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Abstract: The increasing demand for ultra-high purity aluminum for technological applications
has led to the improvement of refining methods in recent decades. To achieve ultra-purity levels
(>5N), the common industrial way is to firstly purify aluminum from 2N8 up to 4N8 via three-layer
electrolysis, followed by fractional crystallization (usually zone melting). Since both of these methods
are very cost- and time-intensive, this paper aims at providing other alternatives of purification.
For this purpose, here, the purification of some selected impurities through cooled-finger fractional
crystallization method and vacuum distillation have been the focus of this investigation. Both
processes are more environmentally friendly than three-layer electrolysis and require less time than
zone melting. In this paper, both methods were explored for the aluminum purification. Moreover,
the effect of process parameters on the purification efficiency of iron, zinc, and silicon has been
investigated. At the end, the effectiveness of the two processes was compared and advantages and
disadvantages were summarized. The results showed that the cooling finger process effectively
removed iron and silicon impurities, but the removal efficiency of zinc was low. The vacuum
distillation process successfully removes zinc in the first stage of distillation. Iron and silicon removal
requires additional distillation stages to achieve lower impurity levels.

Keywords: high purity aluminum; fractional crystallization; vacuum distillation; cooled-finger

1. Introduction

In today’s application-oriented high-tech world, there is an increasing demand for
materials with superior properties, which are necessary for the enhancement of quality
of life and advances in modern technologies. In this context, various metals have been
recognized as strategic materials for the technologies of the future. For many high-tech
applications, materials with extremely high purity levels are required [1].

Some areas of application, such as semiconductors and microchips, image screens,
but also low-temperature applications in the range below 30 K, require special quality
and purity levels of the materials used. Among other critical metals, high- to ultra-purity
aluminum is also applied in the above-mentioned areas. In particular, the low specific
resistance and high electrical and thermal conductivity are improved with increasing
degrees of purity in aluminum. High-purity aluminum, for example, has up to 10,000 times
the thermal conductivity of commercially used aluminum alloys [2,3].

The purification of aluminum to higher degrees is usually achieved via a variety
of methodologies, but most commonly by a combination of three-layer electrolysis and
fractional crystallization [4]. A huge disadvantage of the three-layer electrolysis is the
high power consumption, which is associated with high costs and poor environmental
compatibility. Fractional crystallization processes, such as zone melting, is associated with
a higher process time, as several repetitions of the process may be required to achieve
higher levels of purity [5]. In the search for more energy- and time-saving ways to purify
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metals, new methods and processes are being researched. Within fractional crystallization,
the cooled-finger method shows promising results against classical methods, e.g., zone
melting due to the higher productivity achieved by its larger crystallization interface [6].
Another promising method to obtain high purity aluminum is vacuum distillation, based
on the high selectivity due to the specific boiling point and vapor pressure of each impurity.
The latter two are able to be reduced under vacuum, consequently leading to decreasing
the process temperature as well as the energy costs [7].

In this paper, both methods of cooled-finger fractional crystallization as well as the
vacuum distillation are explored for the purification of aluminum as parallel alternative
methodologies. Here, the removal of the main impurities usually present in commercial
primary aluminum are investigated and compared via both techniques. Moreover, the
effects of main process parameters on the purification efficiency within both methods are
also explored.

1.1. Fractional Crystallization

Fractional crystallization is a well-known method to produce ultra-pure metals. It
works based on the difference between the solubility of an impurity in the solid and liquid
phases of a base metal and is explored to generate a solid phase with lower impurities
content than the initial molten phase. The relation between in the solid and in the liquid
phase concentration of a specific element is called the distribution coefficient (k), as shown
in Equation (1) below [8].

¢s
k= o 1)

Table 1 shows the distribution coefficient of the main impurities present in aluminum.
The variation of k values between authors is due to the concentration interval taken from
phase diagram, when calculating the distribution coefficient. Since most phase diagrams
possess a parabolic liquidus and solidus curve, this can significantly influence the calcu-
lation of k. The smaller the k coefficient is than unity, the more effective is the removal of
those impurities via fractional crystallization. On the other hand, impurities with k higher
than one (such as Cr, V, Zr, and Ti) will remain in the solid phase and can be partially
incorporated during crystallization. In case an impurity has a distribution coefficient close
to unity (e.g., Sc), the fractional crystallization is not effective [9].

Table 1. Literature values of distribution coefficients of impurities in aluminum [10-14].

Elements Distribution Coefficient k Elements Distribution Coefficient k
Fe 0.018-0.053 Ti 7-11
Cu 0.15-0.153 Si 0.082-0.12
Ag 0.2-0.3 K 0.56
Au 0.18 Zr 2.3-3
Zn 0.35-0.47 Pb 0.0007-0.093
Ni 0.004-0.09 P <0.01
Mn 0.55-0.9 Sc 0.9
Mg 0.29-0.5 Sb 0.09
Ca 0.006-0.08 v 3.3-4.3
Cr 1.8 Na 0.013

Main Influencing Parameters on Fractional Crystallization

During a slow crystallization of the melt, the composition profile of the forming crystal
layer follows the solid concentration Cs = K * C;. During crystallization, the rejected
solutes are expelled to the melt. Assuming that the diffusion in the solid is neglected and
all the rejected solute is completely mixed within the liquid phase, the solute distribution
can be well described by Scheil’s equation (Equation (2)) [6].

Cs = Kx*Cp* (1 f5)<! 2)
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where fs is the solidified fraction of the melt and Cy is the initial solute concentration.

However, if no complete mixing is considered and only diffusion is the main driver
for the movement of solute from the solid to the liquid phase, the rejected solutes will
be accumulated within a heterogeneous solute layer ahead of the solidification front, as
their diffusion rate is not fast enough to move themselves towards the bulk melt. For
that, an effective distribution coefficient (K.fy), firstly proposed by Burton, Prim, and
Slichter, will be considered for this thin diffusion layer ahead of the solidification front (see
Equation (3)) [15,16].

K

K+ (1—K)  el7°]

Kepr = 3)

where K is the distribution coefficient, V is the solid growth rate, 9 is the thickness of
the diffusion layer and D is the solute diffusion coefficient in the liquid. As seen in
Equation (3), the effective distribution coefficient (K f) is mainly influenced by the solid
growth rate (V) and the thickness of the diffusion layer (d). The decrease of the thickness of
the diffusion layer is an effective way to improve the rejection of solute to the melt while
keeping the growth rate (the process productivity) high enough. This can be achieved by
an intense mixing of the melt promoted ahead of the solidification front, usually employing
forced convection.

Moreover, the stability of the growth front morphology, i.e., the preservation of a
planar growth, is directly related to the crystal growth rate (V), the temperature gradient at
the solid-liquid interface (G), the initial solute concentration (Cp), the slope of the liquidus
line in the phase diagram (m), the distribution coefficient (K), and the diffusion coefficient
of the impurity in the base liquid melt (D;). As shown in Equations (4) and (5), when G/V
is higher than ATy /D, the growth interface becomes stable. Decreasing the temperature
gradient and the growth rate would therefore stabilize the growth front, leading to a planar
growth. This means that the proper control of growth rate and temperature gradient are
among the key process parameters influencing the fractional crystallization, as the shift to
a columnar or dendritic morphology would partially entrap the expelled solute [8,17,18].

G _ ATy
2520 4
V= D @
mx*V % Co(1 —k) ~ —mxCp(1 —k)
G < T s ATy = e ®)

1.2. Vacuum Distillation

Vacuum distillation is a separation process for refining or enrichment of a metal. It
uses the fact that different chemical elements have different boiling points and different
vapor pressures as well. When the melt in the vacuum distillation furnace is heated up, the
more volatile components tend to evaporate, whereas the less volatile components remain
in the crucible. The evaporated element will then be condensed on a cooled surface, called
condenser [19-21]. As the boiling temperature depends strongly on the ambient pressure,
better evaporation and sublimation rates can be achieved at significantly lower tempera-
tures under vacuum, as opposed to atmospheric pressure or in an inert gas atmosphere.
Through the reduced reaction time and lower temperatures, the energy consumption and
the operating costs can be lowered, making it one of the biggest advantages of vacuum dis-
tillation. Another advantage of the process is the avoidance of any contact of the substance
with the atmosphere, which is particularly important for fast-oxidizing materials, such as
aluminum and magnesium. Furthermore, vacuum distillation is a very environmentally
friendly process without the formation of waste gases, wastewater, or sludge [19-21].

1.2.1. Influencing Factors on Vacuum Distillation

One of the biggest thermodynamic factors influencing vacuum distillation is the vapor
pressure. Every element has a certain vapour pressure at a specific temperature [22]. It
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can be calculated using the vapor pressure equations from the literature. In Figure 1 the
vapor pressures of aluminum and different impurities are displayed. As seen, Zn, Mg,
Pb, and Mn have higher vapor pressures than Aluminum in the given temperature range.
Therefore, these elements will be preferentially volatilized during the distillation process.
In contrast, elements with lower vapor pressure, such as Fe, Ni, and Si, are kept in the
molten part. The impurities with a similar vapor pressure as Al such as Cu are difficult to
remove by vacuum distillation.

lg(p'/Pa)
=

600 800 1000 1200 1400 1600 1800 2000
TIK

Figure 1. The vapor pressure of the pure elements in aluminium [23].

A very important kinetic factor for efficient and fast vacuum distillation is the mass
transport in the melt since a concentration difference is formed at the phase interface be-
tween the melt surface and the inner melt due to evaporation. To maintain the evaporation
rate, new molecules must always be transported to the melt surface. This necessary mass
transport takes place by convection within the melt, and by diffusion at the liquid-gas
boundary layer. The convection can occur either naturally (natural convection) e.g., thermal
convection or influenced by external forces (forced convection) [24,25]. In an inductively
heated furnace, such as the one used in these experiments, the melt is mixed through forced
convection by changing the magnetic fields. Therefore, the particles of the elements reach
the melt surface more easily and are able to vaporize. The forced convection could have
a significant impact on the efficiency of vacuum distillation. In this paper, the vacuum
distillation trials focus on the removal of the volatile element zinc as well as the removal of
the less volatile elements iron and silicon from the primary aluminum.

1.2.2. Separation Coefficient

The vapor pressures of the pure components in a multi-component system merely
give a rough estimate of the separation possibilities, because the partial vapor pressure
of a component depends not only on the vapor pressure of that component in pure form,
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but also on the activity of the component in the system. Raoult’s law can explain it well as
represented in Equation (6) [22,26].

pi = Po-ix; ®)

where p; describes the partial vapor pressure; p! the vapour pressure of the pure component;
7 is the activity coefficient of the components, and x; is the mole fraction of the components.
To show the degree of separation between two components, the separation coefficient was
introduced (see Equation (7)) [21,27].

Yi Pi
R SR 4 2 7
P YAl PAI @)

where S; is the separation coefficient; p; and p4; are the saturated vapor pressures of the
impurity i and aluminum; and <y; and 7y 4; are the activity coefficients of the impurity i and
aluminum all at a certain temperature. If 8; > 1, the impurity is concentrated in the gas
phase during vacuum distillation, whereas the target metal remains as a liquid phase in
the melt. If B; < 1, the opposite occurs, and the target metal is volatized. When B; = 1, the
content of the two components in the gas phase is equal to that in the liquid phase, so that
the two components cannot be separated by vacuum distillation. The further ; from unity,
the larger the value of difference and hence better the effect of separation of the impurity
from the base metal by vacuum distillation [23].

A difficulty in these calculations is obtaining the activity coefficients for individual
components, because they vary with the temperature of the system and the initial concen-
trations of the individual impurities. However, if the metal under investigation has a high
purity, it is reasonable to assume the activity coefficient of v; equal to unity [28]. On the
other hand 7y 4;, must be determined experimentally or extracted from literature data [21,27].
Table 2 shows the separation coefficients for a few selected temperatures calculated using
the activity coefficients from Ralph et al. [29].

Table 2. Separation coefficients for typical impurities in aluminium at specific temperatures.

Temperature [o C] ﬁZinc ﬁlron E’Silicon
727 2.24 x 107 n.a n.a
827 n.a 1.08432 x 10~ n.a
1600 na na 1.1268 x 1073

The separation coefficient for zinc is much higher than unity. Accordingly, zinc should
be very easy to distill from the aluminum without evaporating a huge amount of the
aluminum itself. In comparison, the separation coefficients of iron and silicon are far below
one. Therefore, aluminum enters the gas phase before these two elements. Moreover, the
probability that the elements iron and silicon will be vaporized alongside aluminum is
quite low.

The vapor pressures as well as the separation coefficients of zinc, iron, and silicon
confirm that these impurities cannot be removed from aluminum with a single distillation
stage. Therefore, a two-stage distillation is suggested. In the first stage, the element
zinc, with a higher vapor pressure than aluminum, would be removed by keeping the
temperatures below the boiling point of aluminum. In the second stage, the aluminum
is distilled out of the elements iron and silicon by keeping the temperature above its
boiling temperature.

2. Materials and Methods
2.1. Cooled-Finger Fractional Crystallization

The experimental setup of the cooled-finger purification process is illustrated in
Figure 2. It consists of a rotating, gas-cooled steel rod inserted into the molten bath. The
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rod is covered with a high-purity graphite shell, inhibiting a physical contact of the steel
with aluminum.

Rotation motor

Cooling

connection )
gas inlet
Water cooled
rotating
assembly
Cooling
gas outlet

Graphite shell in quted
contact with the meit Finger

Crystallized
pure metal

Crucible

Figure 2. Experimental setup for the Cooled-Finger fractional crystallization developed at
IME/RWTH Aachen [6].

Based on the same principle of well-stablished fractional crystallization techniques
(e.g., zone melting, Pechiney, etc.), this method differentiate itself by moving a solid
growth front radially towards the crucible wall, while rotating. The rotational mechanism
promotes a homogeneous mixing of the melt and a stable boundary layer, which improves
the segregation of impurities away from the crystallization interface. The growth rate is
influenced by a combination of the cooling degree and the rotation rate.

2.1.1. Initial Material

As initial material, high purity aluminum (4N8) containing added impurities of Fe, Si,
and Zn was chosen, as these elements represent the main impurities in primary aluminum.
For this investigation, a mixture of 4N8-Al with Fe, Si, and Zn was used (each element with
a purity level over 3N).

This investigation was divided into three experimental parts. First, the effect of im-
purity concentration on the purification of Al was investigated. In the second part, the
interaction among the detected impurities were studied. For that, a series of trials were per-
formed comprehending the binary (Al-Si, Al-Fe, and Al-Zn) as well as the ternary systems
(Al-X-Y, being X and Y each selected impurity). For these investigations, a concentration
of 0.1 wt.%. was used for the selected impurities (see Table 3). The third part focus on the
rotation rate, the process parameter that distinguishes cooled finger from other fractional
crystallization methods.

Table 3. Experimental design on the purification according to impurity type and concentration.

: Targeted Impurity Concentration (wt.%)
Number of Trials System Al (Wt.%) 8 purity °
Performed Si Fe 7n
3 Al-Si 99.9 0.1

3 Al-Fe 99.9 0.1
3 Al-Zn 99.9 0.1
3 Al-Zn 99.5 0.5
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Table 3. Cont.

Number of Trials System Al (Wt%) Targeted Impurity Concentration (wt.%)
Performed Si Fe 7n
3 Al-Zn 99.95 0.05
3 Al-Si-Fe 99.8 0.1 0.1
3 Al-Si-Zn 99.8 0.1 0.1
3 Al-Fe-Zn 99.8 0.1 0.1
12 Al-Fe-Si-Zn 99.7 0.1 0.1 0.05

2.1.2. Experimental Methodology

Around 5.6 kg of the produced alloy were melted an A20 clay-graphite crucible coated
with Boron nitride. The trial took place in an open resistance-heated furnace using argon as
a protective atmosphere. Once the melt reached the process temperature, the Cooled-Finger
was immersed in the molten bath. The rotation was then set fixed and the cooling gas
flow initiated. After approximately 20 min into the crystallization phase (see the plateau
in Figure 3), the process was interrupted, and the cooled-finger was lifted up along with
the crystallized product. This processing time allowed the crystallization of circa 1 kg of
high purity aluminum over the cooled finger, representing a yield of around 18%. The
parameters used for the investigation of the effect of rotation on cooled-finger trials can be
seen in Table 4 below. The rotation rate within the investigated interval did not change the
growth rate significantly. Therefore, the effect of rotation on the purification of aluminum
was not influenced by any decrease in the solid growth rate.

710
700 T

g
o 690
3 3 Crystallization
S 580 rystalliza ;
& : area :
£ 670 2
660 o =
650 :_A_._._._A_._._A_._,_A_._A_4_._A_._._._A_E

0:00 0:05 0:10 0:15 0:20 0:25 0:30 0:35 0:40 0:45 0:50
Time (displayed as “Hours : minutes”)

Figure 3. An exemplary “Temperature vs. time” curve, including the plateau of crystallization.

Table 4. Rotation rates investigated.

Trial Rotation [RPM]
A 25
B 35
C 45
D 50

For the trials aiming at the investigation of the effect of each impurity as well as the
interaction between the impurities, the process parameters were kept constant at 720 °C,
25 RPM, and 50 NL.min~!. Each trial system was repeated three times.
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For all the conducted trials, a sample of the molten aluminum was taken before
(designated as Cy) and after (Cy) each trial. A third sample (Cs) was later taken from the
crystallized material. These samples were analyzed by OES (Optical Emission Spectroscopy,
Spectro Analytical Instruments GmbH, Kleve, Germany). The purification ratio achieved
in the trials was calculated according to Equation (8).

Purification ratio = <1 — ch§> x 100 (8)

To control the crystallization time, a thermocouple was placed inside the melt (adjacent
to the crucible wall) to record the melt temperature during the trials. By online monitoring
of the “temperature vs time” curve, the crystallization time can be seen as the plateau (A)
shown in Figure 3. For this exemplary temperature curve, the initial composition was
Al-0.1% Fe, 0.1% Si, 0.1% Zn. However, at this impurity concentration level, the curve
behavior is not influenced, as the sum of impurities is low enough to not drastically affect
the liquidus temperature of the melt.

2.2. Vacuum Distillation
2.2.1. Initial Material

The ingot of commercial pure aluminum was cut into small pieces of approximately
six centimeters. To provide clean surfaces and remove oil residues, splinter or other
containments, the pieces were than milled off and later etched in diluted nitride acid,
rinsed with water, and dried. The chemical composition of the initial aluminum samples
before vacuum distillation, determined using ICP-MS (Inductively coupled plasma-mass
spectrometry, model number G3665A), is illustrated in Table 5. Here, the selected impurities
Fe, Si, and Zn have been in focus.

Table 5. Al, Fe, Si and Zn content in the aluminium ingot (ICP-MS-Analysis).

Element Al [wt.%] Fe [ppm] Si [ppm] Zn [ppm]
Content 99.81 1434 366 88

2.2.2. Experimental Methodology

The trials of both distillation stages, one to remove the volatile and one to remove the
less volatile impurities than aluminum, took place in a vacuum induction furnace. Due
to the high resistivity against the temperature as well as the material investigated, the
setup was made of high purity graphite (99.999%). The temperature generated through
the induction could be controlled by adjusting the electric current. The vacuum level was
obtained by a set of mechanical pumps.

For the first distillation stage temperatures up to 1100 °C were applied. The experi-
mental setup included, as seen in Figure 4, a high purity graphite crucible, coated internally
with boron nitride. A tapping spout, also made of graphite, to cast the liquid aluminum in a
copper mold after the trial ended, as well as a copper mold, encased in a refractory ceramic
fiber mat to prevent contact with the coil, were installed. Since only a small amount of the
material was evaporated in this first stage of experiments, not an individual condenser
chamber but the internal surface of the furnace lid itself served as the condenser.

This series of trials was conducted under 0.1 mbar vacuum, and the setting temper-
atures at 800, 900, 1000, 1100 °C as well as 60 min of dwelling time. The trial of each
temperature was repeated three times to validate the reproducibility of the experiment.
During the dwelling time, the volatile impurities in aluminum, i.e., mostly Zn, evaporated
from the melt surface and condensed on the internal surface of the furnace lid. At the end
of the holding time, the furnace was flooded with argon and the aluminum was poured
into the copper mold. When the aluminum cooled down, it was removed from the copper
mold and weighted again. Using waterjet cutting the final sample was cut into three equal
parts. Out of one, three thin slices were removed and sent for analysis through ICP-MS.
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: Copper coil

: Refractory lining
: Thermocouple

: Graphite mats

: Graphite crucible
: Pouring spout

: Copper mould

: Refractory mat

Figure 4. Furnace setup in the first distillation stage.

A schematic overview of the vacuum distillation equipment of the second distillation
stage is shown in Figure 5. For this experiment the temperature of 1500 °C, the pressure of
0.1 mbar and a dwelling time of 60 min were applied. When aluminum cooled down, it
was taken out of the furnace and cut into three thin slices by means of a water jet cutter.
These slices were then chemically analyzed via ICP-MS. The material used in this stage was
taken from the previous distillation stage. Many empirical improvements were conducted
in the design and process refinement to achieve a stable distillation of aluminum. The
most optimum conditions were used to perform the second stage distillation trial within
this study.

1: Call

1: Graphite crucible 2: Cap with pinhole

2: Cap with pinhole 3: Collection tank with

3: Collection tank graphite ring

4: Pipe for aluminium 4: Condenser with
steam graphite ring

- Graphite ring

- Condenser

- Thermocouple Typ B
8: Condenser holes

~NOoO O,

Figure 5. Schematic cross-section (a) and actual setup (b) for the second distillation stage.
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3. Results and Discussion
3.1. Fractional Crystallization
3.1.1. Influence of Impurity Type and Concentration on the Purification Ratio

The results shown in Figure 6 illustrate the different removal factors (1-Cs/Cy) ob-
tained for all the investigated impurities. It can be seen that this factor of each impurity
in a binary system is correlated well with their distribution coefficient in aluminum (see
Table 1), where Zn (highest k coef.) has the lowest impurity removal factor, followed by
Si and Fe. Overall, the aluminum was purified from an initial purity of 3N up to 3N6,
considering Fe as main impurity in the aluminum.

60%

50%

40%

Impurity removal
[1-CS/CO ] x 100%
¥
o
X

Fe0.1 Si0.1 /n0.1

Figure 6. Impurity removal factor (1-Cs/Cy) of each impurity in a binary system with aluminum.

The following experimental results show a direct relation of the removal factor with
the impurities concentration in the system. Figure 7 shows that for Zn, the removal factor is
inversely proportional to the impurity concentration. Moreover, the removal factor reaches
a seemingly constant value (41% for Zn) as it approaches a lower level of concentration.

80%
70%
60%
50%

40% ]:

30% L

Zn removal
[1-CS/CO | x 100%

20%
10%

0%
n0.1 /n0.1Fe0.1 Zn0.1Si0.1

Figure 7. Influence of impurity concentration on the impurity removal factor (1-Cs/Cy) for Zn.
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The initial solute concentration seems to have two main influences during the crys-
tallization: Firstly, it causes shifting from a planar/cellular growth behavior (seen at low
solute concentration) towards a dendritic growth (usually seem at higher solute concen-
trations). This is illustrated in Equation (5) describing the supercooling in dependence on
initial solute concentration (Cy). This eventually causes the entrapment of solute between
the dendritic arms, making it more difficult to be properly expelled into the bulk melt.

The second influence of a higher solute concentration is the increase in the thickness
of the stagnant film formed at the solid-liquid interface during the crystallization. The
stagnant film theory (BPS) can explain the sudden drop in the removal factor at higher
initial solute concentrations, where an over-saturation of impurities at the growth front
must have occurred, creating a much bigger layer of impurities ahead of the solidification
front. This will increase the value of Cy, then becoming equal to the solute concentration
within the layer and directly affecting the purification results.

3.1.2. Effect of Accompanying Impurities on the Purification Ratio

The influence of accompanying impurities is shown in Table 6, where the solid sol-
ubility of each added third element in the main investigated impurity is depicted. These
values were obtained from the binary phase diagram of each combination of impurity
(obtained from FactSage 8.0, using FTLite Database). The maximum solid solubility for
each investigated impurity in aluminum is shown in the first data row of the table. Having
a high solubility means that the impurity tends to stay in the solid phase instead of moving
towards the liquid. These values agree with the distribution coefficient (Table 1) and indi-
cate that Fe has the lowest aluminum solubility (hence easier to be expelled towards the
liquid), followed by Si and Zn.

Table 6. Solid solubility limit of impurities in aluminum (first data row) and between the second (X)
and third (Y) impurities in an Al-X-Y ternary system.

Fe Si Zn
Solid solubility of elements in Aluminum Al 0.06% 1.7% 82%
Fe - 35% 46%
Solid solubility between elements Si 65% - 0%
Zn 26% 0% -

Moreover, by comparing the solubility among the elements, it is possible to understand
the interaction between different elements during the fractional crystallization process.
For this, the solid solubility of each impurity (Y) in a second impurity (X) can also be
observed in.

As shown in Table 6, this analysis aims to explain the changes in the purification factor
of the second impurity (X) when a third impurity (Y) is added. As an example, according
to the table below, the addition of Fe in a Al-Si system would have a positive effect on the
removal of Si. This occurs because Fe has a high solid solubility in Si (65%), and since Fe
also has a low solid solubility in Al (0.06%), the addition of Fe helps to remove the Si out of
the solid phase.

Experimental Results

The results plotted in Figure 8 show the removal factor of each investigated impurity,
for each ternary system Al-X-Y, after three times repetition and calculating the average as
well as the standard deviation values.
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Fe removal
[1-CS/CO] x 100%
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Fe0.1
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Figure 8. Effect of accompanying impurities on the removal ratio of X in Al-X-Y systems. (a) Al-Fe-Y,
(b) Al-Si-Y, and (c) Al-Zn-Y.

These diagrams focus on the comparison between the effect of a second impurity
added to the ternary systems on the removal of the first impurity. The details have been
explained as following.

Effect of second added impurities on the removal of Fe: The median removal ratio
of iron in the Al-Fe binary system containing 0.1 wt.% of Fe was 49 % (Figure 8a). When
an extra 0.1 wt.% of a second impurity (Si or Zn) was added to the system, an overall
reduction in the removal ratio of Fe was expected, as now the total impurity in the system
doubled. In reality, however, the average removal of Fe was benefited by the addition of
a second impurity. This beneficial effect is in the case of Zn-addition only 4% and very
slightly. That can be explained by the very high solid solubility of Zn in both Al and in Fe.
This combination increases the likelihood of Zn capturing in the Fe, while at the same time
remaining within the solid phase.

The removal ratio of Fe increased when Si was added to the system. In this system,
the average removal ratio of Fe was 60% for the Al-Fe-Si ternary system. As the Si has a
reasonably good solid solubility in Fe, and a poor solid solubility in Al, the addition of Si
is beneficial for the removal of Fe from the system. In this situation, Si and Fe tend to be
bound together out of the solid phase.



Metals 2022, 12, 2027

13 of 17

Effect of second added impurities on the removal of Si: The average removal ratio
of silicon in the Al-5i binary system containing 0.1 wt.% of Si was 46% (Figure 8b). When
Fe was added to this system, the Si removal ratio increased to 51%. Similar to the reasons
presented previously, the very high solid solubility of Fe in Si could also have played a role
in the increase of the Si removal ratio, as both Fe and Si have quite low solid solubility in
Al, they tend to be segregated towards the liquid phase upon crystallization.

Furthermore, the results for the Si removal decreased when of Zn was added to the
Al-Si system. For those systems, the Si removal had an average of 46% when Zn was
added. Since, according to the phase diagrams, the solid solubility of Zn in Si is virtually
nonexistent, this effect can just be explained by the increase in the sum of impurities,
impeding generally the refining process.

Effect of second added impurities on the removal of Zn: The same explanation
described above also applies to the case of Zn removal (Figure 8c). While a median value
of 40% of Zn was removed in the binary Al-1%Zn system, the removal ratio of Zn was
lower for all other systems, dropping to 24% at Si-addition, and 30% at Fe-addition. The
very high solid solubility of Zn in Al is most likely the reason for the negative influence of
any of the additional elements on the removal of Zn, as it has a high tendency to remain in
solid solution in AL

Overall interaction effect between the investigated impurities: A qualitative sum-
mary of the experimental results regarding the removal efficiency of each investigated
element in aluminum can be seen in the first row of Table 7. In addition, the positive or
negative influence of an added third element on the removal ratio of the target impurity
can be qualitatively compared as well.

Table 7. Qualitative influence of additional elements on the impurity removal in an Al-X-Y ternary system.

Target Element

Fe Si Zn

Al +++ ++ +

'8;5: Fe +++ <+

S & Si ++++ <<+
<< Zn +++ ++

To better understand the table above, the following example can be made. The
removal of Fe from an Al-Fe system was the best removal among the three binary systems
investigated, hence it received “+ + +”. When Si was added to the system, the removal
of Fe increased and therefore received the classification “+ + + +”. However, when Zn is
added, the Fe removal remained nearly unchanged and a “+ + +” was given. In conclusion,
the table shows that the removal of Fe and Si are enhanced by the addition or presence of a
third element. For Zn, this effect could not be observed.

3.1.3. Influence of Rotation Rate on the Purification Ratio

The reduction factor of different impurities in aluminum via Cooled-Finger at different
rotation rates has been illustrated in Figure 9. In these graphs, a considerable rise in
the reduction factor (%) was observed with an increasing rotation rate. The increase in
rotation rate promotes a higher convection and mass flow ahead of the solidification front,
assisting the dilution of the expelled impurities towards the bulk melt, hence decreasing
the thickness of the formed diffusion layer. As shown in Equation (3), the decrease in the
diffusion layer thickness 0 has a direct effect on the effective distribution coefficient and
therefore on the purification ratio.
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Figure 9. Influence of rotation rate on the removal factor.

The reduction factor of each impurity contained in the system Al-Fe-Si-Zn (see Table 3)
partially follows the results expected from their individual distribution coefficients. While
the impurities with a lower k coefficient (Fe and Si) are more removed from the crys-
tallized aluminum, the impurity with the highest distribution coefficient (Zn) has lower
removal efficiency.

3.2. Vacuum Distillation
3.2.1. 1st Distillation Stage

Figure 10 illustrates the removal effect of the investigated impurities from aluminum
during the first step of distillation. To determine the removal effect, the individual contents
of the initial sample are related to those of the trial sample and expressed in percentage.
See Equation (9).

Eyemooal = 100 % — (2-100 %) 9)
1
where ¢; represents the content of the respective element in the initial- and ¢; in the trial
sample. If the removal effect has a positive value, it means that the impurity content
has been decreased, compared to the initial sample. A negative value indicates a higher
impurity content, compared to the initial sample.

As seen, the removal of zinc is ever growing from 20.28% to 81.1%, with rising the
temperature. Iron, as the less volatile element than aluminum, was not removed even
at the highest trial temperature. The enrichment of maximum 6.95% of iron, as well as
the removal of 2.35% in the trial of 900 °C resulted from residual material in the crucible.
The results of the silicon content should, by taking the literature research into account,
hardly differ from those of the iron content since both elements showed similar vapor
pressures and separation coefficients. Nonetheless, a huge increase in silicon, up to 79.43%,
was observed. This unexpected extreme increase is supposed to be due to the external
contamination from the refractory mat that was wrapped around the copper mold.
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Figure 10. Individual element removal effect from aluminium during the first distillation stage in %.

3.2.2. 2nd Distillation Stage

Results of the removal of aluminum from the less volatile elements in the second distil-
lation stage have been shown in Figure 11. The iron and silicon contents in the condensed
aluminum after evaporation were reduced by about 86.25% and 62.69% respectively. This
indicates that the aluminum successfully evaporated, while the less volatile elements, e.g.,
iron and silicon, remained in the melt.

100
90
80
70
60
50
40

Removal effect [%]

30
20
10

0

86.25
62.69
Fe Si
Elements

68.81

Zn

Figure 11. Individual element removal effect from aluminium during the second distillation stage in %.
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Surprisingly, the content of the rest of zinc, which is expected to be distilled accompa-
nied by aluminum, also decreased by about 68.81%. The reason for that could be found in
the small holes in the lid of the condenser, seen in Figure 5. These ensure that part of the
vaporized gas jet could escape from the setup so that there was no equilibrium between
the crucible and the upper part of the setup. Zinc evaporated well before aluminum and
reached the upper part of the setup much earlier. Since there was very little zinc left in the
samples after passing through the first distillation stage, the gas phase of zinc was also not
large. The gas-phase was probably attracted by the suction of the vacuum pumps, escaped
through the holes, and was thus discharged from the process.

Overall, a reduction of all three examined impurities has taken place over the two
distillation stages. Zinc has been removed in both stages, while iron and silicon were only
reduced in the second distillation stage. Table 8 reveals the qualitative influence of the
different distillation stages on the impurity removal in aluminum. In this table, it is seen
that Zn was greatly reduced from their initial concentration in the first stage, followed
by a further smaller reduction in the second stage of distillation. Fe and Si were not
reduced in the first stage and were rather reduced in the second stage of distillation. Silicon,
however, did not have a reduction factor as good as Fe had. Overall, the “+” markers give
a qualitative indication not only on the stage in which the impurities were removed, but
also the comparative degree in which they were removed.

Table 8. Qualitative influence of the different distillation stages on the impurity removal in aluminium.

Fe Si Zn
First distillation stage of Al - - + 4+ +
Second distillation stage of Al ++++ ++ +++
Total Al +4+++ ++ + + ++

After undergoing both distillation stages, the purity of the aluminum reaches a value
of 3N5 in comparison to the initial sample with 2N8.

4. Conclusions and Outlook

The cooled-finger process effectively removed the iron and silicon impurities, while
having lower removal efficiency for zinc. This relates to the distribution coefficient of
the impurities. Increasing the rotation rate improved the overall impurity removal for
all elements, but the removal of zinc was still low. The vacuum distillation process has
successfully removed zinc in the first stage of distillation. The removal of iron and silicon
required a further distillation stage to reach lower impurity level. Zinc has been removed
in the second distillation stage as well. Therefore, it would be advisable to investigate in
further experiments whether the zinc can be purified in the second distillation stage as
effectively as in the first distillation stage. If this is the case, the aluminum could be purified
with a single-stage distillation, resulting in significant energy and time savings. Further an
increase in temperature or decrease of the pressure could result in a higher purity. However,
it is important that the temperature does not exceed the boiling point of iron and silicon.

Vacuum distillation is able to remove zinc much more effectively than the cooled-finger
fractional crystallization method. The removal of iron is also better via vacuum distillation.
However, vacuum distillation requires several repetitions and high temperatures or very
low pressures, which results in high energy consumption. It is therefore recommended
to combine both processes. To remove the zinc, aluminum is recommended to be treated
through a low temperature of vacuum distillation, followed by fractional crystallization
using the cooled-finger technique to separate iron and silicon effectively.
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