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ABSTRACT

The electrical resistance of'high--purity, commercially available
aluminum was measured in the temperature range 2.2 to 30°K. 'I"he highest
values of resistance ratio.R300/R4_2 were obtained on samples annealed for
100 hours at 400°C and slowly cooled to room temperature; for zone-refined
material the resistance ratio was.6630; for material with a nominal impurity
‘content of 10 ppm thé resistance ratio was 2.250. |

The intrinsic resistivity ig not defined uniq{.lely by the temperature but
is also a function of the resistance ratio, that is, it is av function of the con-

.centration of lattice defects.

Wl

This work-was .done under the auspices of the - U. S. Atomic-Energy

Commission.
—ii-
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Electrical Resistance of Aluminum

at Low Temperatures
Arturo Maimoni

Lawrence-Radiation Laboratory, University of California

.Livermore,. California

Introduction

‘The purpose-of this work was :to obtain data on the low-temperature
velectricalAres'istance of commerciaily'available- high-purity aluminum. The
-data-were to be of sufficiiient accuracy to allow proper design of cryogenic
magneté; the-literature data are not sgfficiently complete to-allow for proper
-design,

Theresistance«as.ia function of temperature has be.eri measured by
‘Boorse and -Niewéa'x'i.ic.:zans}gi,ll C:;Lron2 .and Powell g_g_a_l.3, as well as many
Iother:ear'lier‘investigators; however, an examiné.tionof th‘e'da_.ta,disclosed‘
that neither the Bloch-Gruneisen relation nor Matthiesen!' s rule is fpllgwed
exactly; that is, specirriens bf different purity gi&e'difﬁérent values of in-
trinsic resistivity at the same temperature. Further, ‘the data of Wernick

et a.l.4 ‘and-Albert et a.ll.‘5 indicated that commercially'available high-purity

-aluminum gives-a resistance r'atio of R273/R4“2 of lSOO-and zone-refined
mé.teria.l gives resistancg ratios in.the range of 5000 to 7000; it was then of
interest to measure the intrinsic resistivity of th‘is\type of material as a
function of temperature. . Since the above resistance ratios had been obtained
‘on massive specimens,. it .‘v:vas-.a.lso of interest to.ascertain whether or not
"»appreciaBle."i‘mpurity pilc:kup.takés‘place during fabrication of the ingots into

more useful shapes.
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Experimental

The objectives of the experimental program were to determine (1) the
optimurﬁ annealing conditions by measuring the resistance ratio R300/R4.2
as-a function of annealing conditions, and (2) the temperature dependence of
resistance of samples annea‘.led under diffegent conditi.ons. |

The materials used were the Super-Raffinal and Zone-Refined grades
“of aluminum manufactured by Aluminum-Industfie- ARtien-Gesellschaft, which
-contain the impurities listed in Table 1.

Table 1. Impuritics in Aluminum

(Nominal impurities as given by the manufacturer)

Super-Raffinal ~ Zone-Refined

99.999% pure : 99.9999% pure
Si o . . 1.5 ppm S not detected
Fe o 2.0 f)pni 0.3 ppm
Cu  S ~ .0.8 ppm . O.4‘ppm
Ti not detecfed ' ' not detected
Mg N ' not détected . < 0.2 ppn'i'
Zn ‘ . not detected " not detected
Ba ' ' - ‘ ' not détectéd
Co - L | " not detected

All the annealing experiments were carried out using. specimeéns made
from 24-gauge, Super-Raffinal aluminum wire, At first the wire was wound
as a 4-terminal resistor on.a glass rod, Figure 1, but this was found to be.

unsatisfactory because it was very easy to strain the wire-after annealing and
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before-carrying out the resistance measurements. A new set of wire speci-
mens was made by winding a helix of wire on a mica cross (Figure 1), as is
done for the construction of strain-free platinum resistance .thermometers.
The.data obtained using the latter type of specimens were more reproducible.
The specimens used in the annealing experiments were made small enqugh to
fit through the neck of a helium transport dewar, anq.were~comp1ete1y.cov‘ered
by liquid helium during the low-temperature measurements.

. 'I'he temperature dependence of the resistance was measured on the
wire specimens as-well as on specimens of 1-mm square cross section,
machined from ingots of Super-Raffinal and Zone-Refined aluminum. These
machined specimens were carefully cleaned and degreased prior to anpeal-
ing, and were mounted between two aluminum plates with glass cloth and
quartz.wool for insul;tioﬁ. Fig‘uré 2 shows machined specimens in their
holders.

T4he resis:'tance.measurements were made using a Rubicon six-dial
thermofree potentiometer and a galvanometer amplifier. To limit heafi'ng
effects, the measuring current was kept to about O.é amp for 'the'--\.vir.e-a.nd

"3 amp for the machined -samples. The current yt}as measured by'tl}e‘voltage
-drop across: calibrated shunts. "

- Metallographic:examination after the resis‘tance‘measureme.xvits showed
that all the samples wex;e=polycr~yst,a11ihe. |

A cryostat was:designed to allow resistance measurements in the tem-
perature .range 2-30°K. Temperatures from 2.2 toA4.2 .a;n'd 14 to 20°K
were obtained by pﬁmping_ on liquid helium and liquid "hydrogen; temperatures
between 4.2 and 14 and above '20'°K were obtained by allowing the sample

holder to warm up slowly.
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‘The sample holder"(mac}}ined from electrolytic tough pitch copper) was
‘made in two parts. The iower'pa'ff was permanently mounted in‘side‘ Fhe~cryo-‘
stat and contained'the:carbon resistors and thermocouples used for‘t-empera-
tul;evmeasurement, as well as the reservoirs for the vapor pressure thermom-
eteérs. The reservoir used for hydrogen contained a small amount of ortho- |

‘p.ara conversion catalyst,

.The aluminum sa‘mples»v&ere- securely mounted ‘on the upper part of the
‘same holder, and-all the lead-in wires were clamped securely to the sample
holder prior to.conneCting"them to the alurhinum resistances. Since a number
of resistances were.meaisur‘ed in the same run, the current flow was arranged
in series using relatively heavy copper wires for interconnecting the resistors,
These copper wireé were-also clamped firmiy onto the sample holder.

The upper part of the sample holder was lowered int‘o the cryostat,
where it rested on a cué containing mercury located on the top of the lower
part of the sample holder, The-fnercury layer provided-a-large -area of good
thermal contact between the upper and lower parts of the sample holder,
Arﬁalgam‘ formation'wa‘s slow because the sample holder was not degreased
.and was held at room temperature or below. |

The lower part of the- sample holder had.a chimney éxtension, a 1/8-in, -
thick-wall copper tube, which extended above the top of the upper part of the
sample holder and acted as a radiation shield between the‘aluminuz;n samples
and the walls of the dewar, |

In the 1i<iuid ranges of .hydrogen and helium, the temperatures were
measured by the respective vapor pressures and the aluminum resistances
were completely imme'rse'd'in the liquid. Between liquid helium and liquid

hydrogen, as.well as above 20°K, the temperatures were calculated from the
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resistance of a carbon resistor which was calibrated for each run and. its
resistance fitted with an equation of the type

1/T=A/InR+B+ClnR+DIn°R+E In° R (1)

. Since the above equationAdiAd not give a perfect fit to.the calibration
’pointé,' temperature.'s‘be-'tween 4.2 and 14.0 are not known absolutely to better °
‘than about 0.1°K; the rélativevalues are known to about 0.01°K. The abso-
~1ute. error in temperatures above 20°K is harder to estimate; in that region
some readings were-also made with a gold-cobalt vs copper"thermocouple,
Between 4.2 and 14 and above.20°K, the aluminum resistances were-cooled

by convection by the gas and by conduction along the lead wires.

. Annealing Results

The optimum annealing.conditions are: about 100 hr at 400°C; slow
coolingAtc‘) room temperé.ture; followed by one week sgo'rage-at room tem-
perature. ‘The wire specimens annealed in this. manner gave resistance
ratios R300/R4.2 of abogt 2000, while the machined specimens gave.values
-of about 2200 for Super'-ARaffinal and 6630 for the Zone-Refined material.

It is not known whether this 10% difference in.the resistance ratio be-
4twee.n' wire and machined specimens of the same nominal purity‘is due to a
size -effect or -to.a small amount of impurity pickup.
| . In the-annealing experiments the folllowing parameters were investigated:

1. Effect of annealing temperature. . It was investigated for-a 2 hour

anneal in air, letting the sample.cool down with the furnace — about 1 hour
to room temperature. The results-are shown in Figure 3; the resistance
ratio increases from about 270 for the un-annealed samples to about 1860

for the samplé_s annealed at 500°C. The anomalously low values-at 550°C
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were due to contamination; the brass screws and washers used to hold the
‘aluminum wire in place in the specimens wound around-a glass rod (Figure
1) had welded to the aluminum by diffusion.

2. Effect of quenching. It was found that quenching the samples had,

as-expected, an appreciable effect on the residual resistance. The resist-
ance ratio for the quenched samples (Figure 4) was about 5% lower than

that of the slow-cooled samples. Quenching was obtained by removing the
-samples from the furnace and letting them air cool to room temperature in

a few minutes.

3. Effect of extending cooling schedules. The [vllowing cooling sched-
ule from 400°C did not have any appreciable effect on the resistance rétio:
2 hr at 290°C; 16,5 hr at 170°C; and 10.7 hr'é.t 114°C. However, it was
found that letting the saﬁples stand at room temperature for about one week
-incr\eas’ed tvhe-resi‘stance ratio; thus, the resistance ratio of'a sample in.-
creased from 1930 to 1956 in oné We,ek but did not change thereafter.

4. Effect of vacuum vs-air anneal. There was no appreciable effect

on-the residual resistance when samples were annealed in a vacuum of about
5 microns of mercury.

5. Effect of annealing time. The resistance ratio increases with longer

'annealing times (Figure 4) bu't it seems doubtful that times in excess of 100
hours would do very much good. | From Figuré 4A it caﬁn‘ be noticed that while
at long times there is no difference in annealing at 400 or 500°C, the samples
annealedégﬁ 300°C had éppreciably lower resiétance raﬁios.

‘The resistance measurements on the ‘strain-free wire-samples showed
a high degfee of reproducibility, thus, for a sample of resiétance ratio of
1950,. s‘uéce-ssive measuremeﬁts were reproducible within 0.4%, even t};ough

the sample had been disconnected and reconnected to the measuring leads.
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Temperature -Dependence Measurements

‘Measurements of fhe temperature dependence were carried out on wire
samples of resistance ratios R340"O‘/R4°2 ranging from. 276 to 20A12.,5.nd ma-
chined samples of resistance ratios of about 2200 and 6600,

Before examining the data, it is worth while to describe the way in
which the corrected sample temperature was obtained.” Even though a
seridus attempt had been made at making the samples isothermal With the
. sample holder and the temperature sensors, it was ~realized that some means
“had to be established to ascertain how good the thermal contact really \.ava,s,
and to obtain the effective temperature of each sample.

To determine this, ‘the data were analyzed as f.lollows‘: first, using the

. : ° : 0
values of resistance below 4.2 K, the residual resist”an»ce R was obtained
.by:ext.ra.pola.ting‘-to 0 K.

‘ ' 0 :
- were then cal-

T}.l“e values of the inti'insi:c, resistance R-Ro /R30'0'-R
culated for eacﬁ resistor aﬁd empirically fitted versus temperature using
an equatioﬁ of th‘é :for'm: |
Inr=A/T+B+CT+DT? - ' : SR (2
P o o - A
r = R-R /Ry,q-R o | (3)
When the deviatioﬁ of the experimental values from thos¢ 'calcdlate_d
from equa-tioln (2) was pliotted versus .temperature\(Figure 5), it was observed
that for some of thg resistors the.'re existéd a discphtinuity- in the values of
the deviation at about 14 — 1'5°K anci at 20°K. Each of t‘he points in Figure
.5 ‘corresp'cinds to a pétéﬁtiorhet_er reading; the points appear in pairs at

about the same temperature, corresponding to the two'readings obtained

upon reversal of the - measuring current.



UCRL-6480 -8-

The discontinuity in the values of the deviations can be interp‘reted
‘readily if it is r‘eme.mbeir-ed. that .the resistance reading-s from 20° down ~te
‘about 14°K were obtained with the ‘sample immersed in liquid hydrogen,
while :.the readings from 4.2 up to about 15°K, as well as the readings above
20°K, were obtained while t‘hel 'semples ‘were ~be.ing.'cot>1e.d by convection by
the gas. The discontinuity is then due to the fact that when the samples
were being cooled by the gas, their temperature was somewhat higher Lhan
‘the gla-s temperature., From equation (2) one c-‘a'n obtain the:temperature .co-
efficient. of resistance, and therefore the extent of the corresponding tempera--
ture discontinuity. For the sample shown in -Figure 5, this temperature gap
~was about 0.2°K; for.other samples the temperature gap ranged from 0 to
'0.5°K, and one sample that he.d a loose electrical connection gave a tempera-
ture gap of about 1.5°K. | |

From the value of th1s temperature gap and .estimated values of the
heat transfer coeff1c1ent from the- alummum res1stors to the gas and to the
liquid, a .set of temperature corrections can be obtained an'd applied to all
the ‘measurements. When the corrected values of temperature ‘were fitted
'u51ng equatlon (2), the deviations between the observed and calculated va.lues
no longer showed a gap (Figure 6). |

‘In Figures 7 an.d 8 the reduced resistan.ce is pl‘dtted versus the corrected-
temperature. Tne data in the low-temperature region »(Figure 7) are plotted
Vs T5. " While the 'scatter in _the. data is such that it is not possible to say
‘whether the relation between r ‘and T5 is linear or not below 4.2°K, it'is
clear that a.,ppreciaple deviations from linearity occur for ve_lue's of T5~ of

~about 3800 (T = 5.2°K).
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- A very interesting result is presented in Figure 8, which gives values
of the'redu‘ced' resistance in the temperature region 6-to 22°K. Each sample
has a different temperature coefficient of resistance; if the values of r at
a. given temperature are plotted versus the resistance ratio, a.smooth curve
- is obtained for values of R300/R4.2 ranging fror1;1 1834 to 2270. For this
reason the.data obtained on samples of resistance ratios 1921 and 1979 are
not shown in Figure 8. It should b.e remembered that these aluminum
sarﬁples are of the same nominal purity and differ only in the degree of anneal;
the wire sampies were all obtained from the same spool; The results are
listed in Table 2. |

It is unfortunate that the temperature coefficient was not measured

on samples of resistance ratios between 276 and 1834 and between 2200 and

6600.
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Table 2. Reduced Resistance, R-R _/R300—R versus Temperature for Aluminum Samples

Resistance ratio R300/RL_.Z

08%9-TYDN

6630 2270 2242 2012 1979 1921 1834 276
x 1077
x 10”7
7 X 10'6
x 1078
13 %x107°
70 X 107° 1.8G X 1072 1.82 x 1072
46 %1070 2.78 % 107° 2.94 x 1072
32 x 107 4.50 X 107° 4.13%x 1077 4.52 x 107
33 %1073 6.40 % 107> 5.75 X 107" 5.90 X 107 ' © 6.68x107°
51%107° 8.2 x107° 7.52 X 1077 7.98 X 1072 9.40 X 1072
.84 X 1072 1.02 % 1074 9.56 X 1077 1.02 x 1074 ’ 1.06 x 107% .24 x 1074
38X 1072 1.25 x 1074 1.18 x 10”% 1.27 x 1072 A 1.3a x 1074 1.57 x 1074
o1x107% 1.50 x 107* 1.44 x 107% 1.57 x 1074 1.63 % 1074 1.60 x 107% 1.65 x 107% 1.96 x 1074
a9 x 1074 1.77 x 1074 1.73 x 107% 1.89 x 107% 1.95 * 10”% 101 x 1672 1.99 x 107% 2.42x 1074
43 x107% 2.06 x 107% 2.05 x107* 2.26 x 107% 2.32%107% 2.50 x 107% 2.37x107% 2.92 x 1074
69 x 1074 2.46 x 1074 2.43x 1071 2.67 x 1074 273 %1074 2.72x 1074 2.78 x 107% 3.53 x 1074
01 x107% 2.90 x 1074 2.84 x107% 3.13 x 1074 3.20 x107% 3.21x107% 3.28 x 1074 431 x10°%
39 %1074 3.40 x 107% 3.36 x 1073 3.66 x 10°% 3.76 x 1072 3.74x10°% 3.84 x 1074 5.20 x 1074
.86 x 1074 3.96 x 1074 3.94 x 1074 4.23x 1074 435%107% . a36x10t 4.52 x107% 6.30 x 1074
457 x 1074 5.30 x 1074 722 x10"%
5.77 x 1074 6.25 x 10°4 8.38 x 1074
23 50 x 1074
24 08 x 1073
25 22x1073
26 .37 % 1073



L UCRL- 6480

REFERENCES

BOORSE, H. A., and NIEWODNICZANSKI, H., Proc. roy. Soc. Al53,
463 (1936)

CARON, J., Bull, Inst, int. du Froid, Annexe 1956-2, p. 51-62
POWELL, R. L., HALL, W. J., and RODER, H. M., J. appl. Phys.
31, 496 (1960)

WERNICK, J. H.,, DORSI, D., BYRNES, J. J., Trans.electrochem.
Soc. 3, 245 (1959)

ALBERT, P., MONTARIOL, F., REICH, R., and CHAUDRON, G.,
Radioisotope Conference, 1954, Vol. II, edited by J. E. Johnson,

Academic Press, New York, 1954, p. 75



UCRL-6480 -12-

Figure 1. Aluminum wire specimens



Figure 2.

Aluminum machined specimens
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