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1. Introduction

There are two reciprocal behaviors of impurity in layer crystallization: one is the inclusion of impurity in growing the crystalline layer and the other is the migration of the impurity inclusion entrapped. The liquid impurity inclusions are trapped in the crystal layer during its growth, and moved simultaneously away from the crystalline layer by the temperature gradient established between the cooled surface of crystallizer and the S-L interface. Eventually, in layer melt crystallization, the concentration of the crystalline layer is decided by both the impurity entrapped in the growing layer and the impurity migrated by the temperature gradient. Migration effect on the movement of impurity inclusions was never considered in the growth of the crystalline layer. The previous works [1-2] revealed that the migration could remove the impurity inclusions out of outward the layer and upgrade the purity of the crystalline layer. This study investigated the effect of inclusion and migration on impurity behavior during the layer growth.

2.  Inclusion and migration of impurities in the layers

 The impurity distribution inside a layer is determined by two different parameters: one is the incorporating of the impurities due to mass transfer in the S-L interface and the impurities of inclusions trapped by the growth conditions, and the other is the removal of impurities due to migration in both the S-L interface and the crystalline layer (see Fig. 1).

The critical size of incorporations of impurities driven by diffusional mass transfer is assumed to be a molecular size of less than 10-8m. However, the size of inclusions trapped by constitutional supercooling in the actual operation ranges from 10-6 m to 10-3 m, which depends mainly on crystal growth rate. Bigger inclusions migrate faster than smaller ones.
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Fig. 1. Impurity behavior in the crystalline layer during the layer growth

Henning et al. found that migration rate of inclusions of 30 m was 1.3x10-8 m/s and that of 100 m was 1x10-7 m/s at the same temperature gradient. The previous work investigated the fact that migration occurs only above a critical size of the inclusions of about 1 m. Therefore, inclusions driven by diffusional mass transfer are difficult to remove, and so are desirable for being controlled by the supersaturation during the growth. The inclusions that are trapped by change of interfacial morphology into cellular forms are, therefore, desirable for removal by migration. 

3.  Interfacial condition
Thus the condition for constitutional subcooling can be explained by the dimensionless constitutional supercooling parameter s, defined as the ratio of the temperature gradient in equilibrium and the actual temperature gradient in the liquid, as follows:
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where, (, m and D are growth rate, the slope of solubility curve and diffusivity, respectively. The constitutional supercooling occurs in the condition of s>1. D is typically ~10-9 m2/s, ( may be above 10-6 m/s in processes, m is in the range of 50 – 300 K/(mass fraction), and cli-csi may be 0.01-0.05 in mass fraction of impurity. Therefore, in layer melt crystallization processes, value of s is above hundreds, much larger than 1, so constitutional supercooling conditions are applied. 

Equations based on this criterion have been remarkably successful in predicting the onset of the cellular morphology for systems. From this relation, under crystallization conditions where the interfacial temperature gradient, growth rate and composition are such as to produce unstable crystal growth, it can be elapsed by the formation of a dendritic interface. 
4. Inclusion flux

 At rates greater than the critical growth rate, porous cells are formed by the breakdown of the original planar interface, which tends to become dendritic. The spacing is eventually a characteristic of the breakdown of the planar growth front and is determined mainly by the variables interface temperature gradient, liquidus slope based on impurity concentration, diffusion coefficient and growth kinetics [3].
Fig. 2 shows the inclusion flux inside the crystalline layers against the subcooling at various cooling rates and a feed composition of 90 wt% caprolactam. Inclusion flux in the layer decreases with an increase in the supercooled temperature and a decrease in the cooling rate. A higher cooling rate leads the higher amount of entrapment of inclusion liquid.  

Fig. 3 shows the ratio of inclusion flux Finc to the crystallization flux Fgro for the cooling rate and the composition. Crystallization flux can be calculated at each subcooling. The ratio increases with an increased cooling rate and a decreased caprolactam concentration in feed mixtures. The ratio is in the range of 1.1 - 2.8, 0.7 - 2.0 and 0.2 - 0.3 for 85wt%, 90 wt% and 95wt% caprolactam, respectively.
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Fig. 2. Inclusion flux against subcooling for cooling rates (impurity : cyclohexanon)

Fig. 3. Ratio of inclusion flux to growth flux (impurity : cyclohexanon)

5. Migration flux

Impurity migration occurs in both the S-L interface and the layer during layer growth. The former results from diffusion of impurities due to a concentration profile through the boundary layer and the latter results from the migration of impurity inclusions due to a temperature gradient through the layer. In layer melt crystallization, the entrapment of inclusions impurity is inevitable because interfacial morphology has a cellular form and crystal growth rates are higher than the interfacial migration rate. Typical examples for impurity behavior are shown in Figs. 4 and 5 for 95 wt% caprolactam-5wt% cyclohexanon mixture and 95wt% naphthalene-5wt% benzoic acid mixture, respectively. The inclusion flux is much higher than the migration fluxes in those systems. The migration in the interface is higher in the beginning of crystallization, but migration of inclusions in the crystalline layer is higher than that in the surface at the middle part of the layer. Migration fluxes in both layer and interface may contribute to the concentration profile in the layer. From the comparison of these two systems, the migration effect is found to be larger in the naphthalene-benzoic acid system than caprolactam-cyclohexanon system. As a result, a naphthalene-benzoic acid mixture is expected to be more easily purified by crystallization than a caprolactam-cycloheaxnon mixture. Therefore these two contributions for a removing of the inclusions during the growth should be considered.
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Fig. 4. Fluxes of migration and inclusion in the layer growth of caprolactam-cyclohexanon mixture                               Fig. 5. Fluxes of migration and inclusion in the layer growth of naphthalene-benzoic acid mixture
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