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Fig. 1f. “A”,– and “V” – segregates (dashed lines are superposed over the detected micro-fissures)

Fig. 2a. Macro-segregation pattern of carbon Fig. 2b. Macro-segregation pattern of manganese Fig. 2c. Macro-segregation pattern of silicon

Fig. 2d. Macro-segregation pattern of phos-
phorus

Fig. 2e. Macro-segregation pattern of sulfur Fig. 2f. Macro-segregation pattern of 
chromium



1918

Fig. 2g. Macro-segregation pattern of nickel

3. Brass ingot morphology and resulting 
Growth Law

The delivered observations of the steel static ingot morphol-
ogy confirm the intensive appearance of both macro-segregation 
and also micro-segregation. Particularly, macro-segregation 
plays an essential role in the materials properties of an ingot and 
a subsequent plastic deformation. 

On the other hand, some observations of the brass ingot 
morphology confirm that, first of all, the columnar structure is 
formed during continuous casting, Fig. 3. Thus, it is justified to 
measure the Peclet Number within the brass ingot morphology 
and work out a resulting Growth Law. 

Fig. 3a. Two types of columnar (FC – fine columnar and C – columnar) 
structure revealed on the brass ingot cross-section

The mentioned Peclet Number results directly from the 
measurement / estimation of the Rexp – tip radius of the colum-
nar dendrite or columnar cells revealed on the longitudinal and 

Fig. 3b. Interplay between columnar structure formation / situation 
and thermal gradient localization; Gr – radial thermal gradient operat-
ing during columnar structure formation, GZ – vertical / axial thermal 
gradient operating during single crystal growth

Fig. 3c. Approximate method of the Rexp – tip radius measurement 
within the columnar structure surrounding the single crystal situated 
axially in the brass ingot

Fig. 3d. Columnar structure and single crystal as the dominant mor-
phology within the brass ingot; FC – fine columnar, C – columnar, and 
SC – single crystal as revealed





1920

 

� � � � � � � �
� � � �

2 0

exp

1
,

1

with

C

C C

C

th

v k C
R m G

Rv D k Rv
D

Rv D

RRR

A

� ª � º
� « � »

��� « � »�  � �� « � »� ª � º� � � � � �� « � »� « � »� « � »��� « � »� ¬ � ¼� ¬ � ¼

� { � {

��
� � � �

��

��

 

 (7d)

 
� � � ��� ��

� � � �
02

1C C

C

v k C R v D
R m G

D D k R
A

v

� ª � º� � � �
� « � »�  � �
� « � »��� ¬ � ¼

��
��

��   (7e)

Eq. (7) may be transformed into:
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After some rearrangements Eq. (8) becomes:
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where k is partition ratio.
Eq. (9a) presents the Growth Law for the very small Pe – 

Peclet Number (less than unity). 
However, when the Pe – Peclet Number is properly greater, 

then, the higher development of the Ivantsov’s function is to be 
applied: 

 � � � ��� ��2
3 3 / 4 2I Pe Pe Pe Pe�  � � � � � � �  � :  (2b)

 � � � ��� ��2
4 3 5 / 3 8 2I Pe Pe Pe Pe�  � � � � � � �  � :  (2c)

then, the adequate versions of the Growth Law develop suitably: 
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Eq. (9) means that at a given vertical rate of the ingot dis-
placement along the crystallizer, with the accompanying growth 
rate of columnar structure, vC, and at a given thermal gradient 
imposed at the s/l interface, G, with the nominal Zn – solute 
concentration in the brass, C0, the one and only one resultant 
tip radius, R

�I
 (also size of the grain) can be expected in the ingot 

morphology. 

4. Methods of the micro-segregation measurement

In the case of the steel static ingots the macro-segregation 
is the important factor for the estimation of materials properties. 
It is obvious that in the case of the continuously cast brass ingots 
not only size of the structure (especially size of the columnar 
structure) plays an essential role in the estimation of final proper-
ties of a given product but the micro-segregation as well. Thus, 
the following methods, Fig. 5, are suggested to measure the Zn 
– solute micro-segregation (the Zn – solute redistribution after 
back-diffusion, in reality [18]). 

The general equation describing the solute redistribution 
(expressed in mole fraction) after back-diffusion is:

 � � � � � � � � � � � �� � � �0 0 0; , ; , ;B ex in LN x x k x x x N x� D � E � E � D � D� ª � º�  � �� ¬ � ¼  (10)

where, x is the current amount of the growing columnar grain 
(2D solidification), x0 – amount of the columnar grain at the 
moment of freezing, �. – back-diffusion parameter, ��ex – coef-
ficient of the extent of the solute redistribution, �� in – coefficient 
of the intensity of the solute redistribution, L– – half the diameter 
of the columnar grain, H– – height of the frozen columnar grain 
being in the contact with the surrounded liquid just before the 
appearance of precipitates, N L – current solute concentration in 
the solidifying alloy, [18]. 
a) at the bottom of a frozen columnar grain (cell / dendrite) 

or on the columnar grain cross-section (without freezing),

 � � � � � � � � � � � � � � � �;1, ;1 1, ;B ex in LN x k x N x� D � E � E � D � D� ª � º�  � �� ¬ � ¼  (10a)

b) at a certain height of a frozen columnar grain,
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c) along the axis of symmetry of a frozen columnar grain,
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d) along the envelope of a frozen columnar grain,
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5. Concluding remarks

The segregation phenomena are important for both static 
steel ingot and continuously cast brass ingot from the viewpoint 
of materials properties, especially when the ingots are subjected 
to plastic deformation.

However, the macro-segregation plays an essential role 
in the case of the static steel ingot, Fig.1b, Fig. 1c, Fig. 1f, 
Fig. 2, whereas the micro-segregation (Zn – solute redistribu-
tion, Eq. 10) is expected when the dominant columnar structure 
is formed within the continuously cast brass ingot, Fig. 3.






