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The thermal conductivity of pure aluminium at cryogenic temperatures varies by many orders of magnitude
depending on purity and treatment, and there is little information in the literature on the likely values to be
obtained for samples of a given purity. A compilation of measurements from the literature has been assembled
and used to provide recommended ranges of values for aluminium of different purities (4N, 5N and 6N) in the
normal (non superconducting) state. The number of direct thermal conductivity measurements is too limited
to be used alone. Electrical resistivity measurements havethus also been used by converting to thermal con-
ductivity using the Wiedemann-Franz law, which is shown to be valid. Since low temperature measurements
can easily be extrapolated to higher temperatures, the results cover the range from 1.2 K (the superconducting
transition temperature) to room temperature. Values for 5Npurity copper have also been examined in a similar
manner, to allow a comparison between the two materials. Themain application of these results is in the design
of cryogenic thermal links; a discussion of the advantages and disadvantages of both materials for this use is
given. The use of silver is also investigated briefly. Trendsin the behaviour of the conductivity of aluminium in
the superconducting state (to temperatures as low as 50 mK) are also discussed.
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1. INTRODUCTION

At room temperature, pure aluminium is a good electrical
and thermal conductor; the only metals with higher conductiv-
ity are copper, silver and gold. Moreover, aluminium provides
the highest conductance per unit mass, making it attractivein
situations such as aerospace applications where mass must be
minimized.

Aluminium has not been traditionally used as a thermal
conductor at low temperatures for two main reasons. Below
1.2 K [1], aluminium becomes superconducting; supercon-
ductors are excellent electrical conductors but poor thermal
conductors. It is also hard to make good thermal contact to
aluminium because of the insulating oxide layer which forms
rapidly on bare aluminium surfaces; the effect of the oxide
layer is much greater at low temperatures than near room tem-
perature.

Copper is usually used when a good low temperature ther-
mal conductor is required, since it suffers from neither of these
problems. In addition, unlike aluminium, it can be usefully
used structurally in the pure form. Aluminiumalloys can be
used structurally but have much poorer conductivity than pure
aluminium [2].

Aluminium has, however, been used in specialist applica-
tions such as superconducting heat switches [3–7]. Tech-
niques for overcoming the oxide layer problem have been
developed, such as gold plating [7, 8] and various types of
welding [3–6]. However, gold plating techniques are not
necessarily reproducible [3] (aluminium is notoriously diffi-
cult to plate reliably), and welding is not always practical.
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For large cryogenic instruments (for example Ref. [9]), the
mass of thermal links can be significant. Minimizing mass is
particularly important for the increasing number of cryogenic
instruments being designed for airborne and space environ-
ments. Aluminium is therefore sometimes chosen as a ther-
mal link material in such instruments in order to reduce mass.
Since structures such as helium vessels are often constructed
from aluminium alloys in these instruments, aluminium ther-
mal links offer the further advantage that they can be readily
welded to aluminium alloys.

Aluminium has advantages over copper other than the
lower density. It is more readily obtained in high purity form
(99.999% pure), deformation has less effect on conductivity,
and annealing (necessary for the best thermal performance)
can be carried out in air; copper is usually annealed in vac-
uum or inert gas for satisfactory results.

Making a decision on whether to use aluminium or copper
in a given situation is difficult due to the lack of useful values
for the thermal conductivity of either material at low tempera-
tures. At low temperatures the thermal and electrical conduc-
tivity of pure metals varies over many orders of magnitude,
depending on the temper (history of cold work and annealing)
and chemical purity.

The usual advice is that the low temperature thermal con-
ductivity of a given piece of aluminium or copper can only
be determined from measurements on the sample. While this
is the only definitive method, it is not practical at the design
stage of an instrument - at this point it is necessary to have
information on the ranges of values which are likely for the
materials under consideration.

It is not unusual for a decision to be made based on mea-
surements of single samples of copper and aluminium, either
made directly, or obtained from the literature. Due to the large
variation possible between samples, this can lead to seriously
misleading conclusions.
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Compilations of low temperature conductivity measure-
ments generally present results for samples of different purity
without any attempt at interpretation. Where recommended
values are given, they correspond to samples with a particular,
somewhat abitrary, conductivity.

The aim of this paper is to provide information on the range
of conductivity values which are likely for aluminium of var-
ious purities and treatments. Since low temperature measure-
ments can easily be extrapolated to higher temperatures, the
results cover the range from low temperatures to room tem-
perature. Values for high purity copper are also examined in
order to make a comparison between the two materials.

2. APPROACH

The number of low temperature thermal conductivity mea-
surements on pure aluminium described in the literature is
quite small – too small to be useful in determining the likely
range of values for different purities.

However, at sufficiently low temperatures, thermal conduc-
tivity can be determined from the electrical resistivity using
the Wiedemann-Franz law [10]. This has been shown to be
a good approximation for most pure metals [11]. There are
many more electrical resistivity measurements than thermal
measurements available for aluminium; this is not surprising
since electrical measurements are much easier to make.

The approach taken in this paper was to create a database
of as many low temperature electrical and thermal measure-
ments on pure aluminium as practical. No attempt was made
to restrict the results used to the most accurate measurements;
indeed values were used even when the measurement method
was not described. This was necessary in order to provide a
sufficiently large number of results. The justification is that
errors even as high as 20 or 30% are small compared to varia-
tion between samples, and thus will not significantly affectthe
overall conclusions. Rogue measurements which are in error
by much larger amounts should be evident by their disagree-
ment with the bulk of the data.

Sources of data include papers and compilations describ-
ing the results of thermal conductivity and electrical resistivity
experiments. However, “incidental” results have also beenin-
cluded; these were obtained from various papers which men-
tion the conductivity or resistivity of materials which were
used in other experiments. The most common example of this
is where the electrical resistivity was used as a measure of the
purity of a material.

It is, of course, not possible to make a complete collection
of all measurements in the literature. However, the attempt
was made to be as complete as possible for direct thermal con-
ductivity measurements. Electrical resistivity measurements
are less complete, and the incidental measurements collected
can only be a fraction of those in existence, since it is very
difficult to search specifically for such papers.

At sufficiently low temperature (in the non-
superconducting, or “normal” state), the thermal conductivity
of aluminium is a linear function of temperature. The
electrical resistivity is constant to a good approximationover

Code Range of values

for purity, p

4N 99.98 ≤ p < 99.994

4N5 99.994 ≤ p < 99.998

5N 99.998 ≤ p < 99.9994

5N5 99.9994 ≤ p < 99.9998

6N 99.9998 ≤ p < 99.99994

Table I: Scheme used to obtain purity codes where percentagepuri-
ties were quoted.

a similar temperature range; the constant value is known as
the residual resistitivity. The low temperature conductivity of
a given sample can thus be easily categorised by either the
thermal conductivity at a particular temperature or the resid-
ual resistivity. This is often quoted as the residual resistance
ratio, RRR; this is the resistance at room temperature divided
by the residual resistance.

At higher temperatures, electrical and thermal conductiv-
ity vary in a complex way with temperature. A set of equa-
tions describing this variation for aluminium are given in
Ref. [12] 1; these enable the thermal conductivity from the
superconducting transition temperature to room temperature
to be characterised by a single value such as the RRR. For
convenience, conductivity in this paper is characterised by the
value it would take at 1 K in the normal state. In fact, alu-
minium can be made to stay in the normal state below 1.2 K
if a suitably large magnetic field is applied. The conductivity
is then linear with temperature [3, 13].

Purities are characterised in this paper as the percentage (by
weight) of pure aluminium, and denoted by codes such as 5N
for 99.999% purity. If a sample was not described by such a
code, but the purity was given as a percentage, a code was cho-
sen using the ranges shown in table I. No attempt was made to
assign a numerical purity to material only described in terms
such as “high purity” or “ultra pure”, since these terms are not
strictly defined [14].

3. VALIDITY OF THE WIEDEMANN-FRANZ LAW

The thermal conductivity,κ, of a metal is related to the elec-
trical resistivity,ρ, by the Wiedemann-Franz law [10]:

κ =
LT

ρ
, (1)

whereL is the Lorenz number, andT is temperature. For
sufficiently low temperatures,L is expected to take the theo-
retical value ofL0 = 2.45 × 10−8 WΩK−2.

1 Readers having difficulty in obtaining this reference should note that the
equations are reproduced in Ref. [2]
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Figure 1: Percentage deviation of the Lorenz numberL from the
theoretical valueL0, for various measurements in the literature (i.e.
100(L−L0)/L0). Symbol styles denote results taken as part of mea-
surements in varying magnetic fields (�), measurements from Ref
[15] (◦), and remaining measurements using samples with known
(•) and unknown (�) purities. The solid line corresponds to the the-
oretical value forL of 2.45 × 10−8 WΩK−2, and the dotted lines
correspond to errors of±20%. References: [7, 16–22] (•), [22–25]
(�), [26–28] (�), [15] (◦).

Various papers describe measurements of both the thermal
conductivity and electrical resistivity of samples of purealu-
minium at low temperatures. These results are plotted in
Figure 1. Where RRR was quoted instead of residual resis-
tivity, the room temperature resistance was taken as2.7 ×

10−8 Ωm [29] if the correct value was not given. This corre-
sponds to a temperature of 298 K. While the exact temperature
at which the room temperature measurements were made was
often not stated, it is unlikely to be significantly higher than
this or below 273 K. The change in resistivity between 273 K
and 298 K is approximately 10% [29]; this is a similar size to
experimental uncertainties, and the error introduced by using
the wrong temperature to convert RRR to resistivity is thus
acceptable. Thermal conductivity values were converted to
the normal state value at 1 K by assuming a linear temperature
dependence. Ref. [12] was used to ensure that measurements
were at sufficiently low temperatures for this to be valid, and
for the resistivity to be in the constant region.

In many cases, the two measurements were made on differ-
ent samples taken from the same source material. This is a
potential source of error since spatial variation of purityin the
original material will cause different samples to have differ-
ent properties [30, 31]. Even where measurements were made
on the same sample, it was usually warmed up to room tem-
perature and handled between measurements. This can also
introduce errors due to changes in temper between the mea-
surements (either by annealing taking place at room tempera-
ture, or cold work caused inadvertently during handling).

However, Figure 1 shows that in general the agreement is
very good, to better than 20% – this is adequate for the pur-
poses of this paper. It is quite possible that most of the error

is due to experimental uncertainty and the effects described
above.

There are a few significant deviations; in every caseL <

L0. All the samples from Ref. [15] show low values ofL;
these appear to be real, but it is not clear why these results
contradict the majority of other measurements. With one ex-
ception, the remaining results which deviate by more than ap-
proximately 20% were obtained from measurements of the ef-
fect of magnetic fields on thermal conductivity. Although the
measurements were made in nominally zero field, it is possi-
ble that a magnetic field was still present. This could affect
the results either by the reduction of the thermal conductivity
where resistivity measurements were made in a separate ap-
paratus, or by the variation of Lorenz number with magnetic
field [11] where resistivity was measured along with thermal
conductivity. It is interesting that in Ref [27] the Lorenz num-
ber can be seen to peak sharply at a small but non zero value
of magnetic field.

In copper, the few observations of deviation from the
Wiedemann-Franz law [32–34] seem to be connected with de-
formation; again,L < L0. There is little information for alu-
minium; one group [35] found that deformationincreased L0

for 3N purity Al but not for 5N or 6N purity. The Wiedemann-
Franz law will be assumed to be valid for the remainder of this
paper.

4. RESULTS - NORMAL STATE

Figures 2 to 5 show thermal conductivity values for alu-
minium samples of different purities. Where necessary, mea-
surements have been converted to normal state conductivityat
1 K by extrapolation using Ref. 12 or using the Wiedemann-
Franz law. The RRR values shown on they-axis of each
graph are calculated assuming a room temperature resistivity
of 2.7 × 10−8 Ωm [29]. Coincidentally, the RRR value is nu-
merically almost identical to the thermal conductivity at 1K
in SI units.

For each purity range and condition, there is considerable
scatter in the values. For the annealed condition, there are
likely to be two main causes for this scatter: differences in
purity of the original material and differences in the anneal-
ing conditions. It is well established that the improvements
due to annealing depend on annealing time and temperature.
Tests on samples with 5N and 6N purity show that there is a
sharp increase in final RRR for annealing temperatures above
approximately 100◦C [44, 65]; the RRR then increases with
temperature. The majority of the improvement due to anneal-
ing takes place in the first 1 or 2 hours, though further im-
provement is seen up to at least 100 hours [44]. Significant an-
nealing can occur even at room temperature [28, 43, 65–67],
with substantial recovery from strain seen just 1 hour [66].

The upper useful temperature is often dictated by contami-
nation from materials with lower melting points such as sup-
ports; a temperature of approximately 400◦C appears to be a
good choice [44, 65]. Good results can be obtained by anneal-
ing in air at atmospheric pressure. According to Ref. [44], no
improvement in RRR was seen for 5N purity by annealing in
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a)

b)

Figure 2: Normal state thermal conductivity values for aluminium at
1 K from thermal and electrical measurements. Values are shown in
the upper graph for all tempers, and in the lower graph for annealed
temper only, for different purities as marked. Horizontal dashed lines
show ranges of values for annealed aluminium of different purities
(see Figs 3 to 5). References for annealed samples: [16, 36] (•),
[16, 17, 22, 36–40] (×), [3, 15, 16, 18, 22, 36, 37, 39–44] (+), [16,
21, 40, 42, 45, 46] (�), [22, 23, 37, 38, 40, 44, 47–49] (◦), [50]
(⋆), [22, 40, 51–53] (�). References for other tempers: [40, 54]
(•), [13, 20, 22–24, 26–28, 31, 38, 40, 44, 47, 50, 54–56] (◦), [3, 7,
15, 18, 19, 31, 39, 40, 42–45, 54, 57–60] (+), [40, 42, 61–63] (�),
[20, 38, 51, 64] (�), [22, 31, 39, 60, 64] (×).

vacuum. In Ref. [21], air annealing was found to be produce
higher RRR values than vacuum annealing for anneal times
of “a few minutes”, but for longer times, vacuum annealing
produced better results.

Unfortunately, even for 5N purity, where there are a consid-
erable number of measurements, results for samples obtained
from different sources do not seem to correlate with the an-
nealing conditions. It therefore seems likely that the anneal-
ing conditions are not the dominant cause of the scatter, andit
should therefore not be assumed that the upper end of the con-
ductivity range can be obtained by choosing optimum condi-

Figure 3: Normal state thermal conductivity values at 1 K for4N
(•, ◦) and 4N5 (�, ♦) purity aluminium. Open symbols show mea-
surements that may be affected by size effects. Points correspond-
ing to direct thermal conductivity measurements are ringed; other
points are obtained from electrical resistivity measurements and the
Wiedemann-Franz law. Symbols are plotted as a function of the
approximate year of the measurement. Dashed lines show recom-
mended upper and lower limits for 4N purity in the annealed state,
based on these values. References: [16, 17, 31, 36–40, 64] (•),
[20, 38, 51, 53, 64] (�), [22, 40, 52] (♦), [22, 40, 60] (◦).

Figure 4: Normal state thermal conductivity values at 1 K for5N (•,
◦) and 5N5 (♦) purity aluminium. Other details are as for Figure 3.
References: [7, 39, 40, 43–45, 54, 58, 60] (◦), [3, 15, 16, 18, 19, 22,
31, 36, 37, 39–43, 58, 59] (•), [50] (♦).

tions. Material purity (and perhaps the types of impurity) is
probably more important.

There is a further effect which must be taken into considera-
tion. For samples with sufficiently small dimensions, electron
scattering from the boundaries will limit the conductivity[68].
In principle it is possible to correct for such size effects;how-
ever, the correction is not straightforward, since it depends on
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Figure 5: Normal state thermal conductivity values at 1 K for6N
purity aluminium. Other details are as for Figure 3. References:
[16, 42, 45, 46, 62] (•), [21, 40, 61, 63] (◦).

the smoothness of the boundaries as well as the sample ge-
ometry. Therefore no correction has been made to any results
shown here, and measurements which were quoted only after
correcting for size effects have not been used. Some results
shown in Figs 2 to 5 are thus likely to be lower than the true
bulk values. Points corresponding to an electron mean free
path greater than 20% of the smallest dimension are plotted
with open symbols in Figs. 3 to 52. For the remaining points,
the true (bulk) values should be no more than 25% greater than
the measured values.

A recommended range of values is shown for each purity
type in the fully annealed state. These ranges have been cho-
sen to include the majority of data points. Excluded points
may be due to experimental error. Alternatively, anomalously
low values may correspond either to problems in the anneal-
ing process, material with lower purity than quoted, or sam-
ples suffering from significant size effects. Higher valuesmay
correspond to material of higher than quoted purity. While
these ranges are somewhat subjective, since the raw data are
presented here, readers may make their own decisions on ap-
propriate ranges.

For 5N purity, the values for aluminium of unknown history
are consistent with the annealed values in that the upper endof
the range is similar to that for the annealed state, but the lower
end is lower. This would be expected since the ‘unknown’
samples presumably include both annealed and un-annealed
examples. There are too few measurements for other purities
to draw similar conclusions.

The effect of deformation on RRR is shown in Figure 6.
Similar behaviour has been seen when samples have been sub-
jected to repeated small strains [64]. The effect of a given

2 This is calculated from the conductivity using Eq. (1) in Ref. [68] with a
value oflbρb = 5.5× 10−16Ωm2.

Figure 6: The effect of deformation on the RRR of pure aluminium
(dashed lines) and copper (solid lines) for rod samples (Refs. [69]
(•) and [70] (◦)) and foils (Ref. [39] (+)). Samples are for 4N purity
aluminium and OFHC copper, except where marked as 5N purity.

percentage area reduction (PAR) is, not surprisingly, different
for 6.4 mm diameter rod samples [70] and for 200 and 80µm
thick foils [39]. However, the limiting values of conductivity
seem to be similar.

The effect of deformation increases with increasing pu-
rity. This is also not surprising, since the contribution tothe
thermal resistance caused by deformation should not depend
strongly on the purity. A low purity material, which already
has a relatively high thermal resistance due to impurities,will
thus be affected less than a high purity material which has rel-
atively low impurity thermal resistance.

The conductivity of aluminium is also affected by neutron
irradiation; further information is given in Refs 16, 39 & 71.

5. RESULTS - SUPERCONDUCTING STATE

The superconducting transition temperature,Tc, for pure
aluminium is 1.2 K [1]. As the temperature is reduced below
this value, the electron thermal conductivity decreases rapidly
as the number of electrons not bound into Cooper pairs de-
creases [72]. The electron conductivity,κel, can be repre-
sented by an empirical equation [48]:

κel = κ0 exp

[

α

(

1 −

Tc

T

)]

, (2)

whereκ0 is the conductivity atTc, andT is temperature. Fits
using this equation are shown in Figure 7; a value ofα =

1.8 fits the majority of the data reasonably well at the higher
temperatures.

The electron conductivity normally dominates the thermal
conductivity of aluminium. However, far enough below the
transition temperature it becomes small enough for the lat-
tice conductivity to become significant, and even to dominate.
The measurements therefore deviate from the fits for electron
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conductivity. Lattice conductivity is not expected to depend
significantly on the sample purity, but should be affected by
cold work and annealing. The samples shown here have a
wide range of values, and there is insufficient information to
be able to make predictions based on sample properties. De-
formation has been seen to lower the lattice conductivity of
4N aluminium [49]3, but – surprisingly – results for 6N pu-
rity [42] show little change.

Even the temperature variation is uncertain. AT 3 variation,
as seen in crystalline dielectrics, is often assumed. The tem-
perature ranges available here are too small to confidently as-
sign power-law exponents. However, while aT 3 dependence
fits some of the results reasonably well, others are fitted better
by aT 2 or lower dependence. One group has concluded that
a T 2 variation should be expected for deformed high purity
samples (4N and above), and aT 3 variation otherwise [57].

The conductivity of superconducting aluminium below
about 200 mK is thus a rather uncertain property.

6. COMPARISON WITH COPPER AND SILVER FOR
THERMAL LINKS

As with aluminium, the highest readily available purity of
copper is 5N. It is therefore instructive to compare likely val-
ues of conductivity for 5N aluminium and copper. The con-
ductivity of 5N copper was examined in the same manner as
described above for aluminium. The results are shown in Fig-
ure 8. The upper limits are similar, but the values for annealed
copper cover a much larger range than for aluminium. This
is probably due to the large reduction in conductivity caused
by even a few ppm (parts per million) of magnetic impurities
in copper [73, 93]. Since the 5N specification only describes
the total impurity content and not the quantity of individual el-
ements, different samples meeting the specification can have
very different conductivities. The amount of magnetic impu-
rity is likely to depend on the copper ore used and the purifica-
tion process, suggesting that the range of conductivity values
of material produced by a given supplier will be smaller. This
is supported by Ref. 73, where samples from a single supplier
over a period of ten years were found to have RRR values
which varied only between 900 and 1900.

The conductivity of copper can be improved by annealing
at temperatures just below the melting point in the presenceof
trace quantities of oxygen; a process usually known as “oxy-
gen annealing”. It is well established that significantly higher
conductivity values can be produced than by vacuum anneal-
ing, as can be seen from Figure 8. While the exact mechanism
is not certain, the improvement seems to largely come about
by reducing the effect of magnetic impurities [73, 93, 99].
Striking evidence of this is given by measurements on copper
with controlled amounts of iron added [73, 93]; RRR values
of over 2000 could be produced by oxygen annealing samples
with an initial RRR as low as 5. The resistivity of samples

3 The purity of these samples is given as 4N in Ref. [42]

Figure 7: Thermal conductivity in the superconducting state for vari-
ous aluminium samples, showing exponential fits to the electron con-
ductivity (Eq. 2). For clarity, measurements have been offset by ar-
bitrary amounts along the y axis. The vertical dashed line shows the
approximate temperature below which lattice conductivityis likely
to be significant enough to cause the measurements to deviatefrom
the fits. References: [7, 19, 22, 31, 42, 48, 49, 54, 57].

with up to 100 ppm of iron added covered over two orders of
magnitude before oxygen annealing, and yet had almost no
dependence on iron content after annealing. This is particu-
larly impressive since the amount of iron alone reduces the
copper content to around 99.99%, yet the final RRR values
are characteristic of the 5N purity base material. This sug-
gests that oxygen annealed samples are likely to show much
less sample to sample (and supplier to supplier) variation than
vacuum annealed copper. While oxygen annealing is not a
process that is generally offered commercially, it is fairly sim-
ple to carry out. It should be noted that oxygen annealing
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Figure 8: Thermal conductivity values for 5N purity copper at a tem-
perature of 1 K, from thermal and electrical measurements. The
results labelled “other” are for samples that were cold worked be-
fore measurement, or where the heat treatment is unknown. The
“annealed aluminium” results show values from Fig. 4. The er-
ror bar shows the range of results obtained for 5N copper from
a single supplier over a number of years [73]. Other references:
[22, 39, 65, 69, 73–87] (•), [22, 39, 73, 74, 76, 78, 80, 84, 86–95]
(◦), [15, 22, 73, 78, 79, 82, 83, 87, 92, 93, 96–98] (+).

is not a useful method for improving the conductivity of alu-
minium.

Another difference between copper and aluminium is the
effect of cold work on conductivity. Figure 6 shows several
measurements of the RRR of deformed copper. The effect
of cold work can be seen to be much greater for copper than
aluminium, especially at the higher purities.

Silver is another obvious choice for a thermal link. How-
ever, while it is a marginally better conductor than copper at
room temperature, this is unlikely to translate into a signifi-
cant improvement at low temperatures. Indeed, compilations
of thermal [22] and electrical [86] measurements of silver of
various purities (including 6N) give maximum RRR values
of only 2 600 and 10 000 respectively. In a brief literature
search, aided by the excellent review article by Smith and
Fickett [100], only one higher value was found; 20 000 for
an oxygen annealed single crystal [101]. Since copper of just
5N purity can reach even this value, it seems that silver does
not offer improved thermal conductivity at low temperatures.

7. RECOMMENDED VALUES

Figure 9 shows recommended values for the thermal con-
ductivity of fully annealed aluminium of various purities.The
curves are generated by taking the recommended normal state
values at 1 K and applying the equations from Ref. [12] for
the normal state, and Eq. 2 for the superconducting state. A
thermal conductivity calculator using these equations canbe
found on the world wide web [102]. Since the lattice conduc-
tivity does not depend on purity, the different curves for the

a)

b)

Figure 9: Recommended ranges for the conductivity of annealed alu-
minium with 4N, 5N and 6N purity (solid lines). Note that the lower
limits for 5N and 6N purity are the same. Recommended values
for vacuum annealed 5N purity copper are also shown, along with
the higher conductivity values possible following oxygen annealing
(dashed lines). The two graphs show the same information over dif-
ferent temperature ranges. The hatched area in the lower graph shows
the region in which lattice conductance is likely to become signifi-
cant; in this region the values shown here are lower limits onthe
conductivity.

superconducting state cannot be continued below the point at
which lattice conductivity dominates. This point will depend
on the magnitude of the lattice as well as the electron conduc-
tivity. The area in which this is likely to occur is shaded.

For comparison, values for fully annealed 5N copper are
also shown; copper does not become a superconductor and
thus the conductivity remains linear with temperature downto
arbitrarily low temperatures. These curves were also produced
with the aid of Ref. [12].

Fig. 10 shows conductivity divided by density. This is the
appropriate quantity for comparing the performance of ther-
mal links made from different materials but with the same
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Figure 10: Recommended ranges for conductivity divided by den-
sity; this is the appropriate figure of merit for comparing thermal
links with a fixed mass. Other details are as for Fig. 9.

mass; in aerospace environments it is often mass, rather than
volume, that is the limiting factor for a thermal link. It canbe
seen that the lower density of aluminium gives it a consider-
able advantage, but that for temperatures below 4 K, oxygen
annealed copper can still outperform 5N aluminium.

8. CONCLUSIONS

As with most pure metals, the thermal conductivity of alu-
minium at low temperatures varies by many orders of magni-
tude, depending on purity and thermal treatment. Aluminium
is not suitable for thermal links at temperatures below 1.2 K
since it is a superconductor. At higher temperatures, alu-
minium is an alternative to the more common choice of cop-
per. Recommended conductivity values have been presented
for various purities, in both the superconducting and normal
states.

For both copper and aluminium, 5N is the highest purity
that is readily available; recommended values for 5N copper
have therefore also been produced to enable a comparison to
be made between the two materials.

The range of conductivity values for annealed 5N copper
is somewhat greater than that for aluminium, with the upper
limits being similar. Much of the variation for copper is likely
to be due to the use of different raw material and processing
methods, and the variation for samples from a given manu-
facturer is probably considerably smaller. If a source of 5N
copper with consistently high conductivity can be found, then
5N aluminium and copper can be assumed to have similar
conductivity. Oxygen annealing of copper (annealing in the
presence of trace quantities of oxygen) can give conductivity
values somewhat higher than for aluminium of the same pu-
rity. In addition, the conductivity of oxygen annealed copper
is likely to be much less sensitive than vacuum annealed cop-
per to the source of copper, reducing the need to choose an
appropriate supplier. However, this process is not generally
offered commercially.

Copper has the advantage that making good thermal contact
is easy; this is much harder for aluminium, where there is no
established procedure. However, if this obstacle can be over-
come, aluminium offers the advantages of better availability in
high purity form, lower density, less reduction of conductivity
by deformation and no requirement for annealing in vacuum
or near vacuum.

For high performance cryogenic thermal links above 1.2 K,
therefore, it is necessary either to find a source of 5N copper
with good conductivity, to be able to oxygen anneal copper,
or to have a method for reliably making good thermal contact
to aluminium. The choice of whether to use copper or alu-
minium thermal links in a given situation thus depends largely
on which of these three options is considered the least effort.

Measurements on silver have also been examined. While it
has a slightly better conductivity than copper at room temper-
ature, it does not appear to offer any advantages over copper
(or aluminium) at low temperatures.

Acknowledgments

I would like to thank Dr J. E. Bowey for useful sugges-
tions which have improved this paper, and the staff of the
Trevithick Library for cheerfully arranging a large numberof
inter-library loans, and for tracking down some rather obscure
references.

[1] Rose-Innes AC. Low temperature laboratory techniques.En-
glish Universities Press, 1973.

[2] Woodcraft AL. Predicting the thermal conductivity of alu-
minium alloys in the cryogenic to room temperature range. To
appear in Cryogenics 2005

[3] Willekers RW, Bosch WA, Mathu F, et al. Impact welding:
a superior method of producing joints with high thermal con-
ductivity between metals at very low temperatures. Cryogen-
ics 1989;29:904.

[4] Lawson NS. A simple heat switch for use at millikelvin tem-
peratures. Cryogenics 1982;22:667.

[5] Borovik-Romanov AS, Bunkov YuM, Dmitriev VV, et al. A
nuclear demagnetization cryostat and3He-4He dilution refrig-
erator. Jap. J. App. Phys. Supp. 1987;26:1719.

[6] Yao W, Knuuttila TA, Nummila KK, et al. A versatile nuclear
demagnetization cryostat for ultralow temperature research. J.
Low Temp. Phys. 2000;120:121.

[7] Mueller RM, Buchal C, Oversluizen T, et al. Superconduct-
ing aluminum heat switch and plated press-contacts for use at
ultralow temperatures. Rev. Sci. Instrum. 1978;49:515.

[8] Shigematsu T, Maeda M, Takeshita M, et al. Surface treat-
ment of aluminum heat switch. In T Haruyama, T Mitsui,



9

K Yamafuji, editors, Proceedings of the Sixteenth Interna-
tional Cryogenic Engineering Conference/International Cryo-
genic Materials Conference, volume 1. Elsevier, Oxford, UK,
1997; pages 621–4.

[9] Woodcraft AL, Gannaway FC, Gostick DC, et al. Thermal
design of the SCUBA-2 instrument detector stage and enclo-
sure. In Astronomical Structures and Mechanisms Technol-
ogy. Edited by Antebi, Joseph; Lemke, Dietrich. Proceedings
of the SPIE, Volume 5498, pp. 446-454 (2004).

[10] Hust JG, Clark AF. The Lorenz ratio as a tool for predict-
ing the thermal conductivity of metals and alloys. Materials
Research and Standards 1971;11:22.

[11] Kumar GS, Prasad G, Pohl RO. Experimental determinations
of the Lorenz number. Journal of Materials Science 1993;
28:4261.

[12] Hust JG, Lankford AB. Thermal conductivity of aluminum,
copper, iron and tungsten for temperatures from 1 K to the
melting point. National Bureau of Standards, Boulder, Col-
orado, 1984. NBSIR 84-3007.

[13] O’Hara SG, Anderson AC. The electronic thermal conductiv-
ity of strained aluminium below 1K. Phys. Stat. Solidi B 1975;
67:401.

[14] Hatch JE, editor. Aluminum. Properties and Physical metal-
lurgy. American Society for Metals, Metals Park, Ohio, 1984.

[15] Gloos K, Mitschka C, Pobell F, et al. Thermal conductivity of
normal and superconducting metals. Cryogenics 1990;30:14.

[16] Misiorek H, Zakrzewski T, Rafalowicz J. The influence of
neutron irradiation on the thermal conductivity of aluminium
in the range 5-50 K. Int. J. Thermophys 1981;2:341.

[17] Zaitlin MP, Anderson AC. The thermal conductivity of silver
and aluminum in the temperature range 2-5 K. J. Low Temp.
Phys. 1972;9:467.

[18] Hou YZ, Kos JF. Thermal and electrical resistivities ofalu-
minium below 4.2 K. J. Phys.: Condens. Matter 1993;5:7797.

[19] Sharma JKN. Heat conductivities below 1◦K. I. Cryogenics
1967;7:141.

[20] Andrews FA, Weber RT, Spohr DA. Thermal conductivities
of pure metals at low temperatures. I. Aluminium. Phys. Rev.
1951;84:994.

[21] Fenton EW, Rogers JS, Woods SB. Lorenz numbers of pure
aluminum, silver, and gold at low temperatures. Can. J. Phys.
1963;41:2026.

[22] Ho CY, Powell RW, Liley PE. Thermal conductivity of the
elements. J. Phys. Chem. Ref. Data 1974;3 Suppl. 1.

[23] Garland JC, Van Harlingen DJ. Low-temperature electrical
and thermal transport properties of pure aluminium. J. Phys.
F: Metal Phys. 1978;8:117.

[24] Seeberg P, Olsen T. The thermal conductivity of pure alu-
minium at low temperatures. Physica Norvegica 1967;2:197.

[25] Amundsen T, Myhre A, Salter JAM. The Wiedemann-Franz
ratio of aluminium at liquid helium temperatures. Phil. Mag.
1972;25:513.

[26] Sirota NN, Gostishchev VI, Drozd AA. Thermal conductiv-
ity of aluminum in strong magnetic fields at low tempera-
tures. ZhETF Pis. Red. 1972;16:242. Trans: JETP Lett. (USA)
1972;16:170.

[27] Egan JP, Boom RW. Measurement of the electrical resistivity
and thermal conductivity of high purity aluminum in magnetic
fields. In RP Reed, FR Fickett, editors, Advances in Cryo-
genic Engineering (Materials), volume 36A. Plenum Press,
New York, 1990; pages 679–686.

[28] Gostishchev VI, Drozd AA. Heat conductivity of aluminium
in strong transverse magnetic fields. Fiz. Metal. i Met-
alloved. 1975;39:1305. Trans: Physics Met. and Metallogr.

1975;39:168.
[29] Bass J. Pure metal resistivities at T = 273.2 K. In Landolt-

Börnstein - Group III Condensed Matter. Volume 15, Sub-
volume A, Springer-Verlag, Heidelberg, 1982; pages 5–13.

[30] Abdelsalam MK, Zhang W, Lowry JF. Characterization of
high purity aluminum material for use as a stabilizer of the
60 kA SMES conductor. In LT Summers, editor, Advances in
Cryogenic Engineering (Materials), volume 42. Plenum Press,
New York, 1997; pages 1049–56.

[31] Sahling S, Engert J, Gladun A, et al. The thermal boundary re-
sistance between sapphire and aluminum monocrystals at low
temperature. J. Low Temp. Phys. 1981;45:457.

[32] Fedotov AO, Mezhov-Deglin LP, Kasumov AYu. Unsuitabil-
ity of the Wiedemann-Franz law for the description of the rela-
tionship between thermal and electrical conductivities ofplas-
tically deformed crystals. Sov. Phys. Solid State 1981;23:177.

[33] Fedotov AO, Mezhov-Deglin LP. Influence of plastic defor-
mation on the thermal conductivity of pure copper and silver
samples. Sov. Phys. Solid State 1982;24:114.

[34] Fonteyn D, Pitsi G. Inelastic scattering in thermal transport
properties of deformed copper single crystals. J. Low Temp.
Phys. 1990;80:325.

[35] Misiorek H, Zakrzewski T, Rafalowicz J. The Lorenz function
for aluminium of different chemical purity, neutron irradiated
or plastically deformed. Phys. Stat. Sol. A 1983;76:K25.

[36] Pawlek F, Rogalla D. The electrical resistivity of silver, cop-
per, aluminium, and zinc as a function of purity in the range
4-298◦K. Cryogenics 1966;6:14.

[37] Ribot JHJM, Bass J, van Kempen H, et al. Electrical resistivity
of aluminum below 4.2 K. Phys. Rev. B 1981;23:532.

[38] Kim P, Hayashi C, Nakashima K, et al. Some characteristics
of highly purified aluminum. Phys. Stat. Sol. A 2002;189:149.

[39] Swanson ML, Piercy GR, Mackinnon DJ. Effect of plastic
deformation on neutron irradiation damage in copper and alu-
minum at 1.8◦K. Phys. Rev. Lett. 1962;9:418.

[40] Desai PD, James HM, Ho CY. Electrical resistivity of alu-
minum and manganese. J. Phys. Chem. Ref. Data 1984;
13:1131.

[41] Rowlands JA, Woods SB. Deviations from Matthiessen’s
rule in cold-worked aluminium. J. Phys F. Metal Phys 1975;
5:L100.

[42] Wasserbäch W, Abens S, Sahling S, et al. Low-temperature
acoustic and thermal properties of plastically deformed, high-
purity polycrystalline aluminum. Phys. Stat. Sol. B 2001;
228:799.

[43] Fujita T, Ohtsuka T. Transport properties of cold-worked alu-
minum at low temperatures. J. Low Temp. Phys. 1977;29:333.

[44] Maimoni A. Electrical resistance of aluminium at low temper-
atures. Cryogenics 1962;2:217.

[45] Osono H, Maeta H, Matsusaka K, et al. Preparation of highly
perfect aluminum crystal by cold-crucible induction melting in
ultra-high vacuum. Japan Inst. Metals. Materials Transactions
2002;43:121.

[46] Roberts RB, Crisp RS. Thermoelectric power and thermal
conductivity. An integral method - aluminium. Phil. Mag.
1977;36:81.

[47] Amundsen T, Jerstad P. Linear magnetoresistance of alu-
minum. J. Low Temp. Phys. 1974;15:459.

[48] Satterthwaite CB. Thermal conductivity of normal and super-
conducting aluminum. Phys. Rev. 1962;125:873.

[49] O’Hara SG, Anderson AC. Resonant scattering of thermal
phonons by dislocations in superconducting aluminium. Phys.
Rev. B 1974;9:3730.

[50] Hartwig KT, Zou H. Residual resistivity measurements on



10

high RRR aluminum by the eddy-current decay method. In
RP Reed et al, editor, Advances in Cryogenic Engineering -
Materials, volume 40. Plenum Press, New York, 1994; pages
443–450.

[51] Yntema GB. Magnetoresistance of Mg, Cu, Sb, Al at liquid
helium temperatures. Phys. Rev. 1953;91:1388.

[52] Ishimoto H, Nishida N, Furubayashi T, et al. Two-stage nu-
clear demagnetisation refrigerator reaching 27µK. J. Low
Temp. Phys. 1984;55:17.

[53] Rosenberg HM. The thermal conductivity of metals at low
temperatures. Phil. Trans. Roy. Soc. 1955;247A:441.

[54] Childs GE, Ericks LJ, Powell RL. Thermal conductivity of
solids at room temperature and below: A review and com-
pilation of the literature. Monograph number 131, National
Bureau of Standards, Boulder, Colorado, 1973.

[55] Mucha J, Krasnokutskii AV, Merisov VA, et al. Thermal
conductivity minimum of 6N purity aluminium monocrystal.
Phys. Stat. Sol. A 1986;97:307.

[56] Powell RL, Hall WJ, Roder HM. Low-temperature transport
properties of commercial metals and alloys. II. aluminums.J.
App. Phys. 1960;31:496.

[57] Sahling S, Abens S. Low temperature thermal propertiesof
vitreous silica and plastically deformed pure aluminium. Solid
State Commun. 2001;120:249.

[58] Purcell JR, Jacobs RB. Transverse magnetoresistance of high
purity aluminium from 4 to 30◦K. Cryogenics 1963;2:109.

[59] Skyba P, Nyeki J, Gazo E, et al. Košice nuclear demagnetiza-
tion refrigerator. Cryogenics 1997;37:293.

[60] Misiorek H, Zakrzewski T, Rafalowicz J. Influence of plastic
deformation on the thermal conductivity maximum of copper
and aluminium in the temperature range 4.2 to 70 K. Phys.
Stat. Sol. A 1978;47:K137.

[61] Gloos K, Smeibidl P, Kennedy C, et al. The Bayreuth nu-
clear demagnetisation refrigerator. J. Low Temp. Phys. 1988;
73:101.

[62] Hashimoto E, Ueda Y. Zone refining of high-purity aluminum.
Materials Transactions JIM 1994;35:262.

[63] McDonald LC, Hartwig KT. Electrical and mechanical be-
haviour of micro-alloyed aluminum (RRR>2500) at 4.2 K. In
R P Reed et al, editor, Advances in Cryogenic Engineering -
Materials, volume 40. Plenum Press, New York, 1994; pages
693–700.

[64] Hartwig KT, Yuan GS, Lehmann P. The effects of low tem-
perature fatigue on the RRR and strength of pure aluminium.
IEEE Trans. Magnetics 1985;MAG-21:161.

[65] Andrews PV, West MB, Robeson CR. The effect of grain
boundaries on the electrical resistivity of polycrystalline cop-
per and aluminium. Phil. Mag. 1969;19:887.

[66] Kirkpatrick PE, Ekin JW, Bray SL. A flexible high-current
lead for use in high-magnetic-field cryogenic environments.
Rev. Sci. Inst. 1999;70:3338.

[67] Horvath IL, Esslinger V, Flükiger R, et al. Measurements on
the residual resistivity ratio (RRR) of high purity aluminium
under cyclic mechanical stresses. IEEE Trans. Magnetics
1996;32:3106.

[68] Bass J. Size effects. In Landolt-Börnstein - Group III Con-
densed Matter. Volume 15, Sub-volume A, Springer-Verlag,
Heidelberg, 1982; pages 139–165.

[69] Fickett FR, Capobianco TE. INCRA report No. 321B. Con-
ductors for advanced energy systems. Technical report, Inter-
national Copper Research Organisation, New York, NY, 1987.

[70] Hartwig KT, Appius PG. Strength and electrical resistance of
cold drawn Al and Cu. In Proceedings of the 8th international
cryogenic conference. 1980; pages 720–725.

[71] Nakata K, Takamura S, Tada N, et al. Electrical resistivity
change in Cu and Al stabilizer materials for superconduct-
ing magnet after low-temperature neutron irradiation. J. Nucl.
Mat. 1985;135:32.

[72] White GK, Meeson PJ. Experimental techniques in low-
temperature physics. Oxford: Clarendon Press, 2002.

[73] Rosenblum SS, Steyert WA, Fickett FR. A simple method
for producing high conductivity copper for low temperature
applications. Cryogenics 1977;17:645.

[74] Touloukian YS, Liley PE, Saxena SC. Thermophysical proper-
ties of matter. Vol. 1. Thermal conductivity: metallic elements
and alloys. Plenum, 1970.

[75] Smith EN, Sawada A, Pollack L, et al. The new Cornell copper
demagnetization stage. J. Low Temp. Phys. 1995;101:593.

[76] Abe S, Nozawa M, Ikeya A, et al. A nuclear demagnetization
cryostat for nuclear ordering of HCP solid3He. Physica B
1994;194-196:49.

[77] Fisher ES, Kim SH, Linz RJ, et al. Effect of cyclic strains on
electrical conductivity and work hardening of copper at 4.2K.
Cryogenics 1978;18:405.

[78] Steyert WA. High-conductivity high-specific-heat copper for
cryogenic applications. J. App. Phys. 1978;49:3612.

[79] Mimura K, Ishikawa Y, Isshiki M, et al. Precise purity-
evlauation of high-purity copper by residual resistivity ratio.
Materials Transactions, JIM 1997;38:714.

[80] Carapella Jr S, Bess ML, Leseur DR. Factors influencing resis-
tance ratio values of high purity copper (and evaluation tech-
nique). Journal of Metals 1973;25:30.

[81] deLaunay J, Dolecek RL, Webbet RT. Magnetoresistance of
copper. J. Phys. Chem. Solids 1959;11:37.

[82] Peterseim J, Thummes G, Mende HH. Reduction of the
residual resistivity of thin copper-wires by internal oxidation.
Zeitschrift für Metallkunde 1979;70:266.

[83] Dolecek RL, Schultz DJ. Residual resistance of copper an-
nealed in an O2 atmosphere. Acta Metallurgica 1960;8:664.

[84] Powell RL, Roder HM, Hall WJ. Low-temperature transport
properties of copper and its dilute alloys: Pure copper, an-
nealed and cold-drawn. Phys. Rev. 1959;115:314.

[85] Benz MG. Magnetoresistance of copper at 4.2 degrees K in
transverse fields up to 100 kG (relating to composite super-
conductors). J. App. Phys. 1969;40:2003.

[86] Matula RA. Electrical resistivity of copper, gold, palladium
and silver. J. Phys. Chem. Ref. Data 1979;8:1147.

[87] Gröger V, Stangler F. Verbesserung der wärmeleitfähigkeit
von Reinstkupfer durch Glühbehandlung unter geringem
Sauerstoffpartialdruck. Zeitschrift für Metalkunde 1974;
65:333.

[88] Dupré A, Itterbeek AV, Michiels L. Heat conductivity ofcop-
per below 1◦K. Phys. Lett. 1964;8:99.

[89] Gniewek JJ, Clark AF. Preparation of copper crystals with low
electrical resistivity. J. App. Phys. 1965;36:3358.

[90] Ehnholm GJ, Elkström JP, Jacquinot JF, et al. NMR studies
on nuclear ordering in metallic copper below 1µK. J. Low
Temp. Phys. 1980;39:417.

[91] Bunkov YM, Dmitriev VV, Sergatskov DA, et al. Diffusion-
welded laminar nuclear stage. Physica B 1990;165&166:53.

[92] Huiku MT, Loponen MT, Jurkkiö TA, et al. Impurities and the
anomalous spin-lattice relaxation in copper at submillikelvin
temperatures. In Proceedings of LT-17. Elsevier, 1984; pages
133–134.

[93] Fickett FR. Electrical and magnetic properties of internally
oxidised copper and dilute copper-iron alloys. Journal of
Physics F: Metal Physics 1982;12:1753.

[94] Guinan MW, van Konynenburg RA. Fusion neutron effects on



11

magnetoresistivity of copper stabilizer materials. J. Nucl. Mat.
1984;123:1365.

[95] Konynenburg RAV, Guinan MW, Kinney JH. Fusion neutron
damage in superconductors and magnet stabilizers. J. Nucl.
Mat. 1982;103:739.

[96] Dmitriev VV, Kosarev IV, Ponarin DV, et al. Simple nuclear
demagnetization stage. J. Low Temp. Phys. 1998;113:945.

[97] Khoshenevisan M, Pratt Jr WP, Schroeder PA, et al. Low-
temperature resistivity and thermoelectric ratio of copper and
gold. Phys. Rev. B 1979;19:3873.

[98] Arbuzov VL, Danilov SE, Klotsman SM, et al. Influence of
heat treatments on the contributions of the size effect and grain

boundaries to the residual electrical resistance of pure poly-
crystalline copper. Fizika Metallov i Metallovedenie 1978;
45:507. Translation: Phys. Met. Metall. 1978;45:16.

[99] Fickett FR. Oxygen annealing of copper: a review. Materials
Science & Engineering 1974;14:199.

[100] Smith DR, Fickett FR. Low-temperature properties of silver.
J. Res. Nat. Inst. Stand. Tech. 1995;100:119.

[101] Schroeder PA, Blumenstock B, Heinen V, et al. Resistivity
measurements on high purity Cu, Ag and Al between 40 mK
and 1.5 K. Physica B 1981;107:137.

[102] http://links.lowtemp.org/alkappa2.html


