Int J Adv Manuf Technol (2017) 91:1709-1721
DOI 10.1007/500170-016-9885-5

@ CrossMark

ORIGINAL ARTICLE

Dynamic formation of primary grain structures on squared steel
billets produced by continuous casting (computer simulation)

A. Ramirez-Lépez'* - D. Muiioz-Negrén' - M. Palomar-Pardavé? -

M. A. Romero-Romo? - J. Gonzalez-Trejo>

Received: 21 September 2016 / Accepted: 12 December 2016 /Published online: 20 December 2016
© The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract The present work is dedicated to explain the devel-
opment of a computational model for simulating the grain
structure formed in a squared billet produced by continuous
casting. During steel solidification, three different grain struc-
tures are formed as a function of the heat removal conditions.
The solidification times previously calculated using a finite
difference method were used as input data in order to simulate
dynamically the evolution of the grain formation.
Computational routines for grouping, counting and classifying
have been programmed to evidence the influence of the solid-
ification speed on the grain morphology resulted. Criterions
based on solidification speed and time on mushy are used to
establish the transitions zones between chill, columnar and
equiaxed grains. Routines to simulate grain nucleation and
growth based on chaos theory have been included to create a
graphical cellular automaton on the computer screen to ani-
mate the grain structure formation.
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1 Introduction

The solidification structure control is important in continuous
casting process (CCP) is due to it may affect the quality and
performance of the steel products. It can cause troubles and
defects during manufacturing. Many factors affect the quality
of casting and it is necessary to understand properly the phe-
nomena occurring in CCP from an industrial and scientific
point of view. Solidification is a difficult problem to be treat-
ed. Heterogeneity on grain morphology and the geometrical
complexity makes necessary the inclusion of Monte Carlo
Methods, stochastic procedures and chaos theory. The begin-
ners [1] who tried to simulate grain structures obtained by
continuous casting used basic geometrical approaches.
Recently the computational models have become more so-
phisticated and many authors [2—5, 11] have developed
models based on cellular automata to simulate in better detail
grain structures. Some authors have developed models for
ferritic and non ferritic materials due to there are different
metals and alloys, these authors also have developed models
to simulate the dendrite formation; which is the elementary
simulation to form a grain. Nevertheless the scales must be
reduced. Some other authors [5-8, 11] have been working on
the development of computational models using cellular au-
tomaton and reproduce the multi-grain formation.

The models developed by other authors [9-18] have
incorporated physical theory related with the microstruc-
ture formation of these materials during solidification.
About it, all the models also [2-21] treat the solidifica-
tion problem as a function of the nucleation and grain
growth. Some authors [16] have simulated this process
using parallel computing methods. Some of them [12,
15, 17] treat specific problems such as the interruption
of grain growth due to some phases or inclusions the
solidification of the melt. The problem about the scales
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for simulation is also treated by some of them including
the limits of the graphical representation [18-21]. Some
other authors remark the importance of the mushy on the
final structure [13, 1821, 23-27]. The problem of tran-
sitions zones is also treated by some authors [21].
Nevertheless the presented work treats the problem of
the grain structure formation during solidification of a
steel squared billet using information about the heat re-
moval. In consequence the model simulates each solidi-
fication case as a function of real quenching conditions
previously calculated.

The main purpose of this research is to create a com-
putational algorithm capable to reproduce the grain struc-
ture formed during solidification but dynamically using
the information of a previous thermal analysis and in ad-
dition to prove the influence with mathematical and phys-
ical facts of the steel thermal behavior over the grain
structure resulted.

The present authors developed a computer simulator
for calculating the steel thermal behavior previously
[22]. The model was based on the solution of a two
dimensional equation system. In which a control volume
of the steel was discretizated using 3D elements.
Nevertheless due to the energy required for heat the steel
(Hpy) until the casting temperature (Tcasiing) 1S @ numeric
value a regular structured squared mesh was used for
representing. The equations to simulate heat removal con-
ditions according with the steel position on the continu-
ous casting machine were solved according with the
boundary conditions. A finite difference Method known
as Cranck Nicholson rule was used to solve the system
including radiation, forced convection, conduction and
state equations. The 3D elements were managed as nodes
where the sub indexes (I) and (J) were used to identify
the nodal position on the computational array. In the
present work a cellular automata is used to represent
each nodal position displaying on the screen every cell
with a pixel- color. A cell represents each nodal position
as is explained in Fig. 1. The solidification times saved
in the computational arrays after thermal calculation are
used as data input in order to simulate the grain structure
formation according with the dynamical evolution of the
solidification.

The nodal times were saved in a file using an ordinate
format for making compatible the information with some
others software or models. Nevertheless the grain growth
model developed in this work does not work with tempera-
tures or enthalpies. Solidification times are load from files in
order to confirm the physical principle exposed in Eq. (1) and
Fig. 1. This equation represents the equivalent derived from
the work with enthalpies and temperatures but also with the
times according with the evolution of the solidification pro-
cess due to the incorporation of a monitoring procedure and
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Fig. 1 Data management a) 3D element node used for discretization of
the control volume for the steel during the continuous casting. b)
Elementary 2D node to solve steel thermal behavior. ¢) Cell used to
display the cellular automata on the computer screen

how the steel thermal behavior can be re-built using only the
evolution time information.

t t
Hi . Ty, t

= (1)

Hsol'Hliq Tsol'Tliq tsoll, J'tliql, J

2 Working data

The simulation done in the present work takes as working data
the information saved during previous steel thermal behavior
[24]. This model was developed to calculate the heat removal
on steel billets produced by continuous casting. A routine for
saving the solidification times was nested on the original al-
gorithm at the end of the thermal calculation and displaying
procedures. This routine is shown in Fig. 2. Here the pair of
loops are executed to compare the temperature on each node
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St()rlng Lsol = t

save the information
both arrays in a file

Fig. 2 Flowchart of the routine to save the solidification times during
heat transfer simulation on CCP

(Tyy) with the transition temperatures (Ty;q) and (Tyq); then if
anyone of the sentences are verified as true, the value of the
actual time (t = t + At) is stored in the corresponded compu-
tational arrays (tjiq 1) Or (tso1 1,5). These arrays are saved at the
end of the simulation using independent files.

The main assumption is that every nodal position has a
nodal energy (H;;) corresponded with a temperature (T ;)
during simulation. Therefore the times (tjiq 1)) or (ts1 1)) are
the times when each node changes from liquid to mushy and
from mushy to solid. Thus it is possible to affirm that the
Eq. (1) is valid and the result is known as solid fraction of
each analyzed node at any step time.

A routine to save the general information about the cast
billet was included in order to make compatible this informa-
tion with other models. The general information includes the
identification of the geometry of the cast section using a nu-
merical code for recognition, then the billet sizes (Ix) and (ly),
the casting speed (Vcasting), Steel composition, the transition
temperatures (Tiiq, Tsor, Tar1, Tars), the value of (Az) and
step time (At) are also stored using a floating point data type.
Then the nodes used for discretization (nl) and (nJ) are saved

using integer data type. These are the elementary data and
information to identify every casting case. The size of the
elements used for discretization are not saved due to these
can be calculated using Egs. (2) and (3) respectively.

Ix

AX = — 2
ly

Y= o (3)

The values of (nl) and (nJ) are the upper limits for every
loop will be run for analyzing and displaying grain growth. In
the same way, the sub indexes (I) and (J) are used to identify
each nodal position on the array. The flowchart on Fig. 3
shows the process described. Here the general information is
read in the header. Then the filenames where the arrays were
saved are read. Immediately a pair of loops is executed to load
each nodal value. The times every node remain in mushy
(Tmushy 1,7) are not saved due to these values can be obtained
executing a pair of loop for each nodal position (I) and (J) and
solving Eq. (4) for each one.

tmushyL, 1= tsolr, 1-tligr, 7 (4)

3 Increasing resolution (array size)

A squared mesh with regular structured element was used to
discretizate the steel control volume; a squared mesh with
(100 x 100) nodes gives a very good approach for the steel
thermal behavior of the billet. Nevertheless it is necessary to
increase the nodes used for discretization in order to obtain a
cellular automata with a better resolution to be displayed on
the screen. The flowchart on Fig. 4 is used to generate a new
improved mesh. The procedure in the shaded area is nested in
the analysis loops. This procedure is applied to both compu-
tational arrays saved. Here (f) is the increasing factor. (f) is an
integer and it must be greater than 1. Calculation of the new
nodal values is obtained solving the Egs. (5) to (7).

ti= tI,_]'i(tI’Ltlj—l’J) .

= t1+1,J-iw ©
ti‘t/

tij= ti/—jg )

f

The new nodal corresponding positions (ii, jj) are calculat-
ed solving the equations inside the flowchart. The new array is
saved in an independent file and the new nodal positions will
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Reading general information
CS,]X,ly,lL Veasting,nl, nJ, At
Tiig, Tsot, Tar1, Tars

Reading filenames for loading
(tyqry) and (t.o 1)

Reading and loading (teoi17)

Fig. 3 Flowchart of the routine to read the information about the
solidification process

be returned and then identified as (I) and (J) normally posi-

tions when the routine for the simulation of the grain structure
routines is executed.

‘ solving equations (5) to (7) |

Saving the new values calculated
in the new nodal position (iijj).
i=*(I-1)+;  jj=PI-D+j;

Fig. 4 Flowchart of the procedure to increase the arrays size
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Equations (5) to (7) involve the analyzing node (t; ;) and the
3 nearest neighbors which form a singled analyzed group.
From these a new set of sub nodes are calculated as is de-
scribed in Fig. 5. Here a new set of 25 new nodes can be
obtained from an original singled group if an increasing factor
(f=5) is used. The dark nodes are the initial group and the
white nodes are the new calculated nodes. This procedure will
provide more nodes and a better resolution allowing the sim-
ulation of the heterogeneity of the grain morphology in a
better detail.

4 Steel thermal behavior displaying

A reconstruction of the steel thermal behavior can be done
using the information saved on the arrays. The flowchart on
Fig. 6 shows the procedure to identify if a node is in liquid, in
mushy or solid state as the simulation time goes. This routine
is nested on a time simulation loop and produces a 3D full
body of the cast billet according with the solidification times
as is shown in Fig. 7a to c. Here the steel solidification can be
appreciated dynamically. These figures were run inversely
with a (1/2) cut view used to see the internal evolution of the
steel solidification.

Appropriated and logical instructions, loops and routines
must be programmed to display the steel solidification. The
loops limits for the (1/2) cut view are shown in Fig. 7a to ¢ are
described next:

From (I=1) to (I=nl). And From (J=1)to (J =nJ/2).

These loops must be executed in logical order nesting the
loop for (I) inside the loop for (J). Moreover others loops and
sentences can be programmed to display different cut views.
For a (1/2) diagonal cut view a loops Form (/= 1) to (I = nl)
must be executed. But (J) is initialized as (J = 1) then (J) is
incremented at the same time, and the loop is always finished
to (J = nJ). Other possible option is to declare (J = I) as lower
limit and execute the loop from this value to (J = nJ).

The main assumptions for all the simulation shown in this
work are the following:

Simulation begins at (¢ = 0) and is finished until the latest
node is solidified at (t = t;.y).

Every node at the begging of the simulation is at the same
casting temperature (Tpy = Teasting)-

The step time (At) used for simulation is the same than
that used during the heat removal calculation.

The simulation is over when the latest node is solidified
(t = tmax)- The flowchart shown in Fig. 8 is used to cal-
culate it. (t,4,) 1S obtained by comparison between all the
solidification times on the arrays. Originally it is



Int J Adv Manuf Technol (2017) 91:1709-1721

1713

Fig. 5 Increasing resolution,
creating a new set of nodes for
increasing the original array size

Pivoting node

initialized as equal to zero and the value is updated while
the sentence “if”” continues being verified as true.

The simulation presented in this work correspond to a 1020
carbon steel squared section (140 x 140 mm) which was cast

(1)
0
C_Ed >

Fig. 6 Flowchart to create a 3D reconstruction of the steel solidification;
this routine must be applied after the resolution increment has been
executed for a better re-build of the thermal history

I+1y

at 2.55 m/min. And produced under the quenching conditions
shown in Table 1. A pair of 100 X 100 computational arrays
were used to store and save the information during the heat
removal calculation and an increasing factor (f = 5) was used
during the dynamic simulation of the solidification.

5 Grain structure

Three different grains structures are formed in steel billet pro-
duced by CCP according with heat removal conditions. The
first is the chill zone. This zone is formed when the steel billet
is in the mold. It is a narrow zone over the billet lateral sur-
faces. It is formed at the begging of the CCP; and must be
strong enough to support the internal liquid steel in the core.
Here a great number of nucleation points are solidified quickly
as a consequence of the high solidification speed. Nucleation
is the dominant solidification mechanism. Here the nodes pass
from liquid to solid almost instantly and remain only a brief
instant in mushy. Then the chill structure is formed with little
grains which growth process is blocked by the grains neigh-
bors which are growing simultaneously.

Columnar zone is the second zone. Here the solidification
speed has been reduced. The nodes remain here a few seconds
in mushy. But the neighbors to the solidified nodes remain
with a high solid fraction. On this zone, nucleation and growth
process are involved. On the interface between the chill and
columnar zones, many nodes are solidified; in consequence
these nodes can not growth with lateral neighbors due to these
are being solidified simultaneously but there are neighbors
with high solid fractions in a perpendicular direction to these.
This fact promote that the solidified nodes grow in an opposite
direction to the heat removal flux but also perpendicular to the
nearest billet surfaces. Thus a columnar grain morphology is
resulted.

Finally, inside the billet core the nodes remain a long time
in mushy. The solidification speed is very slow due to the heat
must be conducted across the previously solidified wall nodes
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b) Time (s)

Time (s)

Time (s)

Fig. 7 Inverse 3D display formed with array information for the steel
solidification using times information (t; ;); with a % cut view along the
cast direction which allows to watch the steel thermal behavior inside the
billet core

to be removed. Here nucleation and grow mechanisms work
together to form a zone with big equiaxed grains.

The solidification times can be used to establish a criterion
to limit the sizes of the chill, columnar and equiaxed zones.
(tcct) and (tcer) are the time criterions to the chill-columnar
and columnar-equiaxed transition zones. These values are com-
pared with the nodal times (t; ;) to be classified according the
simulation time (t + At). The best fit for the zones morphology
was obtained using the following values (tcct = 2 s) and
(tcer = 12 s) and comparing with the mushy times (tmushy 1,7)-

@ Springer

tmatx . tsol 17

Fig. 8 Flowchart to find the maximum solidification time (tax)

The evolution of solidification can be analyzed counting
the nodes in liquid, mushy and solid in order to establish
mathematical and physical criterions and assumptions to re-
produce the primary grain structure. The flowchart on the
Fig. 9 shows the logical procedure to classify and count the
nodes in liquid and solid state. This routine can be executed at
each simulation time (t + At). The variables (nntliq) and (nn'y,y)
are used for counting the nodes on the corresponding state.
These values are always initialized as equal to zero. Within,
the pair of loops used for analysis is executed. Then the values
of the variables (nn';;y) and (nn',) are increased if the
sentences are verified as true.

The flowchart on the Fig. 10 shows the logical procedure to
classify and count the nodes on mushy. Here the variable
(nntmushy) is also initialized as equal to zero and it is increased
only if the both sentences are verified as true. In the same way
than the algorithm on Fig. 9 this routine can be executed at
each simulation time.

Figure 11a to ¢ show the three different classifications for
the values of the solidification times. These figures were re-
sulted from the application of the algorithms described on
Figs. 9 and 10. Figure 11a shows a classification obtained after
counting all the nodes on liquid and solid state during the
simulation. These curves represent the total nodes changing
from liquid to mushy and from mushy to solid at each step
time. These curves are initialized as equal to zero due to all the
nodes are at the same temperature (Teaging) in liquid state
when the simulations begins (¢ = 0). Then the nodes on the
billet surface begin to be solidified. The vertical slope of these
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Table 1 Operating conditions
used on the secondary cooling Case 1 2 3
system for the casting of steel
1020 Segment 1 2 3 4 1 2 1 2 3
Water flow rate (1/min) 192 250 210 210 175 148 107 220 147
Sprays 1 9 9 9 10 10 8 11 8
Dy, (mm) 160 160 160 160 150 150 60 110 75

graphs on the initial 10 s indicates a high solidification speed.
Here the horizontal distance between the two curves is very
short; this means that the nodes being solidified remain only a
brief time in mushy. The nodes which suffer this hard transi-
tion are those near the billet surface. Nevertheless, as the sim-
ulation continues the slopes tend to decrease until be almost
horizontal; this is an evidence of the reduction on the solidifi-
cation speed. But the horizontal distances between both curves
are increased; thus these nodes remains longer times in mushy.
It can also be appreciated that the longest residence time in
mushy is when all the nodes (100%) have been passed from
liquid to mushy (74 s.) for the analyzed case.

t _n.
nn’;,=0;
t —n.
IlIlSOl—O,

J=1; J=nl;

no if

Fig.9 Flowchart for classifying and counting nodal times according with
physical state (liquid and solid)

The curve in Fig. 11b represents the nodes in mushy at each
simulation time during the simulation. This curve is graphed
counting all the nodes in mushy. This curve geometrically
means the measurement of the horizontal distance described
in Fig. 11a. This curve also begins equal to zero; but a quick
increment on the solidified nodes can be observed. In conse-
quence the slope is also increased to be almost vertical. After
10 s the slope tends to decrease with a moderate behavior.
Nevertheless the nodes in mushy continues being incremented
until a maximum value. This value is on 74 s; the same time,
than that when all the nodes have been passed from liquid to
mushy. Finally the curve tends to be reduced until be equal to
zero due to at the end of the simulation there are no nodes on
mushy because all of these have been solidified. This curve is
also an evidence of the facts previously mentioned and rein-
forces the relation between the mathematical validations for
the physical principles used to solve the computational model
during the calculation of the heat removal.

if

t>tiiqrs
and

t<tsol1z

Fig. 10 Flowchart for classifying and counting nodal times in mushy
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a)

solidified nodes (%)

e
Pz

/! — Liquid to mushy
/ —— Mushy to solid

e

Time (s)

solidified nodes (%0)

Time (s)

c)
solidified nodes (%0)

toer

—— Mushy
— Solid

Tlme (s)w

[T T
chill columnar equiaxed
Formation of the zones

Fig. 11 Classification of the solidification times a) curves for total nodes
on (tjq 1y) and (ty 15). b) curve for total nodes in mushy. c) curves for
instantaneous solidification speeds nodes changing from liquid to mushy
and from mushy to solid

The curves shown in Fig. 11c are called instantaneous
speeds. These curves are the nodes in liquid and solid state
at each step time. Both of these curves also are initialized as
equal to zero. And these slopes are increased strongly due to
the temperature has been reduced quickly in the nodes near the
billet surface. In other words the number of solidified nodes (a
big population) is quickly increased until a maximum value.
Then the nodes being solidified are quickly reduced. Then, the
slopes tend also towards a horizontal behavior. The first curve

@ Springer

on returning to zero is which represent the nodes being trans-
ferred from liquid to mushy. This fact is also appreciated here.
All these 3 figures are evidence of the solidification speed
influence on the grain structure will be formed.

6 Nucleation and grain growth

The formation of a primary grain structure is due to the solid-
ification process after foundry steel. New grains appear as the
solidification front advances. Simulation of the solidification
in metallic materials involves the representation of nucleation
and grain growth processes. These processes must be logically
programmed according with the evolution of the solidification
in order to represent dynamically the grain formation (as a
function of the simulation time). The assumptions to simulate
nucleation and grain growth processes are the following:

There are no solidified nodes at the beginning of the sim-
ulation (¢ = 0). Therefore all the cells are returned to an initial
value (cp; = 0). In other words, all the cellular automata cells
are cleaned and returned to zero for each new simulation.

When a node has been solidified only one mechanism of
solidification will be applied (nucleation or growth).

Solidification state in cellular automata is a permanent sta-
tus. Then a solidified node can not be returned to mushy or
liquid state.

When a node has been solidified the initial value on the
cellular automata is defined with a numerical value in conse-
quence (cpj # 0).

A node is naturally solidified if its solidification time is
equal than the simulation time (t = ty, 15). Then a random
number is generated to decide if the node is nucleated or is
growth.

If the solidified node is nucleated; a random number 1is
generated to define the numerical code for the new nucleated
node; this value is assigned to the corresponding cell and a
pixel is displayed on the screen.

If the solidified node is growth a neighboring analysis is
executed in order to decide which neighbor will grow with.

All the decisions about if a node is nucleated or growth are
taken including the generation of an integer random number and
compared with probabilities as is done in Monte Carlo Methods
[6-8].

The model was compiled to create a two dimensional
cellular automata. Therefore the 8 nearest surrounding
neighbors are consider for growing. Nevertheless a pre-
vious analysis is executed to know which of these are
available for growing.

An available neighbor must be part of the computational
array. According with this in Fig. 12a to ¢ some nodes over the
billet surface will have only 5 available neighbors and nodes
in the corners will have only 3 available neighbors.
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a)

PN
-

Fig. 12 Available neighbors for analyzing nodes in the billet. a) on the
billet lateral surfaces. b) on the billet corners. c) on every nodal position
inside the billet

A solidified node inside the array will have less than 8
available neighbors if some of the neighbors have been previ-
ously solidified.

Nucleation and growth process are executed as a function
of the solidification speed. During the formation of the chill
zone there are many nucleated grain appearing on the billet
surface. Here, the dominant mechanism is nucleation. In co-
lumnar zone, the nucleation decreases and growth process is
promoted due to the neighbors with high solid fractions which
tend to coalesce with the previously nucleated nodes and a
columnar straight growing direction is promoted. Finally in
the equiaxed zone the nodes remain long times in mushy then
the probability to grow is distributed with all the available
neighbors.

In addition, the present algorithm includes the pre-
solidification process. It is consider that a node can be pre-
solidified if the node is in mushy with a high enough solid
fraction (X 15)- Nevertheless a node on liquid can not be
consider for pre-solidification.

Solid and liquid fractions are calculated at each step time
during simulation for every node using the Egs. (8) and (9)
respectively. Here the second term on Eq. (8) is solved when
the steel thermal behavior is being calculated. Thus this equa-
tion is a function of the transformation and actual tempera-
tures. The third term is solved during simulation in the present
work due to the values of the arrays are times.

t o Tsol'Tl,J o 1:soll‘.l't (8)
LT T Tig  tsoli-tiqrs
t t

Xliq: l-Xsol (9)

7 Computational algorithm

The main algorithm used to simulate grain formation dynam-
ically is shown in Fig. 13. Here the zone where each node

The node belongs to chill zone

solidification
(Nucleation and growth)

The node belongsto columnar zone

Pre-solidification:
(pre-nucleation and pre-growth

including neighboring analysis)
solidification:

(nucleation and growthincluding
neighboring analysis)

The node belongs to equiaxed zone

Pre-solidification:
(pre-nucleation and pre-growth

including neighboring analysis)

solidification:
(nucleation and growthincluding
neighboring analysis)

Fig. 13 General flowchart to simulate nucleation and grain growth
procedures
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belongs (chill, columnar or equiaxed) is identified by compar-
ison. Then routines for solidification and pre-solidification are
executed. The criterions (tccr) and (tcgt) are usually
established according with mushy times (tpysny 1,7) as is was
explained; nevertheless new criterions can be established
using the classification exposed in this work [1-15].

The points shown in Fig. 11b and c represents the maxi-
mum number of solidified nodes during the simulation
[22-24]. Here the averaged mushy time of the nodes being
solidified is (2.2 s). This value can be established as a criterion
for transition from chill to columnar. It is important to mention
that curves on Fig. 11b and c are not constant due to the step
time selected was 0.5 s which is different to the value used
during the heat removal calculation was 0.02 s.

In Fig. 13; if the first sentence is verified as true, the node is
in the chill zone. Here the predominant mechanism is nucle-
ation. The grain growth process is blocked by the nodal neigh-
bors being solidified at the same time. Here the nucleation and
growth probabilities are 50-50. The result is a not wide fine
structure formed with little grains.

If the first sentence is false the value of the time is com-
pared with the second criterion. Then if both sentences are
verifies as true, the node belongs to the columnar zone and
the routines for nucleation and growth are executed. Here the
probabilities for growing are greater than those for nucleation
[22]. The nodes in this zone remain almost 8 s. in mushy; this
value is other important criterion that must be defined. Then
preferential growth directions are assigned to the available
neighbors according with the fraction solids and solidification
times. The shortest time difference is calculated using the
Eq. (10). Here the sub indexes (i) and (j) are used to identify
the neighbors. Then all the values calculated are stored tem-
porally to be compared in order to find the shortest; which will
be the most probable node to be solidified. The entire verifi-
cation procedure for checking the availability of a node is
described in the flowchart of Fig. 14. Here (nn) is the number
of available nodes.

dtpreiﬁj = tsoll, J'tsoliﬁj ( 1 O)

Finally if the two previous comparisons are false the node
belongs to the equiaxed zone. Here the nucleation process is
reduced and the preferential mechanism is turned towards
growth; due to the neighbors are with a constant decrement
on the high solid fractions as a function of a reduction of the
solidification speed.

If a node is pre-solidified, means that the solidification
has been accelerated artificially by the algorithm. The pre-
solidified nodes get down its nodal temperature until (tso 1)-
in consequence the latent heat must be redistributed with the
nearest un-solidified neighbors (nun). Then it is necessary to
execute an additional neighboring analysis to find these.

@ Springer

Fig. 14 Flowchart for neighboring analysis

Heat redistribution is done assuming a homogeneous con-
duction of the energy. Then an increment on the neighbor’s
nodal temperature is resulted. Thus the solidification times
will be also increased. The Eq. (11) must be solved to know
the time difference to be distributed when a node has been
pre-solidified.

dtprel, 1= tsoir, 5t ( 11 )

Here (t) is the simulation time at which the node was so-
lidified. Then Eq. (12) is used to know new solidification
times for the neighbors. Here the first term in left is the time
will be sum to the available neighbors. Then the new calcu-
lated times are temporally stored in an independent updated
array used only for the simulation of this case.

dt
preITJ'H:SOIT,J (12)
nun

tsol,1 =

8 Simulations

Figure 15 shows a grain structure obtained using the model
developed. Here a squared billet is displayed and is possible to
appreciate the 3 different grain structures. In the billet surfaces
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Fig. 15 Grain structure simulated (including chill, columnar and
equiaxed zones in a squared billet)

the chill zone is well defined. Small grain sizes are here due to
the high solidification speed. The transition between chill and
columnar zones is rounded near the corner due to these are the
coolest regions. The reason is because the relation between the
area where heat was removed and heat flux is greater in the
corners than in the middle surfaces of the billets.

There is a columnar grain morphology as the solidification
speed is reduced. Near the corners columnar grains begin to
grow but its growth is interrupted with the grain growing in
the perpendicular direction; reason why the preferential
growth direction in this zone is against the heat removal flux
and perpendicular to the nearest billet surface; and the proba-
bilities of the available neighbors for growing are increased
inversely to the time difference calculated with Eq. (11).
Moreover it is possible to affirm that columnar nodes are
dynamically formed due to the nucleation and growth of the
nodes in the border of the solidification front interrupt their
lateral growth promoting a preferential growth direction
against heat removal flux.

In the billet core there is a zone with equiaxed grains
formed due to the long time these nodes remain in mushy. In
consequence a nucleated node will tend to growth with all the
available neighbors. Here there is no a preferential growth
direction as was shown in columnar zone due to the time
differences calculated with Eq. (11) are very close.

The Fig. 16a-c are from a real sample of a steel billet pro-
duced by continuous casting and the similarity with the grain
structure simulated is notorious. Figure 16a is a photo taken
near the billet surface her it is possible to observe chill and
columnar structures. Figure 16b was taken from a corner here
it is possible to observe chill and columnar zones again; but

Fig. 16 Grain structure obtained from a real billet produced by
continuous casting. b) Photo taken in the corner. b) Photo taken near
the billet surface. ¢) Photo taken in the billet core

also the perpendicular effect of the heat removal on the co-
lumnar gains. Finally Fig. 16c shows very big grains from the
equiaxed central zone inside the billet core.

9 Conclusions

Geometrical form of the curves for solidification speed, indi-
cate the strong influence on the solidification mechanisms
involved nucleation and grain growth. Moreover the criterions
based on the time classification (tcct) and (tcgr) reinforce this
evidence and confirm these values can be employed to estab-
lish the limits between the grain zones.

The change on the slopes and areas under the curves for the
classification of nodes evidences mathematical physically the
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influence of the solidification times and speeds over the grain
structure resulted.

Grain morphology on the zones chill, columnar and
equiaxed was very appropriately simulated with the inclusion
of the nucleation and grain growth procedures.

The solidification process was successfully simulated and
displayed on the screen dynamically.

This model demonstrated that the information used as input
(resulted from a deterministic numerical model) can be
employed to re-build the thermal story and also can be used
with stochastic procedures to obtain a very close approaching
representation of the grain structure.

The use of nested procedures, sub routines and loops pro-
vide an efficient simulation model and the unnecessary code
was properly eliminated.

The generation of a new improvement mesh was also suc-
cessfully done and proved that a better resolution array for
representing the grain structures can be generated.

Nucleation is the predominant mechanism at the beginning
of the simulation due to high solidification speed; but has this
speed decreases the growth becomes stronger.
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