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STRUCTURAL TRANSFORMATIONS VERSUS HARD PARTICLES MOTION 
IN THE BRASS INGOTS

A mathematical method for the forecast of the type of structure in the steel static ingot has been recently developed. Cur-
rently, the method has been applied to structural zones prediction in the brass ingots obtained by the continuous casting. Both the 
temperature field and thermal gradient field have been calculated in order to predict mathematically the existence of some structural 
zones in the solidifying brass ingot. Particularly, the velocity of the liquidus isotherm movement and thermal gradient behavior 
versus solidification time have been considered. The analysis of the mentioned velocity allows the conclusion that the brass ingots 
can evince: chilled columnar grains-, (CC), fine columnar grains-, (FC), columnar grains-, (C), equiaxed grains zone, (E), and even 
the single crystal, (SC), situated axially. The role of the mentioned morphologies is analyzed to decide whether the hard particles 
existing in the brass ingots can be swallowed or rejected by the solid / liquid (s/l) interface of a given type of the growing grains. 
It is suggested that the columnar grains push the hard particles to the end of a brass ingot during its continuous casting.
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1. Mathematical prediction of structural 
transformations

Localization of some structural zones in the steel static 
ingot can be predicted mathematically, [1]. The method takes 
the extreme points (minima and maxima) and also points of 
inflection of some considered functions into account. However, 
the method is able to predict the fundamental structural trans-
formation observed in the massive ingot, only. It is not possible 
to predict sedimentary cones appearance as well as the “A” and 
“V” segregates formation by this method, Fig. 1. To some ex-
tent, the method is based on the Prof. J.D. Hunt’s fundamental 
paper associated with the analysis of undercooling, [2]. The 
current, innovative mathematical method for the structural zones 
predictions and resultant structural transformation is applied to 
the forecast of the structural transitions in the continuously cast 
brass ingots. 

The essential role playing by the so-called contact layer 
(air gap) is considered in the current simulation analogously to 
some models considering both the mushy zone and contact layer 
influences on the ingot structure formation, [3-5]. 

Generally, some predictions of the structural transitions 
in the static massive ingots and continuously cast ingots are 
the result of the analysis dealing with the difference between 
constrained and unconstrained solidification, [6-34].

Outline of the steel static ingot morphology and its forma-
tion in solidification time predicts the following structural zones: 
a/ chilled equiaxed grains, CE, Fig. 1m,
b/ columnar cells (treated as some single crystals), C, Fig. 1l,
c/ columnar dendrites, CD, Fig. 1j,
d/ lower sedimentary cone, LSC, Fig 1o,
e/ upper sedimentary cone, USC, Fig. 1n,
f/ lower “A” segregates, LAS, Fig. 1k,
g/ upper “A” segregates, HAS, Fig. 1f,
h/ “V” segregates, VS, Fig. 1e,
i/ equiaxed grains, E, coexisting with columnar dendrites, 

Fig. 1d,
j/ equiaxed grains, E, coexisting with the segregates, Fig. 1g,
k/ equiaxed grains, E, coexisting with the shrinkage cavity 

and axial porosity, Fig. 1c.
The switching point in the static ingot, Fig. 1i, is a virtual 

place / time at which the thermophoresis is the winner in the com-
petition between thermophoresis itself and viscosity gradient, [1]. 

The viscosity gradient is responsible for the formation of 
the sedimentary cones in the static ingot, whereas the thermo-
phoresis is connected with formation of the shell / crust shape 
of the solid, Fig. 1.

The above analysis postulates that the equiaxed structure 
is dominant in the steel ingot subjected to the static solidifica-
tion. It results from the fact that the static solidification is an 
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unsteady process and the solidification rate decreases in time 
due to slow cooling.

Some observations of the structure revealed in the continu-
ously cast ingots confirms that the columnar structure can be 
dominant in these castings, Fig. 2a. It results from the fact that 
the continuous casting is the stationary process (apart from the 
initial transient period of this process) and the cooling is usu-
ally intensive. 

The presence of the equiaxed structure as a dominant mor-
phology in the continuously cast brass ingots is also possible, 
Fig. 2b. The equiaxed grains form when the local thermal gradi-
ent is negative whereas the thermal gradient is locally positive 
for the columnar grains formation, [8,35]. 

It should be emphasized that the initial transient period of 
the ingots continuous casting follows the static ingot solidifica-
tion to some extent as described in details, [6].

The continuously cast brass ingot can also evinces the pres-
ence of the single crystal situated axially, Fig. 2a. It results from 
the fact that the thermal gradient direction (heat transfer) was 
changed drastically from the radial to the axial one. 

When the axial heat transfer occurs and ingot translation 
in the crystallizer is sufficiently small (and accompanied with a 
properly high thermal gradient at the s/l interface) then the single 
crystal formation can be expected, Fig. 2a. 

Not every structural zone observed in the steel static ingots, 
[1,7,9,11,14,20,22-25,27,29,30,32], can be revealed in the con-
tinuously cast brass ingots. Moreover, some of them cannot be 
formed since the brass ingots do not contain relevant additions 
(apart from the hard particles). Moreover, the brass ingots are 
not the massive castings. 

Fig. 2a. Morphology of the continuously cast brass ingot revealing 
columnar (dominant), equiaxed grains and the single crystal situated 
axially.

Fig. 2b. Morphology of the continuously cast brass ingot revealing 
columnar grains with the equiaxed (dominant) structure.

2. Model for structural zones predictions 
in the continuously cast brass ingots

The recently developed numerical model for the continuous 
casting [4,12,13], is modified and applied to the current method 
for the structural zones forecast. The heat balance in the method 
is as follows: 
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Fig. 1. Outline: steel static ingot structure and its sequential formation
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Eq. (1) requires to consider some boundary conditions at:
a/ surface of the solid shell being in contact with the air gap, 

Fig. 3,
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b/ surface of the graphite layer being in contact with the air 
gap, Fig. 3

 
4 4

( )
g

g

g

g
gr r R r R

gr R

r R r R

TT
r

 

 (2b)

c/ surface of the graphite layer being in contact with the crys-
tallizer, Fig. 3,
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d/ surface of the crystallizer being in contact with the graphite 
layer, Fig. 3,
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e/ surface of the crystallizer being in contact with the cooling 
water, Fig. 3,
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f/ moving surface of the solid shell being in contact with air, 
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where ρ is density; cb – brass specific heat; λg, λgr, λm – thermal 
conductivity coefficient in air, graphite, crystallizer, respectively; 
δg – thickness of air gap; σ – Stefan-Boltzmann constant of ra-
diation; αgm – coefficient of heat transfer between the graphite 
and crystallizer; αa – coefficient of heat transfer between the 
ingot and the surrounding air; σa – Stefan-Boltzmann constant 
of radiation (outside of crystallizer). 

Eq. (1) allows to predict the structural transformations 
expected in the continuously cast brass ingot for a given rate 
of the ingot translation in the crystallizer and also for a given 
height of the crystallizer. 

The mentioned structural transitions are defined by some 
points of inflection and extreme points which appear on the cal-
culated functions. First of all, it is expected that the FCCT (Fine 
Columnar into Columnar) and CET (Columnar into Equiaxed) 
transitions can be well defined by the current method for the 
structural zones forecast.

Fig. 3. Model of the system for the continuous casting of brass ingot 
shown in the x, r – coordinates; Ting, Tgr – solid shell surface, graphite 
surface temperatures, respectively; expanding air gap due to shrinkage 
phenomenon and mushy zone are applied to the outline

The results of the simulation leading to the forecast of the 
mentioned structural transformations are shown in Fig. 4 for 
the Cu-20Zn alloy.

Fig. 4a. Forecast of the CET – transformation for a given rate of brass 
ingot movement in the crystallizer (equal to 0.4 [m/min]), as suggested 
by the local maximum in the STSM (Space-Time-Structure Map)

Fig. 4b. Situation of the CET as defined by the points of inflection on 
the functions of the thermal gradient: a/ at the s/l interface which is at-
tached to the tips of growing columnar grains (liquidus isotherm), and 
b/ at the bottom of the mushy zone (solidus isotherm) marked in Fig. 3 



2464

The postulated mathematical interpretation of simulated 
functions, Fig. 4, allowed to distinguish the C – and E – struc-
tural zone, only. 

The mathematical treatments, performed in the STSM 
(Space-Time-Structure Map), Fig. 4a, and on the G(t) – func-
tion, Fig. 4b, both should give the same localization of the 
CET – transition versus solidification time. This comparison 
satisfactorily confirms that the CET appears at about 5.25 [min] 
of the process, Fig. 4a, and Fig. 4b. 

However, more detailed analysis allows to define a locali-
zation of the FCCT – transformation, Fig. 5. The single crystal 
formation revealed in the brass ingot morphology, Fig. 2a, cannot 
be yet situated.

Fig. 5a. Situation of the FCCT – transformation as suggested by the 
point of inflection on the liquidus isotherm displacement analyzed in 
the STSM (Space-Time-Structure Map)

Fig. 5b. Situation of the FCCT as suggested by the local minimum 
of the function presenting the liquidus velocity of movement versus 
time 

3. Concluding remarks

The fully developed model for the heat transfer during 
continuous casting of ingots is delivered, Eq. (1), Fig. 3. It deliv-
ers the mathematical forecast of structural zones appearance in 
the brass ingot. It follows the newly developed method for 
structural zones prediction in the solidifying steel static ingot, 
Fig. 1, [1].

The results of simulation presented above do not allow to 
predict the localization of the single crystal which forms axi-
ally in the brass ingot when a proper solidification conditions 
are ensured.

Therefore, it seemed justified to study the influence of the 
crystallizer height on the liquidus velocity of motion in function 
of the distance from the liquid brass meniscus. 

Thus, the crystallizer height was reduced in the simulation 
until 0.8 [m], Fig. 6, (usually applied crystallizer in the industry 
condition is of the 1.2 [m] of height).

Fig. 6. Liquidus velocity of movement versus distance from the liquid 
phase meniscus (crystallizer height equal to 0.8 [m])

The postulated mathematical treatment of the obtained 
function, Fig. 6, allows to distinguish many structural zones 
in the brass ingot subjected to continuous casting. There are: 
CC – chilled columnar, FC – fine columnar, C – columnar, 
E – equiaxed, and SC – single crystal structure. These structural 
zones are enough well visible on the transversal section of the 
brass ingot, Fig. 2a, Fig. 7.

However, when the crystallizer is sufficiently high, then the 
analyzed function is to be modified (dashed line). The dashed 
line (being an extension of the original function shown in the  
0÷0.8 range of the distance from meniscus), together with the 
originally simulated function, v(z), (considered in the range: 

Fig. 5c. Situation of the FCCT as suggested by the point of inflection 
on the G(t) – function calculated for the moving liquidus isotherm
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0÷0.8 [m]), predicts the following structural zones formation: 
CC, FC, C, only. 

Thus, the higher crystallizer is the more possible is the 
disappearance of the single crystal in the brass ingot.

The above conclusion is illustrated in Fig. 8. Therefore, 
a new crystallizer height is added and marked, h = 1.2 [m], 
Fig. 8. Thus, the corresponding middle function v(z) is plotted 
hypothetically, (dotted line). 

It forecasts the appearance of the following structural zones: 
CC, FC, C, and E. The single crystal cannot be formed, as proved. 

This hypothetically plotted v(z) – function, Fig. 8, can be 
simulated due to the current model for heat transfer, Fig. 9.

Fig. 8. The v(z) – function a/ for crystallizer height equal to 0.8 [m], 
b/ for sufficiently high crystallizer (dashed line), c/ for crystallizer height 
equal to 1.2 [m] (middle-function shown by the dotted line)

The ingots usually contain some insoluble inclusions / 
intrusive agents (ceramic particles), [36,37]. These hard parti-
cles can be swallowed or rejected by the solid / liquid interface 

during ingot solidification. The required rejection depends on 
the type of ingot structure (columnar or equiaxed), and first 
of all, this rejection depends on the solidification rate. When 
the solidification rate is higher than the threshold rate (char-
acteristic / typical of a given alloy) then the rejection is very 
intensive, [38].

Fig. 9. The simulated v(z) – function for the crystallizer height equal to 
1.2 [m]; the deflection of the simulated function presents a characteristic 
delay to the situation of the crystallizer edge

Some advanced methods could be applied to make the 
diagnosis of a given alloy subjected to melting or solidification, 
[39]. This kind of diagnosis allows to confirm localization of 
the defects / inclusions in the alloy morphology. It is suggested 
that the mentioned method could be employed to study the 
hard particles motion during castings solidification accompa-
nied by the imposed thermal gradient and crystals growth rate 
(resulting from the velocity of the casting / ingot translation 
in the crystallizer) which are usually applied in the industrial 
conditions. 

The threshold rate of solidification was not determined in 
the presented analysis. However, it can be postulated that the 
columnar structure and particularly single crystal (situated axially 
and growing with the rate of an ingot translation in the crystal-
lizer) are more conducive the rejection of insoluble particles / 
hard particles). 

In this case, the hard particles should be pushed away 
until the end of the continuously cast brass ingot, as expected 
/ required. Therefore, the solidification should be carry out in 
the way which ensures the formation of columnar structure, 
exclusively. This situation is well illustrated / determined due 
to the simulated function and its shifted part illustrated by the 
dashed line, Fig. 6. 
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