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a b s t r a c t

The increasing demand of ultra-high purity aluminum for technological applications has

triggered the improvement of purification methods during the recent decades. Some of the

most relevant applications for ultra-high purity aluminum include electrolytic condensers,

transistors, integrated circuit conductors, magnetic disks substrates and low-temperature

superconducting magnets. The most commonly used industrial technique for refining high

purity aluminum is the three-layer electrolytic process, reaching purification levels of up to

4N8 (99,998 wt.%). An alternative and less capital intensive method to achieve such puri-

fication level is fractional crystallization. While the three-layer electrolytic process remains

almost unchanged among its proprietaries, the fractional solidification processes vary

considerably on their techniques and setups used to achieve an efficient segregation of

impurities from the base metal. The purpose of this article is to compare the cooled finger

and zone melting, two existing fractional crystallization methods, available at the Institut

für Metallurgische Prozesstechnik und Metallrecycling (IME) of the RWTH Aachen Uni-

versity. The purification effect caused by different types of convection from these two

fractional crystallization techniques was experimentally shown and the common char-

acteristics among fractional crystallization equipment; i.e. growth rate, thermal gradient

and purification rate, were investigated. The competitive advantage of the cooled finger

over zone melting was demonstrated. Although both techniques are capable of refining

aluminum, the design of the cooled finger favors a better impurity segregation.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The usage of ultra-high purity aluminum (over 99.998 wt.% Al,

aka 4N8-Al) is mostly concentrated in the electronic- and

semiconductor industry. One of its most important applica-

tions is in integrated circuits (IC) fabrication. Within the IC

fabrication environment, high purity aluminum oxide (Al2O3)

is used as a tough, electrically insulating and inert coating on

the surfaces of the semiconductor’s production equipment
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[1,2]. Also in this field, 5 N purity aluminum with extremely

low contents of Thorium (Th) and Uranium (U) is used in the

production of transistor interconnects, including the fabrica-

tion of bonding wires for semiconductor packaging. These

applications rely on aluminum’s inherent high electrical

conductivity and thin electrical insulation layer of oxide

formed on its surface. The low amount of Th and U is neces-

sary to prevent signal disturbances [3].

In electronic industry ethe biggest consumer ean anode

foil made of ultra-high purity aluminum is used in the fabri-

cation of electrolytic capacitors due to the high volumetric

efficiency (high capacitance per volume). Additional applica-

tions that require purification levels up to 6 N include mag-

netic disk substrates, sputtering targets, liquid crystal display

(LCD) panels, cathodes for organic light emitting diode (OLED)

displays, high purity alumina production and as electrical and

thermal conductor for low temperatures superconducting

magnets [1,4e6].

1.1. Current industrial production

Most industrially used techniques for the production of high

purity aluminum includes the three-layer electrolytic process

ealso known asHoopes processeand the segregation process.

Starting from primary aluminum (3 N), both process can

achieve purity levels up to 4N8. To reach the purity levels of

6 N and higher, the segregation process is commonly

preferred over vacuum distillation or other complex routes

[3,7e12].

The three-layer electrolysis method is based on the trans-

port of aluminum through an electrolyte placed between an

alloy containing primary aluminum (3 N) and the high purity

(4N8) aluminum output layer. In this process, an Al- ~35wt.%

Cu alloy with the density of around 3.0 g cm�3 remains at the

bottom of the electrolysis cell serving both as anode and the

source of aluminum. A molten salt electrolyte with the den-

sity of 2.7 g cm�3 allows the aluminum ions to flow through,

while serving as a physical barrier to avoid the contamination

of the purified aluminum (r¼ 2.3 g cm�3) with the anode layer.

Since the aluminum in the bottom alloy is continuously

transported through the electrolyte, more aluminum needs to

be charged at the same rate as it is being deposited [13].

The three-layer electrolytic process has been a successful

method to produce high volumes of high purity aluminum up

to 4N8 levels. However, the constant increase in energy costs

as well as the growing pressure to reduce CO2 emissions has

driven the industry to migrate to a more suitable method for

the high purity aluminum production. Meeting these needs,

the segregation process is a viable candidate that has been

widely used as an alternative process or as the part of the high

purity aluminum process chain (See Fig. 1) [2,13].

The segregation is a purification method, in which the

molten aluminum is kept slightly above its melting tempera-

ture and then slowly solidified, to crystallize a new solid with

lower impurity levels than its initial concentration. The

mechanism behind the segregation process is the fractional

crystallization and is characterized by the difference in the

solid solubility of impurity elements in aluminum. When

slowly crystallized, the eutectic impurities present in the

primary aluminum (mainly Si, Fe, Cu, Mg, Ni, Zn, Ga, and

specially for electronic applications U and Th) will tend to

remain in the molten phase rather than in the solid phase.

When a portion of molten aluminum is crystallized, this will

have a higher purity than the initial aluminum while the

remaining liquid will contain most of the impurities [1].

1.2. Fractional crystallization mechanism

The fractional crystallization is a natural phenomena that

occurs when a metal is slowly solidified in a controlled

manner. Upon solidification, the solutes that have their dis-

tribution coefficients k lower than the unit (Eq. (1)), will tend to

remain in themolten phase, while the oneswith values higher

than one will be incorporated into the forming crystal. This

physical phenomenon, by which solutes are rejected from the

forming crystals into the melt, is what provides fractional

crystallization its purifying characteristic. This process can be

progressively performed over previously purified solids, to

further increase their purity level by removing the solute

enriched portion. The incorporation of impurities from the

liquid into a solid can be described in Eq. (1) by the distribution

coefficient [14].

k ¼ CS/CL (1)

where, k is a dimensionless factor, CS is the solute concen-

tration in the solid, and CL is the solute concentration in the

liquid. The distribution coefficient of the two most common

impurities present in aluminum is shown in Table 1 [15].

When solidification occurs very slowly, the composition of

the forming crystals follows the solid concentration CS ¼ k ,

CL, assuming that the diffusion in the solid is negligible. Since

the rejected solutes become enriched in the melt as

Fig. 1 e High purity aluminum production process flow.

Table 1 e Distribution coefficient of the main impurities
in aluminum.

Element Fe Si

Distribution coefficient (k) 0.018e0.053 0.082e0.12
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crystallization continues, the solids formed in later stages will

also become richer in solutes [19]. Assuming no diffusion in

the solid and a total mixing in the liquid, the solute enrich-

ment throughout the solidification process can be well

described by the Scheil’s equation as shown in Eq. 2 [14].

CS ¼ k$C0$(1efs)
ke1 (2)

where, fs is the solidified fraction of the melt and C0 is the

initial solute concentration.

If on the other hand, no mixing is considered in the liquid

and only diffusion act as the solute transporter at solidifica-

tion interface, as solidification proceeds, the rejected solutes

will no longer be able to diffuse fast enough to form a homo-

geneous solute concentration in the melt. Instead, they will

form a solute layer with a concentration gradient ahead of the

solidifying front.

To account for the variation in solute concentration

ahead of the solidifying front, one may consider an effective

distribution coefficient (Keff) which will depend on the solute

transport process within the melt and the solute rejection

occurring at the solidifying front. The effective distribution

coefficient eas firstly proposed by Burton, Prim and

Slichtereconsiders a thin diffusion layer ahead of solidifi-

cation front. Within this layer, the solute transport out of the

solidification front is driven by diffusion. This diffusion layer

can be influenced by the kinetic aspects of the process. As

described in Eq. (3), in order to improve the solute rejection

of a given impurity, one can decrease the solid growth rate

(V) and reduce the thickness of the diffusion layer (d)

[14,16e18].

keff ¼
k

kþ ð1� kÞ$e½�Vd=D�
(3)

where, k is the distribution coefficient, V the solid growth rate,

d is the thickness of the diffusion layer and D is the solute

diffusion coefficient in the liquid.

While reducing the solid growth rate is a viable alternative

to allow the necessary time for the solute to surpass the

diffusion layer and migrate to the molten phase, the decrease

of this layer thickness has proved to be an effective method to

improve the rejection of solute to the melt while keeping the

growth rate -and therefore productivity-at relatively high

levels.

The reduction in the diffusion layer thickness can be per-

formed by promoting a forced mix of the molten phase near

the solidification growth front and can be achieved by e.g.

forced convection, cavitation via ultra-sound, and electro-

magnetic fields [14,19e22].

1.3. Cooled finger as an efficient alternative to zone

melting

Since it’s development in the 1950s, zonemelting has been the

most used technique for the fractional crystallization of

aluminum. The success behind the wide adoption of this

technique relies on the its simplicity. Basically, it functions by

creating amolten zonewhichmoves along ametallic bar. This

molten zone is created by an external heat source, that can be

either a resistance heater or an inducing coil (see example of

Fig. 2 for a inductively heated zone melting equipment).

The temperature gradient profile within the molten zone

is responsible for the convection, which assists the decrease

in the diffusion layer thickness, according with the solute

segregation theory proposed by BPS. When an induction

heating system is employed, the added electromagnetic

stirring adds up to the overall mixing at the solidification

front.

Despite the wide usage of zone melting as the standard

technique for the purification of aluminum, the development

of the cooled finger as a fractional crystallization method,

based on a Japanese patent from 1980’s, provides a competi-

tive advantage over the zone melting equipment [23].

The cooled finger purification equipment, consists of a

double-wall fluid-cooled rotating shaft that solidifies a crystal

inside the melt. The mechanical mixing provided by the

rotation of the cooled finger, creates a strong fluid velocity

with its peak intensity directly ahead of the solidification

front.

In zone melting the mixing caused by the sum of both

thermal and electromagnetic convection generates its highest

intensity between the center of the molten zone and the so-

lidification front. In Fig. 3 the different forms of convection are

shown for both techniques, resulting in a different flow ve-

locity profile.

The fluid flow behavior is one of themost important aspect

in fractional crystallization, as it is related to the temperature

distribution in the system as well as to the mass transport

within the melt. Generally, the fluid flow enhances the mass

transfer by transporting away the melt from the solideliquid

region (containing high concentration of segregated impu-

rities), and replacing it with “fresh” material containing lower

amount of impurities [24].

The assumption is that the mechanical stirring created by

the cooled finger has a greater effect on decreasing the diffu-

sion layer thickness (shown as a blue interface in Fig. 3), which

improves the impurity segregation, while increasing the pu-

rification efficiency of this technique [24].

Fig. 2 e Induction heated zone melting located at IME

institute, RWTH Aachen University (Photo by Martin

Braun).
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2. Objectives and experimental methodology

The aim of this paper is to experimentally demonstrate the

purification effect caused by different types of convection

from these two fractional crystallization techniques. In

order to achieve that, the growth rate (as an influencing

parameter for segregation of impurities) will be kept at a

fixed range.

Moreover, the common characteristics among the frac-

tional crystallization equipment; i.e. growth rate, thermal

gradient and purification rate, were investigated in this work

to identify the main mechanisms behind the purification

within each technique.

In total, 25 cooled finger and 10 zone melting experiments

with different parametric configurations were performed.

Their samples were chemically analyzed via spark spectros-

copy (Optical Emission Spectroscope, Spectro Analytical In-

struments, Kleve, Germany), which has a certified

measurement precision up to 4N5 (99.995wt.%) for aluminum.

To enable the analytical results within the precision limits of

the used spark spectrometer, an artificial initial material was

created by alloying 4N8-purity aluminum with 0.1 wt.% of Fe,

Si and Pb.

2.1. Experimental setup and process parameters

Zone melting and cooled finger were the fractional crystalli-

zation techniques investigated in this paper, both available at

the IME Institute of RWTHAachen University. A description of

the employed equipment is summarized in this section.

2.1.1. Cooled finger

The cooled finger purification equipment is installed in an

open resistance furnace with a PID temperature controller. It

is also coupled to a frequency controlled electric motor that

drives the cooled finger rotation. A schematic of the cooled

finger setup can be seen on Fig. 4. The rotational speed of the

motor and the cooling fluid flow rate were selected as vari-

ables. The flexibility of its operation relies on thewide range of

adjustment and variable combination [15,25].

The cooled finger trials were performedwith an initial melt

temperature of 700 �C. Subsequently to the immersion of the

cooled finger into the molten bath, the cooling gas flow and

rotation were initiated. These two parameters are the main

factors influencing purification. The rotation was varied from

25 to 100 RPM, and the cooling gas flow rates from 45 to

70 L min�1 at 2 bar of pressure using compressed air.

The process starts by inserting the cooled finger in a

molten bath, where after a period of time a layer of purified

metal starts to slowly grow over the cooled finger surface.

Fig. 4 e Cooled finger schematic.

Fig. 3 e Types of convection and fluid velocity profile in

cooled finger and zone melting.
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During the solidification, the segregation of impurities occur

and the solidified fraction of metal will have a lower impurity

content than the bulk metal remaining in the crucible. Sam-

ples were taken from the melt prior to the cooled finger im-

mersion (C0), the crystallized material over the cooled finger

(CS), and the residual melt in the crucible (CL).

The melt temperature was recorded during the experi-

ments to determine the solidification time and calculate the

growth rate with it. Additionally, one set of experiments was

performed tomeasure the temperature gradient necessary for

solidification.

2.1.2. Zone melting

The zone melting equipment consists of an induction heating

coil which travels along a surrounded vacuum tight quartz

tube, where the aluminum containing crucible is held by

water cooled supports inside the chamber. A schematic of the

zone melting setup can be seen on Fig. 5. The zone melting

equipment, employed for these experiments, is retrofitted

with an infrared camera, which enables the measurement of

the molten zone length and temperature during the refine-

ment process. The coil movement velocity (0.8 and

1.2mmmin�1) and the number of passes (1 and 3 passes) were

selected as variables. The supplied power to the induction coil

was fixed to 10 kW for all the trials. The growth rate and

thermal gradient data, was obtained through the infrared

camera as detailed in [26,27].

In preparation for the experiments, aluminum was cast to

fit the graphite long crucibles also known as “boats”. These

were sprayed with a thin layer of high purity boron nitride to

prevent the aluminum adhesion during the process. The boats

were then positionedwith an inclination angle of 1� inside the

chamber, to prevent the mass transport towards the process-

end side of the bar. To prepare the argon inert atmosphere, the

chamber was evacuated and flushed twice with argon before

setting it at 700 mbar.

The refined bars were cut and polished at specific lengths

to proceed with the chemical analysis through spark spec-

troscopy. Later, the real growth rate was calculated based on

the tracking of the growth front obtained by analyzing the

temperature profile via the infrared camera. This method

allow a better understanding of the process, rather than

assuming the movement velocity of the induction coil as a

nominal unchangeable value.

2.2. Methodologies

2.2.1. Measurement of the temperature gradient

2.2.1.1. cooled finger. The temperature gradient measured in

the Cooled Finger trials was based on the difference between

the temperature at the solidification front with respect to the

melt during the purification process. These temperature

values were recorded by localizing four thermocouples at

specific distances across the crucible. In these experiments,

the crystal was allowed to grow over the first set of thermo-

couples (as seen on Fig. 6) while recording their values. The

time required for the crystal to grow over the first set of

thermocouples was defined from previous trials. The tem-

perature gradient measurements were performed without

rotation.

2.2.1.2. Zone melting. For the temperature gradient mea-

surements in the zone melting process, a thermographic

analysis was computed from the infrared camera recordings

(Fig. 7).

In order to record the zone melting process through the

quartz tube, the infrared camera (IR)measures radiation in the

spectral range between 0.78 and 1.1 mm. The IR camera is fixed

in a way that it moves along with the induction coil. The

camera’s software was calibrated for lightly oxidized

aluminum sample, as described in Reference [26].

By plotting the measured temperature along the crucible

length, it is possible to obtain the temperature gradient (DT/dx)

for each measured frame, as seen in the example from Fig. 8.

2.2.2. Calculation of the average growth rate

2.2.2.1. Cooled finger. To determine the average growth rate,

the sample wall thickness was divided by the crystallization

time. To measure the crystallization time, the melt tempera-

ture was recorded employing a thermocouple placed inside

Fig. 5 e Zone melting schematic.

Fig. 6 e Cooled finger temperature gradient measurement

setup.
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the melt, adjacent to the crucible wall at the same height of

the graphite body. An example of a typical temperature

recording can be seen in Fig. 9.

Within this profile, one can point out three stages: Firstly,

the moment, in which the cooled finger is immersed into the

molten bath (region A), immediately after, the slow drop in

melt temperature induced by the heat extraction from the

cooled finger (region B), and during the solidification process,

the constant temperature plateau located slightly above the

melting point of aluminum, indicating the crystallization

phase (region C).

2.2.2.2. Zone melting. The average growth rate for this case, is

obtained by considering the coil movement velocity and the

actual freezing interface movement. In the experiments per-

formed for this comparison, two different movement veloc-

ities were investigated, 0.8 mm/min (13 microns/sec) and

1.2 mm/min (20 microns/sec).

Although the averaged growth rate lies close to the selected

velocities, the growth rate varies along the process due to the

molten zone length change. For this purpose, the camera

recording was analyzed in a frame-by-frame manner to

compute the actual growth rate throughout the refinement

process. A typical graph of the growth rate change along the

crucible can be seen on Fig. 10.

The increased size of the molten zone length at the

beginning and end of the process causes higher growth rates

at those instances. This is due to the geometric shape of the

graphite boat, that acts as an additional susceptor mass,

resulting in an increased heat input to the molten aluminum.

For the same reason, the section between the two valleys seen

in the middle portion of the bar corresponds to a necessary

power adjustment to maintain the zone length steady during

the process.

2.2.3. Calculation of the purification ratio

The chemical composition of all aluminum samples was

analyzed via spark spectrometry. Each sample was measured

Fig. 8 e Zone melting temperature gradient measurement.

Fig. 7 e Thermograph of an Al-sample during zone melting

process.
Fig. 9 e Example of a solidification timemeasurement from

a cooled finger experiment.

Fig. 10 e Growth rate variation along the zone melting

process.
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three times to assure reproducibility. The average of these

measurements was considered to calculate the purification

ratio.

2.2.3.1. Cooled finger. Throughout the Cooled Finger trials, a

sample of the initialmelt (C0) and from the residualmelt in the

crucible (CL) were collected. Additionally, the crystallized

material (CS) was also sampled. To achieved purification was

then calculated based on the percentage of the solute removal

for each individual impurity, and defined according to Eq. (4)

below.

Purificationð%Þ¼

�

1�
CS

C0

�

$100 (4)

2.2.3.2. Zone melting. For the zone melting trials, the initial

solute concentration of the bars was obtained before the

trials (C0). After concluded the defined number of zone

refining passes, the bars were cut at equally spaced dis-

tances to perform the chemical analysis of CS as well as to

perform the concentration profile along the bar, as predicted

from the Scheil distribution theory (see Fig. 11 This data was

employed to determine the most favorable compromise be-

tween refinement and yield, to define the average purifica-

tion ratio. The value of CS is then considered as the average

concentration within the first two thirds of the bar, deemed

as the product.

2.2.4. Influence of process parameters

2.2.4.1. Cooled finger. To evaluate the effect of the cooling gas

flow-rate and rotation rate, as the main process parameters

for the cooled finger, a series of trials were conducted as

following.

To investigate the effect of cooling gas flow rate on the

growth rate and purification, the rotation rate was fixed to 25

RPM as shown in Table 2.

To investigate the effect of rotation on the growth rate and

purification, the cooling rate was fixed to 70 L/min as shown in

Table 3 below.

2.2.4.2. Zone melting. To analyze the impact of the coil

movement velocity and the number of passes, as the most

important process parameters in the zone melting, a series of

experiments employing two different velocities; 1.2 and

0.8 mm/min, were performed in combination with a one-as

well as 3-Pass refining sequences, respectively.

3. Results and discussion

The impurity segregation in any fractional crystallization

technique is mostly influenced by the growth rate and the

thickness of the diffusion layer ahead of the solidification

interface.

The effect of the temperature gradient is different on each

of the investigated techniques. In this section, it is demon-

strated that convection plays an important role in purification.

3.1. Growth rate

3.1.1. Cooled finger

In the case of the cooled finger, higher growth rates are ach-

ieved by increasing the cooling rate. More precisely, this air

flow creates the required temperature gradient to keep the

crystallization process. Fig. 12 depicts the relationship be-

tween the cooling rate and the growth rate at a constant

rotational speed plotted with a linear fit.

Additionally, the rotational speed of the cooled finger plays

an important role on the growth rate regulation. Fig. 13 shows

how the higher rotational speeds - at a constant cooling rate-

promotes lower growth rates.

The results from Figs. 12 and 13 shows that the chosen

process parameterswere able to generate a growth ratewithin

the target range (10e20 microns/sec).

3.1.2. Zone melting

Generally, the zone melting uses the coil movement velocity

to control the growth rate. However, the actual growth rate is

the sum of the coil movement velocity and the zone length

variation. Fig. 14 shows how the growth rate varies around a

fixed coil movement velocity of 1.2 mm/min (20 microns/sec).

The growth rate fluctuation is mainly attributed to the zone

length variation along the process.

Although strongly dependent on the zone length, the

average growth rate lies close to the coil movement velocity.

Fig. 15 shows the growth rate variation over the crucible

length at two different selected coilmovement velocity: 1.2 (20

Table 2 e Investigated cooling gas flow-rate parameters
at 25 RPM.

Cooling gas flow rate (Liter/min)

45.0 47.5 50.0 52.5 55.0

Fig. 11 e Typical solute distribution after zone melting for

an initial 0.075 wt. % solute concentration.

Table 3 e Investigated rotation rate parameters at 70 L/
min.

Rotation rate (RPM)

60 70 80 90 100

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c h no l o g y 2 0 2 1 ; 1 2 : 7 9 6e8 0 6802

https://doi.org/10.1016/j.jmrt.2021.03.025
https://doi.org/10.1016/j.jmrt.2021.03.025


microns/sec) and 0.8 mm/min (13 microns/sec). After calcu-

lating the average growth rate during the zone melting pro-

cess (shown with the horizontal lines), the resulting values do

not deviate more than 2 microns/sec from the constant coil

movement velocity.

The relationship between the average growth rate in both

processes posses a markedly effect on the purification. In the

cooled finger trials, the growth rate is mainly controlled by the

air cooling and rotational speed. On zone melting however,

the growth rate is set by a combination of two factors, the coil

movement velocity as well as the zone length variation.

3.2. Purification

Besides growth rate, purification is strongly dependent on the

diffusion layer thickness. The role of forced convection on the

reduction the diffusion layer thickness results in an increase

of the purification.

3.2.1. Cooled finger

The cooled finger purification results show an improved im-

purity rejection as the average growth rate increases. The

previous in accordance with the BPS theory. Fig. 16 shows the

decrease in purification ratio as the average growth rate in-

creases, focusing on lead as an impurity in aluminum, at

cooling rates varying from 45 to 55 Lmin�1, while maintaining

a fixed rotation of 25 RPM. As depicted by the linear trend line,

purification ratio from 55 and up to 75% are expected from the

cooled finger around a growth rate of 10 microns per second.

The role of rotation within the cooled finger is to decrease

the diffusion layer thickness through forced convection.What

distinguishes the cooled finger from zone melting is that the

highest fluid flow velocity takes place at the solidification

interface. Fig. 17 shows the direct relationship of the rotation

on the purification ratio of Fe and Si as impurities in

aluminum.

Fig. 12 e Effect of cooling gas flow-rate on the growth rate

at 25 RPM.

Fig. 13 e Effect of rotational speed on the growth rate at a

cooling rate of 70 L min¡1.

Fig. 14 e Growth rate and zone length variation along the

zone melting process for a fixed coil movement velocity of

1.2 mm/min.

Fig. 15 e Growth rate variation of the two investigated coil

movement velocities.
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3.2.2. Zone melting

The zone melting trials show improved purification rates at

lower growth rates. To be able to calculate the purification

ratio, two thirds of the zone refined bar were considered as the

purified product.

The two levels of coil movement velocity employed during

the zone melting trials are shown in Fig. 18. From the 1-Pass

refined samples, the purification ratio increases as the

average growth rate is reduced, focusing on iron as an impu-

rity in aluminum. The linear trend line shows that average

purification ratios from 40 and up to 55% are expected from

the 1-Pass zone melting process employing a coil speed of

0.8 mm/min (13 microns/sec) and 1.2 mm/min (20 microns/

sec) respectively.

The decrease in the diffusion layer thickness is achieved by

the thermal and electromagnetic convection caused by the

highly localized heat input induced by the induction coil. This

results in a high temperature gradient along the molten zone.

3.3. Temperature gradient

3.3.1. Cooled finger

The experimental measurements of the temperature gradient

for the cooled finger trials showed that the melt temperature

increases slight from the vicinity of the cooled finger, towards

the crucible wall. The temperature differencemeasured at the

solideliquid interface was 0.06 �C/mm, which established the

strong dependence of the process even on the slightest

changes in its setup parameters such as furnace temperature,

insulation, cooling gas flow rate and rotation.

It is worth mentioning (as described in section 2.2.1) that

the measurements of temperature gradient were performed

in a static condition i.e. without rotation. Its effect would

further decrease the temperature gradient value due to the

mixing of the melt. Fig. 19 shows the temperature profile

measured around the cooled finger during the crystallization

process.

Fig. 16 e Effect of the growth rate on the purification ratio.

Fig. 17 e Effect of rotation rate on purification ratio of Fe

and Si in aluminum at cooling rates varying from 50 to

70 L min¡1.

Fig. 18 e Effect of the coil speed (growth rate) on the

purification ratio of Fe in aluminum.

Fig. 19 e Cooled finger temperature gradient.
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3.3.2. Zone melting

The temperature gradient in zone melting was computed

from the thermographs captured throughout the experiments

and plotted as a temperature profile in Fig. 20. The tempera-

ture gradient throughout the zone melting process is strongly

dependent on the graphite crucible, which acts as a susceptor

transferring the heat generated by the electromagnetic field of

the coil to the aluminum.

In contrast to the cooled finger, where a slight temperature

gradient drives crystallization, the zone melting process ex-

periences a wide range of temperature gradients along its

processing. These variations weremeasured to lie between 0.2

and 3.0 �C/mm along all the experiments performed, which

can reach up to 50 times the value observed in the cooled

finger trials.

3.4. Competitive advantage of the cooled finger

If any parameter stands out as a strong differentiating char-

acteristic between the cooled finger and the zone melting

techniques, is their processing time. The cooled finger re-

quires less than an hour to achieve an impurity removal ratio

of up to 80 wt.% with a 40e60% yield, while zone melting

needs from 8 to 17 h to achieve similar results, depending on

the number of passes and coil speed. Fig. 21, shows the range

of purification in dependence of the processing time required

by cooled finger and zone melting.

4. Conclusions

The cooled finger and zone melting are both based on the

principle of fractional crystallization. The growth rate (as

demonstrated by Scheil and BPS) stands as a critical param-

eter for the obtained solute segregation during crystallization.

Lower growth rates will allow a better segregation of solutes

from the crystallization interface towards the bulk melt.

It was successfully demonstrated that the cooled finger has

a higher competitive advantage over zonemelting.While both

techniques are capable of purifying aluminum at similar

growth rates, the cooled finger design favors the segregation

of impurities. Overall, the cooled finger has the following ad-

vantages over zone melting:

1) The possibility to promote a forced convection ahead of the

solidification interface, which -according to solute segre-

gation theory-improves solute segregation without

affecting the growth rate, resulting in a reduced processing

time.

2) The solid growth rate in cooled finger has a better stability

than zonemelting. The first technique is influencedmainly

by the cooling gas flow and rotation, while the second is

subjected to the fluctuations in the zone length along the

process.

The difference between the temperature gradient in the

cooled finger and zone melting can be explained by its role in

each process. The solidification in cooled finger is driven by

the temperature gradient while in zone melting it is driven by

the coil movement and the zone length variation.

The temperature gradient measured in the cooled finger of

0.06 �C/mm indicate a minimal effect of thermal convection,

while for zone melting the higher temperature gradients be-

tween 0.2 and 3.0 �C/mm are clear indication that thermal

convection is the main driver for mixing in the molten zone.

The trials conducted with the cooled finger showed an

impurity removal ratio of around 80% for Pb, 70% for Fe and up

to 75% for Si. For the zone melting trials, up to 75% of Fe was

removed after 3 passes of zone melting.

Despite the preference of the zonemelting process over the

cooled finger due to its automation simplicity, the lower pro-

cessing times offered by the cooled finger makes it the perfect

candidate for up-scaling projects within the metal refining

industry.
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