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The thermal conductivity of pure aluminium at cryogenic pamatures varies by many orders of magnitude
depending on purity and treatment, and there is little imi@tion in the literature on the likely values to be
obtained for samples of a given purity. A compilation of measments from the literature has been assembled
and used to provide recommended ranges of values for alumiaf different purities (4N, 5N and 6N) in the
normal (non superconducting) state. The number of direatial conductivity measurements is too limited
to be used alone. Electrical resistivity measurements ttayve also been used by converting to thermal con-
ductivity using the Wiedemann-Franz law, which is shown ¢ovhlid. Since low temperature measurements
can easily be extrapolated to higher temperatures, thétsesver the range from 1.2 K (the superconducting
transition temperature) to room temperature. Values fop&hty copper have also been examined in a similar
manner, to allow a comparison between the two materialsnmidia application of these results is in the design
of cryogenic thermal links; a discussion of the advantagesdisadvantages of both materials for this use is
given. The use of silver is also investigated briefly. Treimdthe behaviour of the conductivity of aluminium in
the superconducting state (to temperatures as low as 50 rekso discussed.

Keywords: metals (A); thermal conductivity (C); electticanductivity (C)

Cryogenics 45(9) 626-636 (2005)
http://www.sciencedir ect.com/science/jour nal/00112275

1. INTRODUCTION For large cryogenic instruments (for example Ref. [9]), the
mass of thermal links can be significant. Minimizing mass is
At room temperature, pure aluminium is a good electricalParticularly important for the increasing number of cryoige
and thermal conductor; the only metals with higher conauicti instruments being designed for airborne and space environ-
ity are copper, silver and gold. Moreover, aluminium pregd Ments. Aluminium is therefore sometimes chosen as a ther-
the highest conductance per unit mass, making it attractive Mal link material in such instruments in order to reduce mass
situations such as aerospace applications where mass enustnce structures such as helium vessels are often coreruct
minimized. from aluminium alloys in these instruments, aluminium ther
Aluminium has not been traditionally used as a thermalMal links offer the further advantage that they can be rgadil
conductor at low temperatures for two main reasons. BeloWVelded to aluminium alloys.
1.2 K [1], aluminium becomes superconducting; supercon- Aluminium has advantages over copper other than the
ductors are excellent electrical conductors but poor tagrm lower density. Itis more readily obtained in high purityrfor
conductors. It is also hard to make good thermal contact t699-999% pure), deformation has less effect on condugfivit
aluminium because of the insulating oxide layer which formsand annealing (nec_ess_ary for the best thermal performance)
rapidly on bare aluminium surfaces; the effect of the oxidec@n be carried out in air; copper is usually annealed in vac-
layer is much greater at low temperatures than near room tephllm Or inert gas for satisfactory results. o
perature. Making a decision on whether to use aluminium or copper
Copper is usually used when a good low temperature thedD @ given situation is difficult due to the lack of useful vedu
mal conductoris required, since it suffers from neithehete  for the thermal conductivity of either material at low tempe
problems. In addition, unlike aluminium, it can be usefully tures. At low temperatures the thermal and electrical condu
used structurally in the pure form. Aluminiuaioys can be ~ tivity of pure metals varies over many orders of magnitude,
used structurally but have much poorer conductivity tharepu depending on the temper (history of cold work and annealing)
aluminium [2]. and chemical purity.
Aluminium has, however, been used in specialist applica- The usual advice is that the low temperature thermal con-

tions such as superconducting heat switches [3-7].  Tectfluctivity of a given piece of aluminium or copper can only
niques for overcoming the oxide layer problem have beer_?e determined from measurements on the sample. While this

developed, such as gold plating [7, 8] and various types of® the only dgfinitive method, i_t is not pr{;\ctical at the desig
welding [3-6]. However, gold plating techniques are notStage of an instrument - at this point it is necessary to have

necessarily reproducible [3] (aluminium is notoriouslgfiei information on the ranges of values which are likely for the

cult to plate reliably), and welding is not always practical 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 thigda

*E-mail: adam.woodcraft@physics.org. Tel.: +44-870-1693; Fax: + 44-  variation possible between samples, this can lead to sdyiou
29-2087-4056 misleading conclusions.



Compilations of low temperature conductivity measure- Code Range of values
ments generally present results for samples of differeritypu for purity, p
without any attempt at interpretation. Where recommended
values are given, they correspond to samples with a paaticul
somewhat abitrary, conductivity. ANS - 99.994 < p < 99.998

The aim of this paper is to provide information on the range SN 99.998 < p < 99.9904
of conductivity values which are likely for aluminium of var SNS 99.9994 < p < 99.9998
ious purities and treatments. Since low temperature measur 6N 99.9998 < p < 99.99994
ments can easily be extrapolated to higher temperatures, th
results cover the range from low temperatures to room te
perature. Values for high purity copper are also examined i
order to make a comparison between the two materials.

4N 99.98 < p < 99.994

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

a similar temperature range; the constant value is known as
the residual resistitivity. The low temperature conduttiof
o a given sample can thus be easily categorised by either the
The number of low temperature thermal conductivity meanermal conductivity at a particular temperature or thédres
surements on pure aluminium described in the literature ig,5 resistivity. This is often quoted as the residual resisé
quite small — too small to be useful in determining the likely ratio, RRR; this is the resistance at room temperature eiid
range of values for different purities. by the residual resistance.
_ However, at sufficiently low temperatures, thermal conduc- ~ at higher temperatures, electrical and thermal conductiv-
tivity can be determined from the eI(_actrlcaI resistivityings ity vary in a complex way with temperature. A set of equa-
the Wiedemann-Franz law [10]. This has been shown to bgons describing this variation for aluminium are given in
a good approximation for most pure metals [11]. There argqf 12]1: these enable the thermal conductivity from the
many more electrical resistivity measurements than thermayperconducting transition temperature to room tempegatu
measurements available for aluminium; this is not sumgisi 1, e characterised by a single value such as the RRR. For
since electrical measurgmer_ns are much easier to make. convenience, conductivity in this paper is characterisethe
The approach taken in this paper was to create a databaggye it would take at 1 K in the normal state. In fact, alu-
of as many low temperature electrical and thermal measuréninium can be made to stay in the normal state below 1.2 K
ments on pure aluminium as practical. No attempt was madg 5 gyjtably large magnetic field is applied. The condutyivi
to restrict the results used to the most accurate measut8mens ihen linear with temperature [3, 13].
indeed values_were usgd even when the measurement nn!‘ath‘)(quri'ties are characterised in this paper as the percerigige (
was not described. This was necessary n order to pfov'de Weight) of pure aluminium, and denoted by codes such as 5N
sufficiently Iarge_ number of results. The justification iatth for 99.999% purity. If a sample was not described by such a
errors even as high as 20 or 30% are small compared to Vardade, but the purity was given as a percentage, a code was cho-
tion between samples, and thus will not significantly afteet oo, qing the ranges shown in table I. No attempt was made to

overall conclusions. Rogue measurements Which_arg in err ssign a numerical purity to material only described in erm
by muc_h larger amounts should be evident by their d|sagrees-uch as “high purity” or “Ultra pure”, since these terms agé n
ment with the bulk of the data. strictly defined [14].

Sources of data include papers and compilations describ-
ing the results of thermal conductivity and electrical stgity
experiments. However, “incidental” results have also iaen
cluded; these were obtained from various papers which men- 3. VALIDITY OF THE WIEDEMANN-FRANZ L AW
tion the conductivity or resistivity of materials which veer
used in other experiments. The most common example of this The thermal conductivity;, of a metal is related to the elec-
is where the electrical resistivity was used as a measureeof t trica| resistivity, p, by the Wiedemann-Franz law [10]:
purity of a material.
Itis, of course, not possible to make a complete collection LT
of all measurements in the literature. However, the attempt k= 7 1)
was made to be as complete as possible for direct thermal con-
ductivity measurements. Electrical resistivity measuBt®  \yhere L is the Lorenz number, and is temperature. For

are less complete, and the incidental measurements @allectsyfficiently low temperatured, is expected to take the theo-
can only be a fraction of those in existence, since it is veryetical value oflo = 2.45 x 10~% WQK 2.

difficult to search specifically for such papers.
At sufficiently low temperature (in the non-
superconducting, or “normal” state), the thermal conahitgti
of aluminium is a linear function of temperature. The 1Readers having difficulty in obtaining this reference stiaute that the
electrical resistivity is constant to a good approximateer equations are reproduced in Ref. [2]

2. APPROACH
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is due to experimental uncertainty and the effects desgribe
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N [ . ] ] Ly. All the samples from Ref. [15] show low values 6f

& 0f - .:.-.-- == ] these appear to be real, but it is not clear why these results
S [ . ° :‘ " ] contradict the majority of other measurements. With one ex-
c TApTTTTTTTTo T ception, the remaining results which deviate by more than ap
S _aoh O ] proximately 20% were obtained from measurements of the ef-
s ; ° = ] fect of magnetic fields on thermal conductivity. Althougle th

© -60 [ OO o_ Purity known @ - measurements were made in nominally zero field, it is possi-
° 3 Pm*gngﬁgnf?;g ] ble that a magnetic field was still present. This could affect
§ —80r . - Ref. [15] O the results either by the reduction of the thermal conditgtiv

5 1000 i where resistivity measurements were made in a separate ap-
- 107 102 103 104 108 paratus, or by the variation of Lorenz number with magnetic

Normal state thermal conduectivity at 1 K (Wm™K™)  field [11] where resistivity was measured along with thermal
conductivity. Itis interesting that in Ref [27] the Lorenam-
ber can be seen to peak sharply at a small but non zero value
Figure 1: Percentage deviation of the Lorenz numberom the ~ Of magnetic field.
theoretical value.o, for various measurements in the literature (i.e. In copper, the few observations of deviation from the
100(L—Lo)/Lo). Symbol styles denote results taken as part of meaWiedemann-Franz law [32—34] seem to be connected with de-
surements in varying magnetic fieldsl, measurements from Ref formation; againL < Lg. There is little information for alu-
[15] (o), and remaining measurements using samples with knowmninjum; one group [35] found that deformatiorcreased L,
(¢) and unknown M) purities. The solid line corresponds to the the- 5, 3N purity Al but not for 5N or 6N purity. The Wiedemann-

oretical value forL of 2.45 x 1078 WQK 2, and the dotted lines . : . :
’ Franz law will be assumed to be valid for the remainder of this
correspond to errors af20%. References: [7, 16—22%), [22—25] paper

(), [26-28] (J), [15] (o).

Various papers describe measurements of both the thermal 4. RESULTS-NORMAL STATE
conductivity and electrical resistivity of samples of pata-
minium at low temperatures. These results are plotted in Figures 2 to 5 show thermal conductivity values for alu-
Figure 1. Where RRR was quoted instead of residual resigninium samples of different purities. Where necessary,-mea
tivity, the room temperature resistance was taker.asx surements have been converted to normal state conduetivity
10~% Qm [29] if the correct value was not given. This corre- 1 K by extrapolation using Ref. 12 or using the Wiedemann-
sponds to a temperature of 298 K. While the exact temperatuferanz law. The RRR values shown on thexis of each
at which the room temperature measurements were made wgsaph are calculated assuming a room temperature resistivi
often not stated, it is unlikely to be significantly higheath of 2.7 x 10=% Qm [29]. Coincidentally, the RRR value is nu-
this or below 273 K. The change in resistivity between 273 Kmerically almost identical to the thermal conductivity aK1
and 298 K is approximately 10% [29]; this is a similar size toin Sl units.
experimental uncertainties, and the error introduced lrygus For each purity range and condition, there is considerable
the wrong temperature to convert RRR to resistivity is thusscatter in the values. For the annealed condition, there are
acceptable. Thermal conductivity values were converted ttikely to be two main causes for this scatter: differences in
the normal state value at 1 K by assuming a linear temperatungurity of the original material and differences in the arlnea
dependence. Ref. [12] was used to ensure that measuremeirtg conditions. It is well established that the improvensent
were at sufficiently low temperatures for this to be validdan due to annealing depend on annealing time and temperature.
for the resistivity to be in the constant region. Tests on samples with 5N and 6N purity show that there is a

In many cases, the two measurements were made on diffesharp increase in final RRR for annealing temperatures above
ent samples taken from the same source material. This is @proximately 100C [44, 65]; the RRR then increases with
potential source of error since spatial variation of puiritthe ~ temperature. The majority of the improvement due to anneal-
original material will cause different samples to haveaif ing takes place in the first 1 or 2 hours, though further im-
ent properties [30, 31]. Even where measurements were maghgovementis seen up to at least 100 hours [44]. Significant an
on the same sample, it was usually warmed up to room tenmealing can occur even at room temperature [28, 43, 65-67],
perature and handled between measurements. This can alsith substantial recovery from strain seen just 1 hour [66].
introduce errors due to changes in temper between the mea-The upper useful temperature is often dictated by contami-
surements (either by annealing taking place at room temperaation from materials with lower melting points such as sup-
ture, or cold work caused inadvertently during handling).  ports; a temperature of approximately 40D appears to be a

However, Figure 1 shows that in general the agreement igood choice [44, 65]. Good results can be obtained by anneal-
very good, to better than 20% - this is adequate for the puring in air at atmospheric pressure. According to Ref. [44], n
poses of this paper. It is quite possible that most of thererroimprovement in RRR was seen for 5N purity by annealing in
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Figure 4: Normal state thermal conductivity values at 1 K5hir (e,

o) and 5N5 () purity aluminium. Other details are as for Figure 3.
Ageferences: [7, 39, 40, 43-45, 54, 58, 69)] (3, 15, 16, 18, 19, 22,

vacuum. In Ref. [21], air annealing was found to be produc 1,36, 37, 3943, 58, 598), [50] (0).

higher RRR values than vacuum annealing for anneal time
of “a few minutes”, but for longer times, vacuum annealing
produced better results.

Unfortunately, even for 5N purity, where there are a considions. Material purity (and perhaps the types of impurity) i
erable number of measurements, results for samples otitain@robably more important.
from different sources do not seem to correlate with the an- There is a further effect which must be taken into considera-
nealing conditions. It therefore seems likely that the afne tion. For samples with sufficiently small dimensions, alect
ing conditions are not the dominant cause of the scatteritand scattering from the boundaries will limit the conductiigg].
should therefore not be assumed that the upper end of the colm principle it is possible to correct for such size effettow-
ductivity range can be obtained by choosing optimum condiever, the correction is not straightforward, since it defsson
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Figure 5: Normal state thermal conductivity values at 1 K 6bf Figure 6: The effect of deformation on the RRR of pure aluomimi

purity aluminium. Other details are as for Figure 3. Refeemn  (dashed lines) and copper (solid lines) for rod samples{H68]

[16, 42, 45, 46, 62]4), [21, 40, 61, 63]¢). (e) and [70] @)) and foils (Ref. [39] (+)). Samples are for 4N purity
aluminium and OFHC copper, except where marked as 5N purity.

the smoothness of the boundaries as well as the sample ge-

: tage area reduction (PAR) is, not surprisinglyedzfht
ometry. Therefore no correction has been made to any resul reen .
shown here, and measurements which were quoted only aft r6.4 mm diameter rod samples [70] and for 200 angi80

correcting for size effects have not been used. Some resul ick foils [39.]' _However, the limiting values of condudty
seem to be similar.

shown in Figs 2 to 5 are thus likely to be lower than the true The effect of def tion i it | .
bulk values. Points corresponding to an electron mean free € efiect of deformation INCreases with increasing pu-

path greater than 20% of the smallest dimension are plotter ty. This |s.also not surprising, since th_e contributiorthe
with open symbols in Figs. 3 t?5For the remaining points, thermal resistance caused by deformation should not depend

the true (bulk) values should be no more than 25% greatertheﬁgg';gglggvg; Eilaﬂt}[%e’?‘f#‘;‘?ﬂg:g{égﬁg[jzl't(‘)’vikr:g;?‘:iﬁsdy

the measured values. . . ) X
. .. thus be affected less than a high purity material which hlas re
A recommended range of values is shown for each pu”%tively low impurity thermal resistance

type in the fully annealed state. These ranges have been_ Cho'The conductivity of aluminium is also affected by neutron

. . %rradiation; further information is given in Refs 16, 39 &.71
may be due to experimental error. Alternatively, anomdious

low values may correspond either to problems in the anneal-

ing process, material with lower pU”ty than quoted, or sam- 5. RESULTS- SUPERCONDUCTING STATE
ples suffering from significant size effects. Higher valoesy

correspond to material of higher than quoted purity. While The superconducting transition temperatufe, for pure

these ranges are somewhat subjective, since the raw data e Hinium is 1.2 K [1]. As the temperature is reduced below
presented here, readers may make their own decisions on e@l ) ' peratur .
propriate ranges. is value, the electron thermal conductivity decreaseisiia

; - . as the number of electrons not bound into Cooper pairs de-
For 5N purity, the values for aluminium of unknown history creases [72]. The electron conductivity,, can be repre-
are consistent with the annealed values in that the uppesfend g taq by an empirical equation [48]:

the range is similar to that for the annealed state, but thero

end is lower. This would be expected since the ‘unknown’ T.

samples presumably include both annealed and un-annealed Kel = Ko €Xp {0‘ (1 - ?ﬂ g @)

examples. There are too few measurements for other purities

to draw similar conclusions. wherex, is the conductivity afl., andT" is temperature. Fits
The effect of deformation on RRR is shown in Figure 6.using this equation are shown in Figure 7; a valuexof=

Similar behaviour has been seen when samples have been s fits the majority of the data reasonably well at the higher

jected to repeated small strains [64]. The effect of a giveriemperatures. o _
The electron conductivity normally dominates the thermal

conductivity of aluminium. However, far enough below the
transition temperature it becomes small enough for the lat-

2 This is calculated from the conductivity using Eq. (1) in Rié8] witha  tice conductivity to become significant, and even to don@inat
value ofly pp, = 5.5 x 10~ 16Qm?2. The measurements therefore deviate from the fits for electro



conductivity. Lattice conductivity is not expected to dege
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 t
be able to make predictions based on sample properties. De-
formation has been seen to lower the lattice conductivity of
4N aluminium [49F, but — surprisingly — results for 6N pu-
rity [42] show little change.

Even the temperature variation is uncertairi Avariation,
as seen in crystalline dielectrics, is often assumed. Tine te
perature ranges available here are too small to confidesily a
sign power-law exponents. However, whil§'a dependence
fits some of the results reasonably well, others are fittegbet
by aT? or lower dependence. One group has concluded that
aT? variation should be expected for deformed high purity
samples (4N and above), and'a variation otherwise [57].

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

1030
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6. COMPARISON WITH COPPER AND SILVER FOR
THERMAL LINKS

Thermal conductivity (Wm™K™")+offset

As with aluminium, the highest readily available purity of
copper is 5N. It is therefore instructive to compare likedy-v
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 aneeal
copper cover a much larger range than for aluminium. This
is probably due to the large reduction in conductivity caluse
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 indivitlela 100
ements, different samples meeting the specification caa hav .
very different conductivities. The amount of magnetic impu Temperature (K)
rity is likely to depend on the copper ore used and the purifica
tion process, suggesting that the range of conductivityesl

of material produced by a given supplier will be smaller.sThi rig re 7: Thermal conductivity in the superconductingestat vari-

is supported by Ref. 73, where samples from a single suppliefus aluminium samples, showing exponential fits to the edacton-

over a period of ten years were found to have RRR valueguctivity (Eq. 2). For clarity, measurements have beerettiy ar-

which varied only between 900 and 1900. bitrary amounts along the y axis. The vertical dashed limsvstthe

The conductivity of copper can be improved by annealingapproximate temperature below which lattice conductiistyikely

at temperatures just below the melting pointin the presefce to be significant enough to cause the measurements to déaate

trace quantities of oxygen; a process usually known as “oxythe fits. References: [7, 19, 22, 31, 42, 48, 49, 54, 57].

gen annealing”. It is well established that significantlgtrer

conductivity values can be produced than by vacuum anneal-

ing, as can be seen from Figure 8. While the exact mechanismith up to 100 ppm of iron added covered over two orders of

is not certain, the improvement seems to largely come abouhagnitude before oxygen annealing, and yet had almost no

by reducing the effect of magnetic impurities [73, 93, 99].dependence on iron content after annealing. This is particu

Striking evidence of this is given by measurements on coppdarly impressive since the amount of iron alone reduces the

with controlled amounts of iron added [73, 93]; RRR valuescopper content to around 99.99%, yet the final RRR values

of over 2000 could be produced by oxygen annealing sampleare characteristic of the 5N purity base material. This sug-

with an initial RRR as low as 5. The resistivity of samples gests that oxygen annealed samples are likely to show much
less sample to sample (and supplier to supplier) variakian t
vacuum annealed copper. While oxygen annealing is not a
process that is generally offered commercially, it is fagiim-

3 The purity of these samples is given as 4N in Ref. [42] ple to carry out. It should be noted that oxygen annealing
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Another difference between copper and aluminium is the *
effect of cold work on conductivity. Figure 6 shows several 0.01 0.10 1.00

measurements of the RRR of deformed copper. The effect Temperature (K)

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- Figure 9: Recommended ranges for the conductivity of amokeaiu-
ever, while it is a marginally better conductor than copger aminium with 4N, 5N and 6N purity (solid lines). Note that tfever
room temperature, this is unlikely to translate into a digni limits for 5N and 6N purity are the same. Recommended values
cant improvement at low temperatures. Indeed, compilationfor vacuum annealed SN purity copper are also shown, alotig wi
of thermal [22] and electrical [86] measurements of silvier o the higher conductivity values possible following oxygemealing
various purities (including 6N) give maximum RRR values (dashed lines). The two graphs show the same informationdifre
of only 2 600 and 10 000 respectively. In a brief Iiteratureferent temperature ranges. The hatched area in the lown grws

. . . i he region in which lattice conductance is likely to becorigmi§i-
S(_':'amh' aided by the eX_Ce"ent review article by Smith an ant; in this region the values shown here are lower limitgten
Fickett [100], only one higher value was found; 20 000 for conguctivity.
an oxygen annealed single crystal [101]. Since copper of jus
5N purity can reach even this value, it seems that silver does

not offer improved thermal conductivity at low temperagire , i )
superconducting state cannot be continued below the pbint a

which lattice conductivity dominates. This point will deyk
7. RECOMMENDED VAL UES on the magnitude of the lattice as well as the electron conduc
tivity. The area in which this is likely to occur is shaded.

Figure 9 shows recommended values for the thermal con- For comparison, values for fully annealed 5N copper are
ductivity of fully annealed aluminium of various puriti€khe ~ @lso shown; copper does not become a superconductor and
curves are generated by taking the recommended normal stdfels the conductivity remains linear with temperature deovn
values at 1 K and applying the equations from Ref. [12] forar.bltrarlly.lowtemperatures. These curves were also predu
the normal state, and Eq. 2 for the superconducting state. With the aid of Ref. [12].
thermal conductivity calculator using these equationshman Fig. 10 shows conductivity divided by density. This is the
found on the world wide web [102]. Since the lattice conduc-appropriate quantity for comparing the performance of-ther
tivity does not depend on purity, the different curves fag th mal links made from different materials but with the same
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The range of conductivity values for annealed 5N copper
L is somewhat greater than that for aluminium, with the upper
] limits being similar. Much of the variation for copper isédily
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 founéyth
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 condiigtivi
values somewhat higher than for aluminium of the same pu-
F ] rity. In addition, the conductivity of oxygen annealed cepp
1 A N R S is likely to be much less sensitive than vacuum annealed cop-
0.1 1.0 10.0 100.0 per to the source of copper, reducing the need to choose an
Temperature (K) appropriate supplier. However, this process is not gelyeral
offered commercially.
Copper has the advantage that making good thermal contact
Figure 10: Recommended ranges for conductivity divided éy-d  is easy; this is much harder for aluminium, where there is no
sity; this is the appropriate figure of merit for comparingrinal  established procedure. However, if this obstacle can be ove
links with a fixed mass. Other details are as for Fig. 9. come, aluminium offers the advantages of better avaitstaili
high purity form, lower density, less reduction of conduityi
by deformation and no requirement for annealing in vacuum
mass; in aerospace environments it is often mass, rather thar near vacuum.
volume, that is the IImItlng factor for a thermal link. It che For h|gh performance Cryogenic thermal links above 1.2 K,
seen that the lower density of aluminium gives it a considertherefore, it is necessary either to find a source of 5N copper
able advantage, but that for temperatures below 4 K, oxygefith good conductivity, to be able to oxygen anneal copper,
annealed copper can still outperform 5N aluminium. 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 Igrge
8. CONCLUSIONS on which of these three options is considered the leastteffor
Measurements on silver have also been examined. While it
As with most pure metals, the thermal conductivity of alu- has a slightly better conductivity than copper at room tempe
minium at low temperatures varies by many orders of magniature, it does not appear to offer any advantages over copper
tude, depending on purity and thermal treatment. Aluminiumor aluminium) at low temperatures.
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 ndérma
states. I would like to thank Dr J. E. Bowey for useful sugges-
For both copper and aluminium, 5N is the highest puritytions which have improved this paper, and the staff of the
that is readily available; recommended values for 5N coppefrevithick Library for cheerfully arranging a large numtladr
have therefore also been produced to enable a comparisonittter-library loans, and for tracking down some rather olosc
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