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High purity aluminium is widely used in electronics applications such as electrolytic capacitor foils, hard disk

substrates, wiring materials in semiconductors utilizing its controllability of oxide layer and its absence of impurities

or inclusions. It is also used as an electrical and thermal conductor for superconducting magnets at low temperatures.

Here the recent progress in refining technologies for high purity aluminium and its physical properties and appli-

cations at low temperatures are shown.

This paper is translated from R&D Report, “SUMITOMO KAGAKU”, vol. 2013.

Introduction

High purity aluminium is used for a wide range of
electronics applications, including anode foils for alu-
minium electrolytic capacitors, hard disk substrates,
bonding wires, and wiring materials for semiconductors
and liquid crystal display panels, due to the following
reasons: Oxide films having excellent permittivity and
insulation properties can be obtained through surface
treatment; high purity aluminium contains only a small
amount of impurity elements, precipitates and inclu-
sions; and it has high electrical and thermal conductivi-
ties. In recent years it has been used in stabilized super-
conductors and thermal conductors, making the most
of its outstanding properties, which can be demonstrat-
ed at low temperatures.

Sumitomo Chemical is one of the world’s leading pro-
ducers of high purity aluminium. For many years our
technology and quality has been highly valued by our
customers. This paper introduces the refining process-
es, low-temperature properties and application examples

of high purity aluminium.

Refining Processes

The purity of primary aluminium manufactured using
the Hall-Héroult process generally ranges from 99.5% to
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99.9%. However, an additional refining process is
required for the production of high purity aluminium
having even higher purity. The major refining processes
currently used in Japan and other countries are the seg-
regation process and the three-layer electrolytic refining
process (three-layer process). Through those processes,
high purity aluminium having a purity of 99.98% or
greater is manufactured. Additionally, the most com-
monly used notations for purity are 4N (four-nine) for
99.99% and 4N8 (four-nine-eight) for 99.998%.

Ultra high purity aluminium having a purity of 5N or
higher (SUPRAL®) is used for sputtering targets to fab-
ricate wiring materials for semiconductors, as well as
for liquid crystal display panels, stabilizers for supercon-
ductors and thermal conductors. For the aluminium
manufacturing methods used to achieve such high puri-
ty levels, the three-layer process, zone refining process
and organic aluminium electrolytic refining processes
are generally known, as are the combinations of those
techniques. Accompanied by the recent progress in ana-
Iytical techniques, new refining techniques have been
developed. In this paper we will explain the major refin-

ing processes.

1. Three-Layer Electrolytic Refining Process
(Three-Layer Process)

The molten salt electrolytic process for refining alu-
minium was begun as a trial by the U.S. researcher W.
Hoopes in 1901. This technique was industrialized in
1919 by Alcoa. Subsequent to its initial industrialization,
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its cell structure, method of operation and electrolyte
composition have been repeatedly improved by engi-
neers in many countries, and in turn the current three-
layer process has been established. In Japan, our com-
pany (former Sumitomo Aluminium Smelting Co., Ltd.)
succeeded in its industrial operation and, in 1942, began
manufacturing high purity aluminium having a purity of
99.99%.D-2)

Fig. 1 shows the structure of a three-layer electrolytic
refining cell. High purity aluminium is manufactured
through an electrolytic refining process in which the
anode alloy layer, electrolyte layer and cathode (refined)
aluminium layer are retained at a specific gravity differ-
ence in a refining cell. The bottom layer of the anode
alloy is composed of aluminium alloy containing 30% to
40% of copper, and its specific gravity is approximately
3.0g/cm?. Because the aluminium contained in the
anode alloy is electrolytically transported to the cathode
layer, it is necessary to charge the raw aluminium to the
anode alloy layer at an amount equal to the deposition.
The specific gravities of the aluminium in the middle
layer (i.e. the electrolytic bath) and the top layer (i.e.
refined cathode aluminium) are approximately 2.7g/cm?

and 2.3g/cm?, respectively.

99.9%Al

1 1
High purity Al (2.3g/cm3)
Electrolyte (2.7g/cm?)

Al-Cu (3.0g/cm3)

BGEEEM  Schematic diagram of three-layer electro-
lytic refining process

The electrolyte plays the most important role in the
electrolytic refining process and has the following con-
ditions:

e It has a specific gravity between those of the anode

alloy and the cathode aluminium;

e It is a metallic salt which is more active than alu-

minium,;

e It has a low melting point and a low volatilization

loss and it is chemically stable; and

e It has high electrical conductivity.

The electrolytic baths that fulfill the above conditions
are ones that utilize fluorides, chlorides or mixed salts
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of Na, Ba, Al, Ca and Mg. Of those elements, Ba salts
are chosen to enlarge the specific gravity.

We at Sumitomo Chemical have significantly reduced
impurities such as Fe, Si and many others through the
implementation of measures to prevent inclusions, qual-
ity assurance of various raw materials and furnace mate-
rials, and computerized operation control. Consequently,

we have achieved purity of 5N or greater.

2. Segregation Process

The segregation process is a purification method
based on the segregation phenomenon that occurs upon
the solidification of alloys. This method was industrial-
ized during the second half of the 1970s. Beginning in
1981, several companies in Japan (including Sumitomo
Chemical) industrialized the segregation process using
their own proprietary technologies. The segregation
process can be roughly classified into fractional crystal-
lization, unidirectional solidification and some other
methods.? Our company uses the unidirectional solidi-
fication method.

In a binary alloy system when the ratio between the
impurity concentration C; of the liquid phase and the
impurity concentration Cs of the solid phase in equilib-
rium is expressed using the equilibrium distribution
coefficient K=Cs/C;, by cooling the molten aluminium
containing so-called the eutectic impurity elements hav-
ing K smaller than 1 (such as Fe or Si), purified primary
crystals with the impurity concentration KC, (C,: initial
impurity concentration) will be produced. Purification is
achieved by isolating such primary crystals from the
remaining liquid (Fig. 2).

Conversely, because the so-called peritectic impurity
elements having K larger than 1 (such as Ti, Cr and Zr)
become concentrated in the solid phase, B is commonly
added prior to the segregation process to separate the

peritectic elements as borides.
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During the equilibrium solidification, the solidifica-
tion of the eutectic alloy having an initial impurity con-
centration of C, begins at KC,. The solidification pro-
gresses while discharging solute elements into the
liquid phase. However, in the unidirectional solidifica-
tion used in practical situations, an impurity-concentrat-
ed layer is formed in the liquid phase in the vicinity of
the solid-liquid interface, thus causing the impurity
concentration in the solid phase to become higher than
that of the equilibrium solidification. When this occurs,
assuming that the impurity concentrations of other lig-
uid phases (except for the impurity-concentrated layer)
are constant due to convection or other reasons, the
apparent distribution coefficient (K,: effective distribu-
tion coefficient) can be expressed using the formula

shown below:

_Gs_ K

K=, " K+A-K) -expCRo/Dy)

(0<K<K,<1) (1)

R : Solidification rate

o :Thickness of the impurity-concentrated layer

D, : Diffusion coefficient of the solute element in the

liquid phase

It is effective to reduce the solidification rate and the
thickness of the impurity-concentrated layer in order to
allow K, to become closer to K. Because a reduction of
the solidification rate will in turn reduce the productiv-
ity, in the production process producers attempt to
reduce the thickness of the impurity-concentrated layer
by mechanical stirring of the liquid phase or other
methods.

Fig. 2 shows the schematic diagram of our company’s
refining process. Molten aluminium is poured into a cru-
cible. While rotating the crucible and heating and stir-
ring the upper part of the molten aluminium, the refined
aluminium is sequentially solidified from the bottom.
Once a certain amount of refined aluminium has been
solidified, the remaining molten aluminium containing
a lot of impurities is discharged, whereupon the remain-
ing solidified high purity aluminium is retrieved from
the crucible. Generally, in comparison to the three-layer
process described above, the segregation process for
high purity aluminium production requires a smaller
capital investment and manufacturing costs are also
smaller due to low power consumption. However, the
purity of aluminium obtained through the segregation
process depends on the purity of the raw material, and
it usually ranges from approximately 3N8 to 4N5. Such

high purity aluminium is mainly used as the raw materi-

SUMITOMO KAGAKU 2013

al for anode foils in aluminium electrolytic capacitors

and for hard disk substrates.

3. Ultra-high Vacuum Melting Refining Process

The aluminium refining method by which high puri-
ty aluminium is melted in an ultra-high vacuum is
called ultra-high vacuum melting. The principle thereof
is generally assumed to be based on the difference in
saturated vapor pressure between the aluminium and
the impurity elements.

This section describes the results of ultra-high vacu-
um melting performed on our company’s 6N alumini-
um, of which industrial mass production has been suc-
cessfully achieved:¥- 9

First, the raw material was processed into a pillar
shape. The pillar was then positioned in a cooled cru-
cible in the vacuum chamber. Subsequently, the materi-
al was melted in an ultra-high vacuum by high-frequen-
cy heating, which was maintained for a predetermined
time. The material was solidified by gradually decreas-
ing the power of high-frequency heating. The degree
of vacuum reached before the point of melting was
3x10-8 Pa, and the degree reached during melting was
3~6x1076 Pa.

Fig. 3 shows the appearance and a cross section of
the melted sample. Position F and the areas above F are
the more refined areas due to vacuum melting, and
coarse crystal grains have been obtained from those
areas by slow cooling. Given the high purity of 5N or
greater, the number of ingredients of which the quantity
is lower than the detection limit for impurity analysis
would increase. Therefore, marking of the total impuri-
ties can be difficult in some cases. For this reason the
residual resistivity ratio (RRR) is often used as an index
of high purity. To explain it briefly, RRR is a ratio of the
electrical conductivity at a low temperature (generally
4.2K) to that at room temperature. The purer the mate-
rial is, the higher the ratio will be. Because RRR does
not depend on evaluation equipment and can be conve-
niently used, it is widely used as a purity index. An RRR
sample was collected from each position and the RRR
values were measured after annealing to relieve stress.
Fig. 4 indicates the results of the RRR measurement of
the samples. Additionally, the values obtained after con-
ducting a size-effect correction—which will be described
later—are expressed as RRR,. Furthermore, the residual
resistivity ratio analyzed based on the results of the
impurity analysis conducted on each position is also
shown as RRR,. The tendencies of RRR, and RRR, are
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BN Aluminium ingot purified through
ultrahigh-vacuum melting.
(a) Photographs and (b) cross section of
etched surface. A-H show the sample
positions for composition analysis and
resistivity measurements. 4
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consistent, and the area from position A to position F
has been refined better than the raw material indicated
as R.M. The RRR, of position B was approximately
40,000, which was approximately twice as large as that
of the raw material. Positions G and H were thought to
be the regions which had been solidified by coming into
contact with the cooled crucible immediately after melt-
ing, and in those positions no remarkable purification
effects were achieved. As a result of impurity analysis
conducted using glow discharge mass spectrometry
(GDMS), the total value of Si, Fe and Cu was 0.2ppm or
smaller in well refined regions.

A significant characteristic of this refining method is
the fact that a high purification effect can be achieved
within a relatively short period of time. It is particularly
effective for the reduction of elements having a large
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saturated vapor pressure, such as Mg. Furthermore, it
can be theoretically surmised that this method can effec-
tively reduce gaseous ingredients such as C, O and N.
However, it is necessary to further examine this area,

including the analysis method.

4. Zone Refining Process

After melting one side of a long, slender raw material,
if the melting part is slowly moved toward the other end
of the material either by moving the material itself or
moving the heating mechanism, the impurity elements
will move toward the same end based on the same prin-
ciple of the segregation process. This technique for
refining other zones of the raw material (except for the
melting end) is called the zone refining process. The
melting operation can be performed only once, or it can
be repeated to enhance the purification effect. The raw
material can be positioned horizontally or vertically. For
the heating mechanism, several techniques—such as
resistance heating, high frequency induction heating
and optical heating—can be utilized. Although the zone
refining process is suitable for small-quantity production
due to its lengthy refinement time, high purity exceed-
ing 6N can be achieved by using high purity aluminium
obtained through the three-layer process as the raw
material .

We will now describe the results of the purification
experiment conducted on our company’s aluminium
having a purity of 6N.® The raw material was processed
into a square pillar having a length of 900 mm. The pillar
was then positioned on a graphite boat and heated using
a high-frequency coil. The zone refining was performed
by moving the melting part by 5 or 10 passes. The puri-
fied sample was then cut up at even intervals, after
which RRR was measured and the impurities were ana-
lyzed at each black-dotted point as shown in Fig. 5. Addi-
tionally, the RRR values were organized with the RRR,;
values, which were obtained after the correction of the
size effect (described later).
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Fig. 6 shows the results of the RRR measurements.
Because impurities such as Si, Fe and Cu moved toward
the final melt zone (the tail zone) and concentrated
there, the RRR values at the final melt zone became
lower than 21,000, which was the value of the raw mate-
rial. It can be observed that RRR values exceeding that
of the raw material were achieved over a broad area out-
side the final solidification zone, and thus it became
refined. Some elements such as Ti moved toward the
point where melting had started (the top zone), and con-
sequently the area near the center of the material
became refined most adequately, thus achieving high
RRR values in excess of 50,000. Additionally, the sample
ZR-04 had half of the moving velocity of the melt zones
ZR-01 and -02, and by decreasing the moving velocity
(i.e. prolonging the refining time) the purification effect

was further improved.
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B Measured residual resistivity ratio for
zone-refined aluminium. Zone speed was 60
mm/h for ZR-01 and ZR-02, and 30 mm/h
for ZR-04.9

The study on simulation techniques for more efficient
investigation into purification conditions is progressing
as well. In this study, based on the solidification model
known for quite some time,” the manner in which the
concentration in the melting side and that in the solid
phase side at the solidification interface change accord-
ing to the movement of the melt zone is observed. Here,
the method by which to evaluate the thickness of the
impurity-concentrated layer and the concentration gra-
dient in this layer is crucial because, in the melt zone,
the impurity-concentrated layer and the stirring zone
are present.

First, in the stirring zone it is assumed that the impu-
rity concentration is constant. The degree of impurity
in the concentrated layer can be expressed using an
exponential function. It is assumed that it can be han-
dled as a constant value, and thus a simplified model is
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introduced. Accordingly, the thickness of the impurity-
concentrated layer was obtained through a comparison
with the GDMS impurity analysis results, and the purifi-
cation effect of each element was simulated.

Fig. 7 shows the results of the impurity analysis and
the simulations for Ti and Si. The phenomena whereby
the elements having a distribution coefficient larger than
1 move toward the starting point of the melting process,
while those having a distribution coefficient smaller than
1 move toward the zone where the melting process has
been completed, were also reproduced in the simulation.
Additionally, the simulation values and analysis values
were very consistent. Furthermore, regarding Mg, the
result of impurity analysis was significantly smaller than
the simulation result. It can be surmised that this is
because Mg became evaporated and disappeared in
vacuo due to its high vapor pressure. Because those
results indicate that the purification behaviors of a large
number of elements (except for Mg) can be successfully
evaluated and that the effects of experimental conditions
such as the number of passes can be examined through
this simulation, it can be concluded that this simulation
technique is an effective tool.
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About Low-Temperature Properties

We have thus far explained the techniques to increase
the purity of aluminium. There are several properties
that will change along with the purification. Of such
properties, those that will show a remarkable change
are electric and thermal conductivities at low tempera-
tures. In proportion to the improvement of purity, the
electric and thermal conductivities will increase. Partic-
ularly, high purity aluminium shows extremely high con-
duction properties at low temperatures, as is the case
with aluminium used in the field of superconductors
(temperatures below 30 K are also referred to as cryo-
genic temperatures). As with oxygen-free copper (high
purity copper), which is well known as a thermal con-
ductor at low temperatures, it is useful as a peripheral
member in superconducting magnets. Occasionally,
high purity aluminium is positioned in the magnetic field
upon application. Thus the physical-property change in
the magnetic field is important. Furthermore, when alu-
minium reaches high purity, the effect of the sample
size on conductivity increases. It is therefore important
to understand such a phenomenon. Below we will
describe the low-temperature properties, mainly by
focusing on the evaluation results of our company’s high
purity aluminium.

1. Temperature Dependency of Conduction
Properties

The conduction properties of aluminium change sig-
nificantly in the temperature zone ranging from low up
to room temperature. Particularly, in high purity alu-
minium the conductivity can become 10,000 times
greater. In order to understand and make the most of
such conductivity over a broad temperature range, as
well as the electrical resistivity, which is its inverse, it
is essential to understand the factors of electrical resis-
tivity. The electrical resistivity factors include phonon,
impurity elements (chemical impurities), surface scat-
tering, point defects, line defects (dislocations) and
plane defects (grain boundaries and stacking faults),®
and it has been known as Matthiessen’s Rule that the
resistivity components of each factor are countable.
Generally, the effects of phonon and impurity elements
are large.

A phonon is a quantum of lattice vibration energy.
Lattice ions in aluminium crystals are arranged with
periodicity and thermally vibrate around the equilibri-
um position. The quantized lattice vibrations are called
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phonons. As seen in the schematic diagram (Fig. 8) of
the aluminium temperature and electrical resistivity,
which have been known for many years, phonons are
the dominant factor in the electrical resistivity around
room temperature. Therefore, even though the alu-
minium purity differs, the change in the electrical resis-

tivity around room temperature is relatively small.
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BN Schematic diagram of aluminium purity
dependence on specific resistivity

When temperature drops, the contribution of
phonons to the electrical resistivity suddenly declines,
thereby reducing the electrical resistivity. The effect of
phonons can be ignored at low temperatures such as
the 4.2K of liquid helium, and instead the impurity ele-
ments become the principal factor in electrical resistiv-
ity. Therefore, the higher the purity is, the smaller the
electrical resistivity will be. One can understand that
when the effects of other factors such as point defects,
line defects and surface scattering can be ignored, if
the purity improves by one digit, the electrical resistiv-
ity at a low temperature will decrease by one digit.

In reality, the resistivity will be inconsistent with that
shown in the schematic diagram if the aluminium puri-
ty is extremely high due to the following reasons: The
effects of impurity elements on the electrical resistivity
vary depending on the elements; the sample size is lim-
ited; and the effects of other crystal defects cannot be
ignored. Therefore, we have measured the electrical

resistivity of our company’s high purity aluminium
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sheets. The following aluminium sheets, each having a
thickness of 0.5mm, were prepared: 2N7, 4N, 5N and
6N that could be industrially mass produced; 6N7 man-
ufactured through the zone refining process; and the
comparison material 5N-Cu. Next, these aluminium
sheets were annealed in vacuo in order to remove
strain. The electrical resistivity of these sheets was
measured at temperatures ranging from 4.2 K up to
room temperature. Consequently, while the differences
in resistivity among the sheets having different purities
were minimal at room temperature, such differences

were considerable at low temperatures, according to
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the purity of the aluminium (Fig. 9). Moreover, while
the electrical resistivity of 5N-Cu was lower than that
of high purity aluminium sheets at room temperature,
at low temperatures 5N-Cu showed higher resistivity
than the high purity aluminium sheets having a purity
of 4N or greater.

2. Conduction Properties in a Magnetic Field

The magnetoresistance effect is the phenomenon by
which the electrical properties of a metal change in a
magnetic field. Materials for use at low temperatures
are occasionally exposed to magnetic fields. For exam-
ple, a clinical MRI generally uses magnetic fields rang-
ing from 0.5 to 3 tesla, and an analytical NMR uses
even higher magnetic fields. Therefore, the physical
properties in a magnetic field are important. It has
been known that the tendency of the magnetoresis-
tance effect varies between bivalent metals such as Cu
and metals having odd-number valences, such as Na
and Al. Although the measurement of the magnetore-
sistance of aluminium has been reported by Lutes,
Stevenson and Hartwig, et al.,” -1V there is no suffi-
cient measurement data regarding high purity alumini-
um, which has recently become industrially available.
Thus we will report the recent evaluation of our com-
pany’s aluminium.!?

In order to evaluate the transverse and longitudinal
electrical properties, two types of quartz jigs were pre-
pared (Fig. 10).

©

Quartz holder \

Mounting case  Superconducting Magnet

IEEEIN Diagrams of quartz holders with samples for measuring transverse magnetoresistance (a) and longitudi-
nal magnetoresistance (b), along with geometry of quartz holders, sample mounting case made of GFRP,

and superconducting magnet (c).!?
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1N Chemical compositions of 5N, 6N, and 6N8-Al (wt-ppm)

Si Fe Cu Mg Mn Zn Ti Ga Total 1*1  Total 2*2
5N-Al 2.3 0.60 1.1 0.48 0.007 0.22 0.060 0.006 4.0 <4.8
6N-Al 0.34 0.089 0.14 0.10 0.004 0.002 0.027 0.001 0.57 <0.71
6N8-Al 0.003 <0.001 0.016 <0.001 0.006 <0.001 0.031 <0.001 <0.020 <0.060

*1: sum of Si, Fe, and Cu,
*2: sum of Si, Fe, Cu, Mg, Mn, Zn, Ti, and Ga.

First, high purity aluminium wires with chemical com-
positions shown in Table 1 were created and fixed onto
the quartz jigs. Next, in order to remove strain that
occurred during the process, annealing at 773K was per-
formed, then the quartz jigs were fixed onto a holder
made of glass fiber reinforced plastic (GFRP). This sys-
tem was then fixed onto a superconducting magnet and
soaked in liquid He, whereupon the RRR values were
measured in the magnetic field. Fig. 11 depicts the elec-
trical resistivity measurement results observed when a
magnetic field was applied to the sample vertically
(transverse magnetoresistance). When a relatively low
magnetic field up to 0.5 tesla was applied, the electrical
resistivity increased significantly. Furthermore, in high
magnetic fields the changes to the electrical resistivity
became smaller, and the resistivity between 0.5 and 15

—o—5N-AH  —x— 6N-AH —e—6NSAH —»— 5N-Cu-l

-0 BN-AR2 - -- 6N-AR2 - -- 6N8AL2 ---A-- BN-Cu-2

o ON-AR3 - -- 6N-AL3  ---e-- 6N8AL3 5N-Cu (ref.)
100 - ——— 6N-Cu (ref.)

1.E-10

Resistivity at 4.2 K (Qm)

o
w

10 15

M agnetic flux density (T)

m Transverse magnetoresistance at 4.2 K of
0.5-mm-diameter-specimens. Dashed lines
show the results obtained using the delta
mode method, while solid lines show the
results obtained from the use of a DC cur-
rent source. The literature data are also

plotted for comparison as 5N-Cu (ref.) and
6N-Cu (ref.).12
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teslas showed a tendency toward saturation. The result
from the measurement of the 5N-Cu wire, which was
performed in the same manner for the purpose of com-
parison, and the literature data of 5N-Cu and 6N-Cu!®
are also shown in the figure. It can be observed that the
experimental data and the literature data are mutually
consistent. The behavior of the magnetoresistance effect
of the high purity copper differs from that of aluminium,
and the electrical resistivity increased monotonously
without becoming saturated toward the magnetic field.
Table 2 shows the measurement results of the elec-
trical resistivity observed when the magnetic field was
horizontally applied to the sample (longitudinal magne-
toresistance), as well as the previously described trans-
verse magnetoresistance measurement results. As with
the transverse magnetoresistance, the magnetoresis-
tance behavior differed between aluminium and copper.
In the longitudinal magnetoresistance measurements,
the increase in electrical resistivity due to the magnetic
field (i.e. magnetoresistance effect) was smaller than
that for the measurement of transverse magnetoresis-
tance. Furthermore, in aluminium having purities of 6N
and 6N8, the electrical resistivity became smaller in high
magnetic fields (i.e. the negative magnetoresistance
effect). This phenomenon can be explained as follows:
The conduction electrons move in a screw-like motion
due to the effect of the magnetic field, thus minimizing

the effect of electron scattering on the sample surface.

1P RRR of high purity aluminium and copper
at0Tand 15 T2

purity diameter transverse longitudinal
(mm) 0T 15T 0T 15T
5N-Al 0.5 4100 1300 3700 2500
1.0 3800 1000 5800 3000
6N-Al 0.5 6400 2200 7600 7000
1.0 7300 2300 11000 7800
6N8-Al 0.5 6600 2500 8100 9400
1.0 8600 3600 11000 9000
5N-Cu 0.5 1100 36 1100 240
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As seen in these results, high purity aluminium main-
tained an RRR of 1,000 or greater even in high magnetic
fields, and demonstrated extremely high conduction

properties.

3. Sample Size Dependence of Conduction
Properties (Size Effect)

Materials for use at low temperatures have various
shapes such as ingot-mass materials, sheet materials
and wire materials. For example, as with aluminium hav-
ing a purity of 4N, for materials having an RRR of 500 or
lower, there is nearly no need to consider the effect of
the shape on the conduction properties. However, with
materials having a purity of 5N or greater, or those for
which the RRR exceeds several thousands, the effect of
the shape cannot be ignored: the thinner the sample
sheet or wire is, the lower the conductivity will be.

This phenomenon is referred to as the size effect.
The size effect has a correlation with surface scatter-
ing, which is one of the electrical resistivity factors of
metals, and it can be caused by the inelastic scattering
of free electrons (i.e. carriers) that occurs when those
electrons collide with the sample surface. The ratio of
the occurrences of inelastic scattering and elastic scat-
tering varies depending on the material. It has been
experimentally shown that inelastic scattering occurs
in aluminjum.!4)- 15

Here we will describe an experiment conducted in
order to quantitatively evaluate the relationship
between purity and the size effect. Wire materials hav-

ing different diameters were created using our compa-

25000

6N8 (RRR;~54000)

15000 *
6N (RRR,~22000)

10000 [

5N (RRR,~6000)

5000 - “4*4__.——4’——0——‘

4N (RRR,~390)

0 0.5 1 1.5 2 2.5 3

Residual resistivity ratio, RRR

Diameter (mm)

IEIEPE Measured RRR values using high purity
aluminium wire specimens annealed at
773K
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ny’s 4N, 5N, 6N and 6N8-Al, which were created
through the zone refining process. After removing the
surfaces with acid, annealing was performed in order
to remove strain that occurred during the process. The
RRR values of these wire materials were measured and
plotted against the wire diameters (Fig. 12). Even with
the same wire diameter, the higher the purity of the
material is, the larger the inclination of the graph will
be, and this dynamic clearly reveals the size effect. As
the purity increases, RRR will also increase and the size
effect will tend to manifest. Therefore, it can be con-
cluded that when it is desirable to allow the conduction
properties originally possessed by the bulk material to
manifest sufficiently, it is ideal to use a relatively large
material.

The size effect of sheet materials—which are very
important due to their practicality—was also examined
through RRR measurements. For the samples on which
RRR measurements may be difficult to perform, RRR
values were calculated using the Fuchs-Sondheimer for-
mula.!® 1) The material constant required for this cal-
culation can be evaluated by plotting the inverse of the
diameter to the horizontal axis and the logarithm of RRR
to the vertical axis based on the previously described
results of the experiment on wire materials. Table 3
indicates the evaluation results obtained as described
above. For sheet materials having a purity of 4N,
because the size effect is minimal, it can be usually
ignored. On the contrary, for high purity aluminium
sheets having a purity of 5N or greater, their shapes
must be taken into account. The sheet thickness meas-
ured when the RRR value decreases to 80% of the RRR
value for bulk material (RRR;) was expressed as the
“critical thickness.” This value was approximately twice
as great as the mean free path of the carrier electrons
(which was calculated separately). The thickness of the
sheet that may be affected by the size effect can be

Size effect for high purity aluminium
sheet. RRR,» shows measured RRR values
using 0.5 or 1 mm thickness sheets, and
denotation * shows calculated values
using different measurement results.

purity RRR, RRR,, RRR, qitical
/0.5 mm /1 mm thickness
4N-Al 383* 386* 389 0.02 mm
5N-Al 5000 5300 6000 0.32 mm
6N-Al 12000 15000 22000 1.3 mm
6N8-Al 26000* 36000* 54000 2.8 mm
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obtained from the mean free path of the carrier elec-
trons. Therefore, one can say that when using a sheet
having the same thickness as the above thickness or a

thinner sheet, the size effect should be considered.

4. Thermal Conductivity

Due to the dissemination of compact refrigerators,
there are increasingly cases in which low-temperature
devices are conduction cooled. Thus, taking advantage
of materials having outstanding thermal conductivity is
an important theme in the design of a cryogenic system.
Because high purity aluminium and copper generally
demonstrate extremely high thermal conductivity at low
temperatures, and because their workability and avail-
ability are also excellent, they are often used as thermal
conductors for low-temperature devices.

Generally, the thermal carriers of normal metals are
electrons, and the thermal conductivity » is determined
by the specific heat, the average velocity and the mean
free path of electrons. The temperature dependence of
electrons’ mean free path varies depending on the scat-
tering mechanism received by electrons. At low temper-
atures where phonon abundance is adequately small
(e.g., 4K), impurities or defects within the metal cause
electrons to scatter, thereby determining the electrons’
mean free path. Moreover, it has been known that the
specific heat at such low temperatures depends on the
temperature. Under such circumstances the Wiede-
mann-Franz law, which claims that the mathematical
product of electrical conductivity and temperature are
proportional to thermal conductivity, can be established.
In the temperature range where the temperature is
slightly higher than that described above and the pres-
ence of phonons having high energy cannot be ignored,
the electron scattering due to phonons becomes domi-
nant, thus invalidating the Wiedemann-Franz law. Given
these facts, the thermal conductivity at low temperatures
has a temperature dependence, which can be expressed
as the following formula: =1/ (aT2+3/T). In this for-
mula « and 3 are constants that can vary according to
the material.

Regarding the metals that are important as thermal
conductors for use at low temperatures, the thermal con-
ductivities of the 1000 series alloys of pure-aluminium
have been presented by Woodcraft.!® Furthermore, for
high purity aluminium and copper, the following formu-
lae have been presented in experiments conducted by

Kasahara et al., using 5N-Al and other types of alumini-
um.19).20)
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1
1.8x10T*+1.1/RRR/T

1
6.2x107°T**+0.53/RRR/T

x(Al) = for aluminium (2)

for copper (3)

»(Cu) =

The above formulae can be established in a temper-
ature range from the superconducting transition tem-
perature (1.2K for aluminium) to approximately 30K.

Recently, Tomaru et al. measured the thermal con-
ductivities of our company’s 6N-Al, and formula (2) was
verified. Thus we will describe the results of this meas-
urement and verification.2” The thermal conductivity
of a strip-shaped sample (#0.5mmxw2.5mmxL150mm)
was measured using the Longitudinal Heat Flow
Method (Fig. 13). The square indicates the result
using a sample annealed for an hour at 773K, and the
circle indicates one annealed for three hours at 773K.
The thermal conductivities of the two samples were
very consistent, and the RRR values converted from
the thermal conductivities were 10,000 and 11,000,
respectively. The measured RRR of the same material
was 12,500. The thermal conductivity calculated using
this value through formula (2) is shown as a solid line
in the figure. The result is consistent with the meas-
ured thermal conductivity. The thermal conductivity
peak is present somewhere around 6K, and an
extremely high peak value of 40,000W/m/K has been

achieved.

— RRR12500 (Calculation)

e Sample4 (Annealed in Sumitomo, 773K, 3h)
— Fitting Curve for Sample4 (Below 30K)

= Sample3 (Annealed in KEK, 773K, 1h)

— Fitting Curve for Sample3

» (W/m/K)
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Thermal Conductivity
R ERIE
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T
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1 2 3 4567 10 2 3 4567 100 2

T K

BEEEEN Measured results for the thermal conduc-
tivity of 6N aluminium annealed at 773 K29
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5. Applications in Low Temperature Fields

As described thus far, because high purity alumini-
um has extremely high conduction properties, it can
contribute to the improvement of the performance
and the reduction of the component’s weight, as well
as to space saving, when used as a thermal conductor
for peripherals of superconducting magnets. A high
purity aluminium sheet having a purity of 5N and a
thickness of 1.2mm was used as a thermal conductor
for the ATLAS detector for the Large Hadron Collider
(LHC) at CERN (European Organization for Nuclear
Research).?) The high purity aluminium was used for
the soaking of the superconducting magnet by taking
advantage of the aluminium’s high thermal conductivi-
ty, thus firmly preventing the occurrence of a sudden
fracture event (quenching) in the superconductive
state.

High purity aluminium also plays an important role
as a thermal conductor for low temperatures in the
gravitational wave telescopes used to detect gravitation-
al waves from the universe. The Young’s modulus of
high purity aluminium at 8K is 40GPa, which is lower
than that of high purity copper (130GPa). Therefore,
high purity aluminium is an important material that can
demonstrate high thermal conductivity without trans-
mitting vibrations from the surrounding environ-
ment.19. 20

Metal superconductors for practical use have such a
structure that, in order to prevent the occurrence of
quenching, extremely thin superconducting wires with
multiple cores are wrapped in a metal with high con-
ductivity for the purpose of stabilization. High purity
aluminium is used as a stabilizer for this purpose as
well. Mechanical strength is often required for thinner
and lighter superconducting magnets. In such a case,
a slight amount of reinforcing element is added to the
high purity aluminium.

The ATLAS and CMS detectors of CERN utilize high
purity aluminium-based stabilizers for superconduc-
tors.

Because high purity aluminium has the advantage of
a lower weight than oxygen-free copper, it demon-
strates performance which is suitable for use in light-
weight cryogenic components in the field of space
observation, such as those for satellites and balloon
experiments. In the BESS (Balloon-borne Experiment
with a Superconducting Spectrometer) conducted in
the Antarctic, a high purity aluminium-based stabilizer

was used to achieve light weight.??
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The application of superconducting magnets for
industrial use has increased with each passing year.
For example, clinical MRIs are not only used in devel-
oped countries but are also spreading throughout the
world. In addition to this purpose, researchers are vig-
orously propelling the development of applications to
various areas, such as NMR used for analysis, single-
crystal pulling apparatuses, medical-purpose synchro-
trons and cutting-edge medical equipment such as
magnetoencephalographs.

In these applications at low temperatures, there is a
possibility that the properties of high purity aluminium

can be used effectively.

Conclusion

As described above, high purity aluminium is used
as an industrial product for a wide range of purposes.
In this paper we introduced such aluminium, mainly by
focusing on its low-temperature properties and the
refining technologies. Moreover, aluminium has other
properties that can be improved by improving the puri-
ty. Thus its physical properties are being evaluated and
its applications are being developed. Furthermore, due
to the high purity aluminium-based alloying, uniquely
special properties could be obtained. It is therefore
expected that high purity aluminium can be applied in
various areas. We want to understand the market needs
precisely and will continue to develop materials in
answer to such needs.

Lastly, we received tremendous support and guidance
from Professor Tsunetaka Sumomogi at the Research
Institute of Advanced Technology of Hiroshima Kokusai
Gakuin University, and from Dr. Takayuki Tomaru and
Dr. Kenichi Sasaki at the High Energy Accelerator
Research Organization, Cryogenics Science Center. We
hereby express our deep appreciation to them. Thank

you very much.
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