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Abstract:



Aluminum ultra-purification is commonly realized through a combination of three-layer electrolytic refining and fractional crystallization, mostly using zone melting. In order to achieve a purity over 6N with the aid of zone melting, many passes have to be performed, taking several days to be accomplished. This paper focuses on a fractional crystallization methodology using a rotating and internally gas cooled crystallizer (“cooled finger”), based on a Japanese patent from the 1980s, about which no scientific investigation or publication has yet been found. This paper focuses on the impact of process conditions (mainly cooling gas flow and rotation velocity) on the growth rate of the crystallized material as well as on the reduction factor of the impurities Fe, Si, Pb, and Zn in aluminum in relationship to their initial concentration and their interaction in a multi-component system. This technique can be considered as a promising alternative for purification of aluminum as well as other metallic systems.
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1. Introduction


Pyro-metallurgical purification of ultra-pure aluminum relies almost entirely on methods that uses the principle of fractional crystallization. This principle is based on the ratio between the solubility of the impurities in the solid and molten phase of a metal, described by the distribution coefficient (k), as shown in Equation (1) below.
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(1)




where CS is the concentration of impurity in the solid and CL is the concentration of impurity in the liquid.



The distribution coefficient (k) is one of the most important indicators in fractional crystallization methods and defines the purification degree that can be theoretically achieved in a system. For example, at equilibrium and not considering the influence of additional impurity elements, the distribution coefficient can be calculated from a binary phase diagram at a constant temperature [1,2,3]. This coefficient is only valid by assumption of a complete diffusion of the expelled solid in the liquid. Therefore, a more realistic approach can be evaluated by taking the growth rate of the solid, the diffusion of the impurity into the melt and the thickness of the diffusion boundary layer into account. This optimized approach leads to the so called effective distribution coefficient (keff), shown in Equation (2) and described in detail by Burton, Prim and Slichter (known as BPS model) [3,4,5]. As it is seen in Equation (2), the diffusion layer thickness and the growth velocity of the crystallized material are the most important factors in this model, both able to be controlled in the best form through a mixing of the melt as well as cooling effect of the crystallizer. These two aspects are exactly the process parameters in a cooled finger technique and allow the consideration of this model into the interpretation of the experimental results of this study.
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(2)




where δ is the thickness of the diffusion boundary layer, k0 is the ratio Cs/C0, D is the impurity diffusivity in the melt and V is the solid growth rate.



When a maximum mixing of the segregated solute into the melt occurs, the value of keff becomes very close to that of k, showing the optimum purification. In reality and while crystallizing, the rejected impurities enrich the melt ahead of the crystallization front, so that this region contains a higher amount of solute. A representation of this effect can be seen in Figure 1.


Figure 1. Change in solute concentration ahead the solidification front [6,7].
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The region, whose thickness is represented as δ, is the so called diffusion boundary layer. In this area, the impurities are concentrated from the solid/liquid interface up to the distance where the solute concentration is approximately the same as that of the bulk. Within this film layer, impurity transport is assumed to occur only by diffusion, while ahead of this layer the transport is done mainly by convection, which can be increased by mixing mechanisms such as rotation or applying a magnetic field in the melt [8,9,10].



Applying a mechanical agitation e.g., using an immersed rotor, leads to the reduction of the temperature gradient between the crystallization front and the melt besides the crucible wall, keeping the heat flow from the melt to the interface as small as possible. This rotation will also promote a mass flow in the melt, resulting not only in a lower thermal gradient but also in a stable boundary layer in front of the solid-liquid interface, allowing a uniform segregation of impurities [11].



According to the BPS model (Equation (2)), for small values of growth rate, the thickness of the diffusion boundary layer (δ) has a dependence on the rotation rate as well as viscosity of the liquid phase. Equation (3) describes this dependence as an upgrading of the BPS model. In this equation the increase of the angular velocity by increasing the rotation rate of the “cooled finger” will negatively influence the thickness of the diffusion boundary layer, which in turn will contribute to a lower effective distribution coefficient [5].
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(3)




where ω is the angular velocity of the crystallized material, v is the kinematic viscosity of the liquid, and D is the diffusion coefficient of the solute.



With some exceptions, most impurities in aluminum have their k values lower than unity, facilitating their removal by fractional crystallization. Some impurities however, have k-values much bigger than one, such as Ti, V, Cr, and Zr, which are known as peritetic impurities. Table 1 contains the distribution coefficients of most relevant impurities in aluminum according to different authors as well as some values obtained by own calculations using the FactSageTM thermodynamic software (version 6.4, GTT-Technologies, Aachen, Germany) using the light metals database (FT Lite-FACT light metal alloy solutions (2013)). These calculations were conducted by extracting the solidus and liquidus curves from FactSageTM for every binary system (up to 1 wt % concentration of element X in a Al-X system) and exporting them to excel, where each curve was fitted into a 6th-degree-polynomial equation as a function of temperature. This prevented inconsistencies, when extreme lower amounts of impurities are present or when the liquidus and solidus lines are too close to each other. The values of CS and CL at every specific temperature were then extracted from each liquidus-as well as solidus equation and then the thermodynamical distribution coefficient value (k) was obtained (Equation (1)). Such calculations were made for the whole interval of concentrations. The values correlated well with the ones found in literature and the source of errors are mostly limited to the possibility of errors from the FactSageTM database.



Table 1. Distribution coefficients of impurities in aluminum.







	
Element

	
Range of k

	
Element

	
Range of k






	
Fe [12,13,14]

	
0.018–0.053

	
Ti [12,14] *

	
7–11




	
Cu [12,13,14]

	
0.15–0.153

	
Si [12,13,14] *

	
0.082–0.12




	
Ag [12,13]

	
0.2–0.3

	
K [14]

	
0.56




	
Au [12,13]

	
0.18

	
Zr [14] *

	
2.3–3




	
Zn [12,14] *

	
0.35–0.47

	
Pb *

	
0.0007




	
Ni [12,13,14] *

	
0.004–0.09

	
P [12,13]

	
<0.01




	
Mn [12,14] *

	
0.55–0.9

	
Sc [15]

	
0.9




	
Mg [12,14] *

	
0.29–0.5

	
Sb [12]

	
0.09




	
Ca [12,13,14]

	
0.006–0.08

	
V [12,14] *

	
3.3–4.3




	
Cr [14]

	
1.8

	
Na [14]

	
0.013








* Calculated based on FactSageTM FT Lite Database.








The innovative methodology of a rotational immersing cooled finger consists of an internally cooled tube that rotates inside a molten bath, as seen in Figure 2. Since this patent filing in 1982, there were neither any scientific investigations found on this method, nor was there any fundamental research published.


Figure 2. Principle of cooled finger crystallization concept [16].
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Based on the same physical principle of well stablished methods like zone melting, vertical gradient freeze, pechiney crystallizer, etc. this method relies on the fractional crystallization principle, where a growth front is formed and moves radially towards the crucible wall. The rotational mechanism promotes a homogeneous mixing of the melt and a stable boundary layer, which assures an optimal segregation of impurities. The growth rate can be adjusted by combination of the cooling degree and the rotation rate to the targeted purification/productivity rate according to the requirements for subsequent processes.



This process was initially designed as a batch process, though it has big potential to be developed as a semi-continuous methodology. Around 60–70% of molten metal always remains in the crucible after removing the rotor with crystallized metal, it is then possible to be recharged, with further crude aluminum, while it is still molten to repeat the crystallization process.




2. Experimental and Assessment Methodology


Based on the sketch of Figure 2, a cooled finger equipment was designed and built. After the aluminum is molten, the bath temperature is equalized to 700 °C (as the fix melt temperature in this series of experiments). The crystallization unit is pre-heated for a certain period of time inside the furnace above the melt by radiation to avoid thermal shock for the graphite shell (see Figure 3) as well as rapid solidification after contacting molten aluminum. Once the unit has achieved a temperature of approximately 400 °C, it was immersed into the melt and the cooling gas and rotation movement started. These two parameters are the process influencing factors, investigated in this paper. After around 25 min, the temperature of the melt drops shortly above the liquidus temperature and remains in a constant level. In this stage, a crystal layer starts to grow on the cooled surface of the graphite shell. When this crystallized material reaches a specific thickness (around 20 mm), the crystallization unit is lifted and the process interrupted. While removing the crystallized aluminum, another graphite shell can be installed on the unit and the crystallization goes on in a semi-continuous process. Addition of “fresh aluminum” to the melt as well as taking samples before immersing the cooled finger, guarantee the reproducibility of the initial chemical composition. The samples are analyzed via OES spark spectrometry (Optical Emission Spectroscopy, Firma Spectro Analytical Instruments GmbH, Kleve, Germany), which has a certified precision up to 4N5 (99.995 wt %) for aluminum. The analytics follows the industrial standard procedures for this level of impurities and guarantees a reliable result for this concentration range.


Figure 3. Experimental apparatus of crystallization including “cooled finger” and rotational system [17].
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The variation of the melt temperature—measured inside the melt and close to the crucible wall—is later analyzed to obtain the exact time of the crystallization plateau, when temperature is stable and only latent heat is extracted. These data in conjunction with the thickness of crystallized material will later allow the calculation of an approximate growth rate, being evaluated as a function of the cooling gas flow- and rotation rates.



The experimental investigation is divided into three phases. The first is focused on understanding the influence of rotation- and cooling gas flow rate on the growth of the crystallized aluminum. These trials were conducted with pure aluminum (4N7) without any impurities added. The aim is to exclude the effect of impurities on the process behavior. The second part focused on the effect of rotation on the removal potential of some chosen impurities, including Fe, Si, Pb, and Zn. The selection of these elements is due to the fact that they are among the most common impurities in aluminum with quite a wide range of distribution coefficients. In the third part of these trials, the potential of Pb- and Zn-removal based on the initial chemical composition and the effect of accompanying elements was investigated.



The master alloys used to induce the artificial impurities in the trials (Al–Pb; Al–Zn; Al–Si and Al–Fe) were produced internally using high purity aluminum (99.997 wt %) and the additional impurities elements were at least 99.9 wt % purity. When these elements are diluted as maximal 0.1 wt % concentration in aluminum, the presence of unwanted contamination are drastically reduced below the detection limits of OES spectrometry and do not have any meaningful influence on the results.




3. Results and Discussions


3.1. Effect of Combination of Rotation and Cooling Gas Flow Rate on Crystallization Growth


The trials were performed using the variable combinations shown in Table 2. The results revealed, as predicted, an increase in the average growth rate when subjected to higher cooling gas flow. On the other hand, the increase of rotation rate promotes a decrease in the average crystal growth at least for the cases of 45 and 50 L/min. When applying the maximum cooling gas flow rate (55 L/min), this effect is not detectable, as this flow rate is high enough to cause a rather “rapid solidification” instead of the needed “slow crystallization”; therefore, the growth velocity at this cooling gas flow rate seems to be independent from the rotation rate.



Table 2. Average growth rate according to experimental parameters of cooling gas flow rate and rotation rate for 4N7 Aluminum melt crystallized by the cooled finger method.







	
Rotation Rate (rpm)

	
25

	
35

	
45

	
50






	
Cooling gas flow rate (L/min)

	
45

	
50

	
55

	
45

	
50

	
55

	
45

	
50

	
55

	
45

	
50

	
55




	
Average growth rate (μm/s)

	
12.2

	
13.3

	
17

	
6.5

	
11.3

	
21.5

	
0.7

	
9.3

	
19.3

	
-

	
7.5

	
20.6










Through summarizing the whole data collected, Figure 4 was sketched. By selecting the most accurate coefficient of determination (R2), Equation (4) is obtained, representing a linear relationship between the crystal growth rate, cooling gas flow rate as well as the number of rotations per minute while having a R2 = 0.934.


Figure 4. Experimentally obtained average growth rate (μm/s) depending on the cooling gas flow rate (L/min) and rotation speed (rpm) for the crystallization of 4N7 aluminum via cooled finger.
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As stated before, the cooling gas flow rate has a strong impact on the average growth rate, while the rotation rate has a smaller effect, resulted from the amounts of the factors A and B in Equation (4). The reason is most likely that the cooling gas flow rate has a significant influence on the thermal gradient in the growth front, resulting in a rapid solidification and therefore leads to a much higher growth rate. On the other hand and despite the fact that the most important effect of rotation occurs on the diffusion layer thickness δ (see Equations (2) and (3)), this effect can—to a smaller extent—compensate the increase in the thermal gradient by promoting a homogenization of the melt temperature during the process and, as a result, decrease the average growth rate.
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(4)




where A = 1.32; B = −0.17; C = −73.51.




3.2. Effect of Rotation on Removal Efficiency (Reduction Factor)


Selecting the most suitable cooling gas flow rate—according to the results above (50 L/min)—the effect of rotation velocity on purification efficiency and impurity segregation in aluminum was investigated. These impurities includes iron, silicon, lead, and zinc. The amount of impurities was set each as around 0.1 wt %, resulting in a total initial purity of aluminum of about 99.6 wt %. This level of impurities is within the confidence interval (up to 99.995 wt %) of the analytical method used (OES—spark spectrometry) for aluminum. The impurities removal efficiency, represented here by a “reduction factor η”, is calculated as the relation between the impurity concentration in the crystallized product to that in the initial material as stated by the Equation (5) below.
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(5)





For all performed trials, the sampling of the initial composition (C0), as well as from the residual melt (CL), were taken from the molten bath before and after the crystallization period, respectively. Additionally, a third sample from the crystallized material (CS) was obtained. All the samples were prepared, polished, and analyzed via OES spark spectrometry. Each analysis was repeated three times and an average of the measurements was obtained. With the results of CS and C0, the reduction factor [image: there is no content] can be calculated according to Equation (5). An example of this calculation is given below on Figure 5 for the trials of an Al–Fe system using 50 L/min of cooling gas flow rate and 25 rpm of rotation velocity. Figure 5 left shows the results for the initial concentration (C0), the middle shows the concentration in the crystallized material (CS) and at the right side, a table with the results of the reduction factor is demonstrated.


Figure 5. Example of the OES spark spectrometry analyze for the Fe concentration in an Al–Fe system.
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Now, the reduction factor and removal efficiency of different impurities in aluminum via cooled finger at different rotation rates has been illustrated in Figure 6. In these graphs, a significant rise in the reduction factor (%) was observed with increasing rotation rate. This tendency though ends after achieving the maximum peak at 45 rpm. Up to this peak, the behavior of the impurity removal follows Equations (2) and (3), where increasing the rotation rate caused the thickness of the diffusion layer and at the same time the effective distribution coefficient to decrease. After the maximum peak, the efficiency of all impurities dropped, while applying a higher rotation rate (50 rpm) had a contrary influence on the reduction factor tendency. That can be explained by the effect of rotation on the average growth rate of the crystallized material (see Table 3) as well as by using the theory that the rotation of the Cooled Finger increases the mass transport of the molten aluminum coming from the warmer crucible wall in direction to the solid-liquid interface. This phenomenon contributes to the breakdown of the growth front and generates a back melting effect [12]. It leads to an equilibrium between the melt and the crystallization front, as the latter does not grow any more. In such a case, the probability of the previously rejected solute being crystallized becomes greater. It can be hence concluded that beside 50 L/min as the most optimum cooling gas flow rate, 45 rpm can be considered to be the most optimum rotation rate among the investigated experimental parameters.


Figure 6. Plot of reduction factor (%) of impurities in aluminum via cooled finger process and in relation with rotation rate (rpm).
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Table 3. Results of average growth rate and reduction factor for Fe, Si, Pb, and Zn in relation with the rotation rate (each average of three repetitions).







	
Rotation (rpm)

	
Average Growth Rate (μm/s)






	
25

	
22.09




	
35

	
17.48




	
45

	
10.83




	
50

	
10.86











3.3. Effect of Type and the Concentration of the Impuriies on the Removal Efficiency


In the third part of the experimental trials, the initial concentration as well as the influence of additional impurities on the removal efficiency of Pb and Zn was investigated. Although, according to the previous chapter the most optimum rotation velocity was identified as 45 rpm, in this series of experiments the lowest rotation (25 rpm) was selected in order to suppress the positive effect of rotation and just focus on the effect of impurities on their reduction factor. The idea behind the selection of the impurities was that first, lead—a future undesired element in aluminum based on the international environmental rules—has one of the lowest distribution coefficients (0.0007), and second, zinc—one of the most common impurities in secondary aluminum—has one the highest coefficients (~0.4).



Figure 7a illustrates the removal degree of zinc at different initial concentrations, whereas Figure 7b shows that of lead. It can be observed that the initial concentration of the main impurity negatively affects the amount of segregation in the system; i.e., the higher the initial concentration of these impurities, the more difficult it is to remove them and to achieve a desired final purity. Also, there seems to be a technical limit in the amount of impurities segregated, where above a specific concentration (0.1wt % for both Pb and Zn) the reduction factor drops considerably from approximately 80 to 40% for Pb and 40 to 20% for Zn, while taking the more contaminated sample. The impurities are generally concentrated on the boundary layer and transferred—while moving this layer together with the growth front—to the liquid phase. However, this is a velocity-depending phenomena and cannot be accomplished in the case of bigger velocities of the layer movement, known as growth rate. That is why using the same growth rates showed a decrease in the reduction factor while using higher initial concentrations. Whether by decreasing the growth rates, the same removal factor as lower concentrations can be achieved, is still under investigation.


Figure 7. Influence of impurity concentration on the removal factor of Zn (a) and Pb (b) on an Al–Pb and Al–Zn system (each based on three repetitions).
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The difference seen in the reduction factor in the case of the same initial concentrations for Zn and Pb can be argued due to the huge differences in their distribution coefficient (see Table 1). Not only the amount of impurities will affect the reduction factor, but also their interaction plays a role on the effectiveness of the segregation of each impurity. Based on this assumption, a series of trials were performed with the same process conditions as above (25 rpm and 50 L/min of cooling gas flow rate). The influence of four impurities (all in 0.1 wt % concentrations) were evaluated in ternary systems and presented in Figure 8. This figure shows that the reduction factor for 4N7-Al with 0.1 wt % Zn reaches approx. 40% (see the patterned column in Figure 8a), which is even decreased if any 0.1 wt % of a second impurity (such as Si, Fe, or Pb) is added to this system. The same effect is valid for the removal of lead (Figure 8b), being significantly degraded if 0.1 wt % iron, zinc, or silicon is present. It is known that the growth front is generally less stable for multi-component systems in comparison with binary systems, as described in the work from Altieri et al. [18]. This instability can cause poor solute segregation and therefore decreasing of the achievable reduction factor. Such interactions could also be due to the formation of intermetallics on the grain boundaries (shown as dark spots in Figure 9). They act as a barrier, preventing further growth of the grains. Small yellow arrows show the boundary of two grains as well as the saturation of impurities on the grain boundary. It can be concluded that through doubling the impurities concentration from 0.1 to 0.2 wt %, every single grain is forced to grow in different orientations. However, dark spots are not only detected on the grain boundary but maybe also inside the grains. That can be because of the general ascending in the impurities concentration, which decreases the removal efficiency. Furthermore, the selected metallography methodology (electrolytic polishing, Baker’s reagent, circular polarized light) is assumed not to be adequate enough to detect and illustrate the whole occurred grain boundaries.


Figure 8. Influence of additional impurities (each with 0.1 wt % concentration) on the reduction factor of the impurity Zinc (a) or Lead (b) in a system Al–0.1X system (each based on three repetitions).
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Figure 9. Micrographic pattern of Al–Zn–Pb with ×50-magnification (FCC-face-centered cubic phases), color pattern relates to different grain orientations showing pure Al.
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4. Conclusions and Outlook


The cooled finger method is proved to be a potential fractional crystallization to achieve purification on aluminum and therefore suggested to be used as an alternative to the common Zone melting or vertical gradient freeze for other metallic systems like Ge, Si, etc. [19]. Up to this date, this publication was the first oriented research that correlates the general theory of fractional crystallization to the cooled finger method in order to investigate and to stablish a first process window to purify aluminum via cooled finger. The results from the conducted experimental investigations proved the expectation from the theory on fractional crystallization and showed a dependency of the growth rate on the cooling gas flow—as well as rotation rates. The latter has a clear influence on the of purification efficiency.



The cooling at the solid/liquid growth interface together with the heat transfer from this interface to the solid phase enables an ever growing of the crystallized aluminum. Therefore it can be concluded that the growth rate is not only driven by the kinetics but also significantly by the heat transfer. The influences of other parameters like rotation and temperature gradient should be taken into account, since they have a significant impact on the achieved growth rate.



With the help of the software Solidworks® (version 2017, Dassault Systèmes, Waltham, MA, USA), a basic simulation was performed (see Figure 10b) representing the temperature profile in the melt and in the crystallized material. The results showed that the variation in the temperature gradient between the melt adjacent to crucible wall (T4) and the solidification front (T2) is in the order of 0.9 °C (comparing Figure 10a,b). When rotation is applied during the experiments, it promotes a forced convection that assists on the reduction of this thermal gradient. This reduction will also decrease the average growth rate, as seen on Table 3. Additionally, based on the theory of fractional crystallization (Equation (2)) and the experimental results shown in Figure 6, it is assumed that the applied rotation contributed in the decrease of the diffusion layer thickness, favoring a more efficient rejection of the solute into the melt.


Figure 10. (a) Schematic of temperature and impurity concentration profile ahead of the solidification front; (b) Simulation of cooled finger and the form of the product based on the temperature profile via Solidworks® 2017.
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With increasing the crystallized material diameter, the growth rate decreases due to the less efficient cooling of the solid formed, the proximity of the solid/liquid interface to the crucible wall and therefore smaller temperature gradient. Though, this fact wasn’t investigated in this paper due to the impossibility of an accurate measurement of the growth rate during the process. One alternative is to perform a “striation” trial, where for certain periods of time a disturbance on the growth front is generated by e.g., drop of temperature or addition of extra impurities [20,21]. A microscopy analysis later will reveal the intervals in distance of these disturbances and the growth rate across the whole crystallized material can be calculated. Despite the fact that smaller growth rates lead to a better purification efficiency, drastic reduction in growth rate can lead to higher process time and therefore an optimum thermal gradient and declining the solute build-up in the boundary layer by promoting an efficient mixing in the melt should be maintained. Also, the application of the most optimum combination of rotation- and cooling rate in the cooled finger method will allow a more efficient end-purification. This promotes a stable boundary layer, which together with a proper temperature gradient, allows a uniform growth as well as a controlled segregation of impurities. Higher rotation rates proved beneficial for the purification but at very high levels it rather causes a drop in purification, most likely due to back melting effect caused by high turbulence flow on the growth front.



The purification factor obtained from the experiments showed a strong dependence on the process parameters, the initial chemical composition and the concentration of the impurities as well as the interaction between the impurity elements. The reduction factors of Pb and Zn revealed to be negatively affected by the other accompanying elements such as Fe and Si. Disturbances in the growth front are more likely to occur in multicomponent systems than in binary ones. A reduction in the growth rate of the process in order to keep the growth front stable will result in a higher reduction factor of impurities. This effect can be induced by an optimization in the rotation rate, therefore reducing the diffusion layer thickness. In addition, lower amounts of impurity (e.g., 0.025–0.05 wt %), results a much higher reduction factor, however, extreme lower initial concentration of the impurities were not yet studied in this proof of principle investigation.



The advantages of the cooled finger method in comparison with zone melting are the higher production rate and more efficient segregation of impurities. The crystallized material in the cooled finger process grows radially and generates a much bigger volume, while the growth in zone melting is in one direction along the length of a metallic bar and produces smaller masses. This fact in combination with the potential of cooled finger process to be scaled up to at least hundreds of Kilograms leads to significantly higher production rate in comparison to zone refining. Another advantage of cooled finger is its controllable mixing next to the growth front, leading to a decrease the diffusion layer thickness as described in page 2 (Equation (2)). The mixing behavior in cooled finger methodology is a mechanical aspect and independent from the heating behavior of the system. In contrast and in spite of applying induction heating in zone refining and hence inducing a turbulence at the growth front as well, the same fine controlling cannot be managed, because by changing the induction power not only the diffusion layer but also the zone length would be changed. All these aspects make the cooled finger technique a promising alternative to the currently common methods.
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