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Purification of Ultra-High Purity Aluminum

E. Hashimoto, Y. Ueda and T. Kino*

Laboratory of Crystal Physics, Faculty of Science, Hiroshima University, Higashi-Hiroshima 739,
Japan
* Hiroshima-Denki Institute of Technology, Hiroshima 739-03, Japan

Abstract. Zone refining was applied experimentally to high-purity aluminjium produced by a combination of
the three-layer electrolytic refining process and the segregation process. The cropping procedure was effective in
increasing the efficiency of zone refining. The highest residual resistance ratio R(300K)/R(4.2K) obtained was

more than 150 000 in the bulk value, corresponding to a refined purity better than 99.99999 %.

1. INTRODUCTION

Many properties of materials are very sensitive to the presence of impurities even in trace amounts. For this
reason, in recent years, the necessity for high-purity materials has been fast increasing in fundamental
research as well as in practical applications.

In our laboratory, considerable efforts have been made to obtain high-purity aluminium by zone refining
in order to investigate the intrinsic properties of metals. The purity of aluminium so far obtained was
99.9999 %, and its residual resistance ratio in bulk was about 30 000 [1]. However, recent development of
very high precision techniques enable us to detect impurity effects even in ppm amounts or less. This urges
on us the necessity of further purification.

The main purpose of this work is to obtain 99.99999 % aluminium by zone refining. In purification
utilizing the segregation phenomenon during solidification, refined purity varies depending on the raw
purity of the material. Therefore, as starting material, we adopted high-purity aluminium (> 99.999 %)
produced by a combination of the three-layer electrolytic refining process and the segregation process [2,3].
Furthermore, in order to increase the efficiency of zone refining, a cropping procedure {4] was applied to

zone melting.
2. EXPERIMENTAL PROCEDURE

The starting material used in this work was 99.9999 % pure aluminium supplied by the Sumitomo Chemical
Co., Ltd., and its residual resistance ratio in bulk was about 15 000. The material rod (10mm x 22mm x
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22mm x 900mm) was first scraped to remove surface oxides and rinsed in acetone and in distilled water.
Then the rod was set on a reactor grade graphite boat inside a quartz tube. This assembly was attached to a
vacuum system with a cryosorption pump or a sputter ion pump.

Zone melting was performed by induction heating in a vacuum better than 2 x 10”7 Pa. Two procedures
were applied to zone melting: one was the conventional procedure, in which refining was carried on
throughout the rod; another the cropping procedure [4], in which impurity-enriched regions in both top and
tail sides of the rod were separated after each zone pass. The zone speed and the zone length were fixed at
55 mm . h'! and 30 mm, respectively, in the light of the optimum conditions determined previously [1].

Five aluminium rods, A, B, C, D and E, were zone refined in the following way :

Rods A and B: zone-passed once and 10 times, respectively, by use of the conventional method.

Rod C: zone-passed 5 times conventionally, and subsequently S times by a repetition of the cropping
procedure. In the latter procedure, at least complete zone lengths were separated successively from both top
and tail sides after each zone pass.

Rods D and E: zone-passed 30 and 60 times, respectively, only by use of the cropping method. In this

case, the material quantity separated from each side was 1/g~1/4 of zone length.
The efficiency of zone refining was estimated in terms of bulk residual resistance ratio RRR;, defined

by p(300 K)/p(4.2K), where p(300 K) is the electrical resistivity measured at 300 K and p,(4.2 K) is the
size-corrected resistivity at 4.2 K.

The samples for the resistance measurement were prepared in the following way. For zone-refined
aluminium rods A and B, small pieces were first cut from the rod, roiled to 0.5 mm thickness, and then cut
in the form of 0.5mm X 3mm % 60mm as the sample. For rods C, D and E, the single-crystal samples of
Imm X 3mm x 20mm were cut parallel with the rod axis by spark erosion. All the samples were
chemically etched in aqua regia and rinsed in distilled water. Then zone-refined aluminium wires 0.3 mm in
diameter were spot-welded on to the sample as the electrodes for the resistance measurement. The samples
thus prepared were annealed in air at 573 K for 3 h, and furnace-cooled to room temperature.

The resistance measurement was performed by the standard four-terminal method. The resistance at
4.2 K was measured with a dc comparator potentiometer with a sensitivity of £0.5 nV  (Guildline Model
9930), or with a superconducting chopper amplifier with a sensitivity of 2 pV. The measurement at 300 K,
on the other hand, was made with the former instrument for all the samples.

3. RESULTS AND DISCUSSION
The starting material used was analyzed by glow discharge mass spectrometry (GDMS) [2]. According to
a typical analysis, the main impurities are:

B (0.02); F (<0.14); Na (0.05); Mg (0.27); Si (0.57); P (0.07); Cl (0.03); K (<0.07);

Sc (0.06); Ti (0.03); V (0.02); Cr (0.01); Fe (0.04); Cu (0.15); Se (0.02); Cd (0.02).

The figure in parentheses indicates the impurity concentration in at.ppm unit. Other impurities are all of

less than 10 at.ppb. The analysis, in connection with the electrical resistivity of unit impurity concentration,
satisfactorily explains the residual resistance ratio of about 15 000 in bulk.

The existence of Sc, Ti, V and Cr in the starting material will restrict the gain in purity in the
conventional zone refining procedure, since the distribution coefficient & = 0.9 for Sc while £ > 1 for Ti, V
and Cr. Besides, these impurities make a large contribution to the electrical resistivity.
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Figure 1 shows the bulk residual resistance ratio RRRy, [= p(300K)/p(4.2 K)] plotted as a function of
distance from the top in the last zone pass for zone-refined aluminium rods A, B, C, D and E. Here,
P(300K) = 27.33 nQ2 : m [5]. The size correction of the resistivity p(4.2 K) at 4.2 K was carried out

numerically according to the Fuchs-Sondheimer theory [6], assuming that the specularity parameter p = 0
and that the product of bulk resistivity and bulk mean free path pj, = 0.82 fQ.m?2 [7,8]. The former

assumption is reasonable, since the sample surface is rather rough after the etching [7 ].
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Figure 1: Bulk residual resistance ratio RRRy, plotted as a function of distance from

the top in the last zone pass for zone-refined aluminum rods A, B, C, D and E. Rods
A and B: zone-passed once and 10 times, respectively, by use of the conventional
procedure. Rod C: zone-passed 5 times conventionally and subsequently 5 times by
use of the cropping procedure. Rods D and E: zone-passed 30 and 60 times,
respectively, by a repetition of the cropping procedure. The symbols denoted by C,
D' and E' indicate the values of RRR}, along the < 110 > current direction in single
crystals with the {110} surface, prepared from zone-refined aluminum rods C, D

and E, respectively.
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The RRRy, in rod A, zone-passed once conventionally, is about 20 000 in the first half, while it
decreases with the distance from the top in the second half. The main impurities remaining in the purer half
of the rod are:

Na (<0.12); Mg (0.03); Si (0.42); Sc (0.07); Ti (0.023); V (0.018); Cr (0.015); Fe (0.03); Cu (0.08).

These results yield a RRRy, of about 20 000 which is consistent with the measured value. The RRR,
after 10 zone passes (rod B) reaches about 30 000 in a large part of the rod. However, the analysis indicates
that the major contribution (about 80 %) to p,(4.2K) is due to Sc, Ti, V and Cr, and that these impurities
exhibit only a slight change in their distribution even after 10 zone passes; for example, Sc (0.07), Ti
(0.023), V (0.014) and Cr (0.012) at a distance about 0.5 m from the top.

With the conventional procedure, the gain in purity per zone pass decreases with increasing numbers of
zone passes. It becomes zero when approaching the ultimate impurity distribution. The establishment of the
ultimate distribution is caused by impurity-enriched regions at both top (k> 1) and tail (k< 1) ends of the
rod [9]. In addition, it has been pointed out that the slope and curvature of the impurity-concentration profile
in these regions cause pronounced backward diffusion. A high diffusion rate competes with the segregation
effect, leading to a plateau in the concentration profile. The resulting distribution is far from reaching the
ultimate distribution without considering backward diffusion [4]. Therefore, it is very difficult to obtain
99.99999 % aluminium only by a repetition of the conventional procedure.

With the cropping procedure, on the other hand, it has been shown that the gain in purity per zone pass
becomes constant after a certain number of zone passes, and that the influence of backward diffusion is
decreased [4]. Therefore, we applied the cropping procedure to zone melting in order to attain our purpose.
In particular, this procedure may be effective in reducing the influence of backward diffusion of Sc atoms,
since they can diffuse fast in aluminium with an activation energy of about 0.094 aJ (0.6 eV) [10,11].

The RRR, in rod C, zone-passed 10 times by a combination of the conventional procedure and the
cropping procedure, increases from about 20 000 to 45 000 with the distance from the top. This may be due
to redistribution of impurities with k> 1, such as Ti, V and Cr, and suggests the effectiveness of the
cropping procedure. In fact, after repeating the cropping procedure 30 and 60 times, RRR,, increases
rapidly and reaches about 90 000 (Rod D) and 100 000 (rod E), respectively. These values correspond to
99.99999 % purity when the contribution to py,(4.2K) is mainly due to Sc, Ti, V and Cr as expected from
the analysis of rod B.

The results as shown in Fig.1 clearly show that the cropping procedure is effective in increasing the
efficiency of zone refining. However, RRRy, in rods C and D clearly exhibits a hump in the region at the top
side. This may be due to compeltition between the effect of backward diffusion and the segregation effect of
impurities with k> 1, but details are not clear.

Recently we have found anisotropy of the bulk residual resistivity py(4.2K) in high-purity aluminium
single crystals with the {110} surface [12,13]. In theory as well as in experiment, the anisotropy of the
bulk residual resistivity has not yet been predicted for a cubic system such as aluminium [14]. The results
show that p,(4.2K) increases in the order of the axis direction (i.e. current direction) <110>, <111> and
<100>. This anisotropy is important in the determination of the correct value of RRR,, in high-purity
aluminium.

We therefore tried to measure py(4.2 K) along the axis direction (i.e. current direction) < 110 > in

single crystals with the {110} main surface. The single crystals were cut from the zone-refined aluminium
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rods by spark erosion. The residual resistance ratio RRRy, thus obtained is also shown in Fig.1. The RRR,
of the single crystals is exceedingly large and becomes more than 150 000 after repeating the cropping
procedure 60 times, indicating that the resistivity due to impurities is less than the phonon resistivity at 4.2
K. This again emphasizes that the cropping procedure is effective in increasing the efficiency of zone
refining, and that the anisotropy of the bulk residual resistivity py(4.2 K) becomes significant with
increasing refined purity.

In this work, we tried zone refining of high-purity aluminium produced by a combination of the three-
layer electrolytic refining process and the segregation process. A cropping procedure was applied to zone
melting to increase the efficiency of zone refining. The highest value for RRR,, obtained was more than
150 000, corresponding to 99.99999 % aluminium.
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