity, having resistivity
ratios in the 13 000 to 17 000 range. This seems to open the door to possible tech-
nological use in large-scale applications. We have found that this material can be
handled and shaped, on a laboratory scale at least, without measurable contamination.

The success of zone refining depends on the increased solubility of impurity
atoms in the molten metal as compared to their solubility in the solid. It turns out
for aluminum®* that Mn has close to the same solubility in the solid as in the ligquid,
while Ti, V, Cr, Zr, Nb, Mo, Ta, and W are less soluble in the liquid than in the
solid. These are the impurities, then, which are not easily removed by zone refining,
so that the final purity is significantly limited by the initial presence of these
particular elements.

It seems clear that careful selection, probably including the source of the ore,
may measurably improve the final product. Research groups in Norway, France, and
Russia have reported zone refined aluminum, presumablg in small quantities, having
resistivity ratios in the 22 000 to 29 000 range.39:5 226 Dr. Bratsberg has indi-
cated to us (private correspondence) that the choice of starting material is of great
importance.

The French group57>58 has carried this line of reasoning one step furthér. They
have obtained small quantities of aluminum prepared by an "organic refining" process
involving the electrolytic reduction of Al1{CjHs)3 and/or related compounds. This pro-
duces aluminum of 8000 to 10 000 ratio. With subsequent zone refining of this material,
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Revel has obtained a resistivity ratio of 39000 on a 5 mm diameter sample; correcting
for the size effect, this corresponds to a resistivity ratio of about 47 000 for a
bulk specimen, We likewise have obtained a small quantity of the organically-refined
aluminum, had it zone refined, and obtained a resistivity ratio of about 45 000; cor-
recting for the size effect in our sample brings this to 47 000, in remarkable agree-
ment with the ratio obtained by Dr. Revel. We speculate that this organic refining
method happens to be relatively effective in removing the transition metals which can-
not easily be extracted by zone refining. We are having mass spectroscopic analyses
made to cover this point, but do not yet have the results.

The availability of commercial quantities of this "organically-refined" aluminum
seems remote at this time. The process is slow, and the high=-purity anode decomposes
at a relatively fast rate. Aluminum triethylene reacts vigorously or explodes on con-
" tact with oxygen, hydrogen, phenol, alcohol, acids, and water, and explodes spontaneous-
1y above 180°C. The reactivity can be lessened somewhat by addition of related organic
compounds, but apparently this invelves compensating disadvantages in the refining
process.

At this time, then, it seéems that for design purposes one can count on availabili-
ty of about 15 000-ratio alyminum in ingots of about 20 kg. For laboratory measure-
ments, one can obtain small quantities of about 45 000-ratio aluminum, but a major tech-
nological development would be required to obtain this on a commercial scale,
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Electrical Resistivity of Aluminum
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Fig. 1. Compilation of electrical resistivity measurements on aluminum.
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