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Abstract

In the study reported in this work, two-dimensional numerical simulations were made of pure iron
solidification in industrial Al 50/60 AFS greensand and mullite molds, using the finite element technique
and the ANSYS software program. For this purpose, the thermophysical properties of iron were considered
temperature-dependent, while for sand and mullite these properties were considered constant, and the
convection phenomenon was also considered on the external surface of the mold. In order to study the in-
fluences of the parameters in the solidification process, such as, sand and mullite mold types, preheating
temperature of the mold (ambient and heated), superheating temperature of the liquid metal and loss of
heat on the mold by convection, the optimization through the factorial design was accomplished. Metal-
lurgical characteristics, such as the attack zone in the feed head and hot top, were not taken into account
in this study, since they are irrelevant to the behavior of metal to mold heat transfer. Owing to the temper-
ature-dependent thermo-physical properties of iron, this type of problem is of nonlinear characteristic.
The results of the heat transfer are shown throughout the 2D system, as thermal flow, thermal gradient,
the cooling curves at various points of the solidified specimen were determined, as well as the analysis of
the factorial design of the result and heating or/and cooling in the molds were also accomplished.
Through the analysis of the {actorial design result of the parameters it was found which mold type influ-
ences negatively the result and the interaction of the metal temperature with the convection phenomenon
contributed significantly to the result. The cooling curves characterize the grain size and mechanical
properties of metal; hence, owing to the smaller grain size of metal cast in mullite molds, this type of mold
grants better mechanical properties to the cast part.
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Simulacion numérica de la solidificacion del hierro
puro variando los parametros del proceso
de solidificacion

Resumen

En este trabajo se realizo la simulacién numérica en dos dimensiones de la solidificacion del hierro
en moldes de arena sintética al verde industrial, Al 50/60 y mulita por medio de la técnica de elementos fi-
nitos con el programa ANSYS. Las propiedades termofisicas del hierro fueron consideradas dependientes
de la temperatura, mientras que estas propiedades para la arena y la mulita se consideraron constantes;
adicionalmente, se tomé en cuenta el fenémeno de conveccion en la superficie externa del molde. Se estu-
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dio el efecto de los siguientes parametros en el proceso de solidificacion: tipo de arena y mulita, tempera-
tura de precalentamiento del molde (ambiente y calentado), temperaturas de supercalentamiento del me-
tal liquido y la pérdida de calor por conveccién en el molde. La optimizacion de estos parametros se realizo
por el método de disefio factorial. Las caracteristicas metalurgicas del cabezal de alimentacién y del tope
caliente no se consideraron en este estudio, ya que son irrelevantes en el comportamiento de la transfe-
rencia de calor entre el metal y el molde. Debido a que las propiedades termofisicas del hierro dependen
con la temperatura, este es un tipo de problema de caracteristica no lineal. Los resultados de la transfe-
rencia de calor se presentan en un sistema de dos dimensiones para el flujo térmico, el gradiente térmico,
las curvas de enfriamiento en varios puntos de la pieza solidificada y las curvas de calentamiento y/o en-
friamiento en los moldes; asi como también, el analisis de los resultados por el método de planeamiento
factorial fueron realizados, pues, mediante esta analisis fue encontrado que el tipo de molde influencia ne-
gativamente en el resultado, por otro lado, la interaccion de la temperatura del metal con el fenomeno de
confeccion contribuyo significativamente en el resultado.

Palabras clave: Simulacion numeérica, elementos finitos, solidificacion del hierro, moldes de arena

y mulita.

Introduction

The technological difficulties involved in
casting processes vary considerably according to
the melting temperature characteristics of the
metal, which in turn are related to the
physicochemical properties and structures ol
metials and alloys. These difficulties also involve a
series of properties, which include differences in
chemical activities between the elements that
constitute the alloy, solubility of the gases,
method of solidification among the chemical ele-
ments, type of molding, and coefficients of solidi-
fication shrinkage [1, 2]. On the other hand, the
cooling process is influenced by the flow of mol-
ten metal, the mold filling and properties of the
metal, all these factors can produce variations in
the geometrical dimensions, the shape of the sur-
face [inishing and the quality of the cast part [3].

The present study investigated the solidifi-
cation of pure iron in industrial greensand
molds, Al 50/60 AFS, and mullite molds (the lat-
ter material is frequently used in the Shaw pro-
cess). The thermo-physical properties were con-
sidered as a function of the temperature, i.e.,
thermal conductivity and enthalpy. The proper-
ties of the sand and mullite were considered con-
stant because these temperature-dependent
properties were not found in literature. The pres-
ence of the convection phenomenon on the exter-
nal surface of the mold was also taken into ac-
count. In order to study with more details the in-
fluences of the parameters in the solidification
process, such as, sand and mullite mold types,

preheating temperature of the mold (ambient and
heated), superheating temperature of liquid
metal and heat loss on the mold for convection, a
factorial design of these parameters to optimize
the process was accomplished. This type of prob-
lem has a nonlinear characteristic and was
solved by means of the finite element method
and, to render the solution feasible, the conver-
gence was controlled.

The purpose of this work was to make a
comparative study of the different types of molds,
varying those parameters. As a result, heat
transfer was observed in the cast metal, at the in-
terface and in the mold, as well as cooling curves
at different points in the cast metal, beyond that,
heating and cooling curves at different points in
the mold. Thus, the microstructural quality and
mechanical properties of the cast part depend
not only on the casting technique employed, but
also on the characteristics and properties of the
molding process and cast metal used.

Numerical Simulation

Solidification is accompanied by the re-
lease/absorption of latent heat at the solid-liquid
and solid-solid interfaces. Consequently, solidifi-
cation process involves phase changes, in this
case, the enthalpy method is the more appropri-
ated modeling to describe this process, because
in this method the latent heat is inserted in
enthalpy, which represents the phase transfor-
mation. Then, the differential equation of ther-
mal flow for the transient nonlinear state that de-
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scribes this phenomenon was presented as pro-
ceeds [4-6]:

K[EZT T ﬂ] dh

5+ =—, 1
ax?  ay® az®) dt (W

where the enthalpy, h = [ pcdT subject to the

convective boundary condition:

aT aT aT|
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where gis the heat, Kis the thermal conductivity,
c is the specific heat, and p is the density of the
material. These properties may be tempera-
ture-dependent, in which case equation (1) is
transformed into a nonlinear transient equation.
hyis the coefficient of convective heat transfer on
the mold’s external surface, Tis the temperature,
and Tg is the temperature of the environment.

Through equations (1} and (2) one can de-
termine the distribution of temperature or trans-
fer of heat during the process of solidification in
the casting of pure iron in sand or mullite molds.
In this case, the solution of those equations were
considered in 2-D.

Methodology of the Numerical
Simulation

The finite element method studied by sev-
eral authors [6-10]. Software programs were
used to simulate the solidification of pure iron in

greensand and mullite molds, with the aid of a
Pentium III 1GHz microcomputer. The following
procedures were adopted for the simulations:

a. The geometric project for sand or mullite
mold is illustrated in Figure 1 (a), which
represents the symmetry in three-dimen-
sions, showing the entry of the cast metal in
the upper part of the figure. The simulation
did not consider the positioning of the feed
head, hot top and conventional book mold
model normally used. The symimetry was
used in order to reduce the number of grid
points, i.e., to facilitate the computation of
the sysiem of nonlinear equations and
avoid overloading the computer's capacity.
However, in this work the solution of Equa-
tions (1) and (2) was made for half symme-
try in 2-D, which is illustrated in Figure 1
(b).

b. A selection of the types of materials was
made then, in this case, pure iron and sand
or mullite.

The phase transformation in pure iron may
be represented as follows [11],

1033 K 1183 K
<qFe> -» <f,Fe> -
1873 K 1812K
<y,Fe> - < ¢§,Fe> - {(Fel. (3)

The properties, such as, specific heat (Cp)
and latent heat (AH) are shown for

pure iron in function of the temperature (T).
They are shown as follow [11]:

(a)

|

(b)
T voem

30 ¢y

10em . Sirmmelry Flane

Figure 1. Symmetry of the cast part and mold in 3-D and 2-D.
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Cp cores = 17,49+24,77 x 10T J/K.mol,
Cp <p-re> = 37,66 J/K.mol,

Cp.cy.Fes = 7,70+19,50 x 10T J/K.mol,
Cp.c5.re> = 43.93 J/K.mol,

Cp Fe; = 41,84 J/K.mol, <a-Fe> - <f-fe>;

AH? 5 = 2761,4 J/mol, <p-Fe> - <y-Fe>;

AHY g5 = 690,4 J/mol, <y-Fe> —» <3-Fe>;
AH{y,, = 690,4 J/mol and <6-Fe> - {Fe};

AHS,,, = 15,355 J/mol. 4]

Density of pure iron =7870 Kg/m®,
atomic weight = 0.056 Kg/mol.

Through these data, the enthalpy was cal-
culated for pure iron, as shown in Table 1.
Also in this table the properties of sand and
mullite are shown. Thermal conductivity
for pure iron was approximate, according to
the data of AISI-SAE 1008 steel [12, 13].

c. For process optimization, the factorial de-
sign of the parameters was accomplished,
just as they are shown in Table 2 [2].

d. The initial and boundary conditions were
then applied to the symmetry of the parts
according with Table 2. The boundary con-
.dition was the convection phenomenon
generated by the natural aerated environ-
ment. This phenomenon was applied to the
outside walls of the sand or mullite mold.
This phenomenon is represented by Equa-
tion (2) and the coefficient of convective
heat transfer, as shown in Table 2. The ef-
fects of the application of refractory paint
and of the gassaging process were not taken
into consideration either.

The final step consists in solving the prob-
lem of heat transfer of the mold - cast metal sys-
tem, using Equations (1) and controlled by the
convergence condition. The result of the heat
transfer is shown in 2-D, as well as the heat flux,
the thermal gradient, the cooling curves in differ-
ent points in the cast metal, and the heating and
cooling curves in different points in the mold.

Results and Discussion

The numerical simulation of solidification
using the ANSYS 9 software program [11] was
performed for a pure iron corner piece in an in-
dustrial greensand mold, Al 50/60, dry, and ina

-mullite mold as illustrated in Figure 1. The re-

sults were showed after 1.5 hours of solidifica-
tion, for which the increment of each substep of
time was 5 seconds.

The work of numerical simulation was ac-
complished according with Table 2, for each line
of it the simulation was accomplished. In
Figure 2 the results of heat transfer are shown for
lines 2 and 10. These results are more relevant
for these lines, because the solidification temper-
atures that correspond to these lines are the

‘smallest for sand and mullite respectively. In Fig-

ure 2 the distributions of the temperatures can
be observed in the whole system in both molds,
as well as in the cast metal (where the numbers
inside the graphs represent temperatures in de-
grees K), after 1.5 hour of solidification. The re-
sults showed a difference for temperature distri-
bution in both systems. Comparing graphs (a)
and (b). the sand mold presented a range of tem-
perature variation between 391 and 1198 K and
the mullite mold presented a range of 626 and
751 K, consequently, in the sand mold there was
a larger range of temperature variation, the justi-
fication is that the mullite presents high thermal
conductivity and density in relation to the mold of
sand (to see Table 2), this resulted couldn't be
compared with the literature, because it was not
found. Observing the cast metal, shown in
graphs (c) and (d} in more detail, in it is also no-
ticeable that a larger range of temperature varia-
tion happened inside the sand mold. That is be-
cause the physical properties of the molds are
different in thermal conductivity and density, es-
pecially the thermal conductivity, which influ-
ences the most the solidification process. It is
also noticeable that the maximum points (MX) of
temperature for both cast metals are located in
points a little displaced from one another, and
that the minimum points (MN) are located in dif-
ferent positions, although these points should be
located in the same position as in graph (c). This
point (MN) in graph (d) suffered a displacement;
this could be due to some type of minimum nu-
meric mistake, as it can be observed in the
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Table 1
Properties of pure iron, sand and mullite [12-16]
Temperature (K) Enthalpy (MJ/m?) Temperature (K) Thermal conductivity
. . . . - W/(m.K)
298 0 273 59.5
373 200.75 373 57.8
473 498.87 473 53.2
- B73 831.83 746 494
| 673 1199.61 673 45.6
773 1602.22 773 41.0
873 2039.65 873 36.8
973 2511.91 973 33.1
1033 3200.23 1073 28.1
1073 3412.0 1273 27.6
1183 4120.86 1473 29.7
1273 4453.89
1373 4849.96
1473 5273.45
1573 5724.36
1673 6299.75
1812 9317.24
1812 9676.0 ) .
Density (kg/m?) 7880
Melt temperature o 1812 K S o
) Properties of the industrial sand, Al 50/60 AFS -
Specific heat 1172.3 J/(Kg.K)
Thermal conductivity 0.52 W/(m.K)
Density - 1494.71 kg/m3 B
- Properties of mullite -
Specific heat 1172.3 J/(kg.K)
Thermal conductivity 5.86 W/(m.K)
Density —— = 3100 kg/m®

graphs, this mistake can be due to the time
substep size and to the abrupt variations of the
properties of the molds, maybe in this case, the
time substep size can be more appropriate if
smaller than 5 seconds, however, the time of pro-
cessing has been long.

In Figure 3, the result of the thermal flow is
presented for both systems, in magnitude, shown
in graphs (a) and (b), as well as in vectorial form,
in graphs (c) and (d). Through these graphs it can
be observed that a larger thermal flow happened
in the sand mold than in the mullite mold. In both
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Table 2
Factorial design of the solidification process parameters

1° Mold

22 Mold temp. 3% Metal temp. 4° Convection phen. (h) Temperature

Sand () 298 K () 1823 K () 5 (W/m?K) (-) after 1.5 h of

Mullite (+) 423 K (+) 1912 K (+) 25 (W/m?K) (+) solidification
1 - — ~ = 1284.76
tbl2 - - - + 1186.04
3 - - + - 1330.68
4 - - + + 1230.48
B - + - - 1338.37
6 = + - + 1225.19
74 - + + - 1405.6
8 ~ + + + 1282.23
9 + = - - 907.57
10 + - - + 743.36
11 + - + - 936.90
12 + - + + 767.84
13 + + = - 984.42
14 + + - + 807.55
15 + + + - 1004.41
16 B + o+ + + 1829.32

systems it is noticeable that the maximum point
(MX) of thermal flow is located at the same point,
however, the minimum (MN) of the thermal flow
is a little dislocated. In this figure it can be ob-
served that the largest magnitude of the thermal
flow corresponds to the minimum point (MN) of
the temperature distribution (Figure 2), because
at this point the solidification begins. Besides, in
graphs (c) and (d) of Figure 3, the vectors indicate
the largest variation of thermal flow; this could be
due to a lesser thickness of the mold influenced
by the convection phenomenon.

In addition, the thermal gradients were de-
termined for both systems. The result is pre-
sented in Figure 4, in magnitude and in vectorial
form. As it can be seen in the graph, the thermal
gradient is larger in the sand mold than in the
mullite mold, that is, due to that, the conductiv-
ity of the sand is much smaller in relation to the
mullite mold. Also, the maximum and minimum

thermal gradients are located exactly at the same
peoints that the thermal flow happened. In this
case, it is noticeable in graphs (c) and (d), that the
direction of the thermal gradient is contrary to
the thermal flow. The direction of the thermal
gradient corresponds to the direction of the solid-
ification, from the cold zone to the hot zone.

According to Table 2, the most representa-
tive result for the solidification time of 1.5 h was
that corresponding to lines 2 and 7 for the sand
mold, line 2 corresponding to the smallest solidi-
fication temperature (118.4 K), in this case, the
mold temperature was that of the environment,
the liquid metal was considered without super-
heating and it was considered high loss of heat on
the mold by convection (25 W/ (mz.K), and line 7
corresponds to the largest solidification tempera-
ture (1405.6 K), in this case, the temperature of
the mold was preheated (423 K), liquid metal was
superheated (80 K).
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T4 .9 4B 751.0¢

Figure 2 Temperature distribution in (a) sand mold system, (b) mullite mold system, (c) cast metal
in a sand mold and (d) cast metal in a mullite mold.

$63. 112

s 15541

Figure 3. Heat flux in magnitude and in vectorial form, as in cast metal in a sand and a mullite molds.
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Figure 4. Thermal gradient in magnitude and in vectorial form, as in cast metal in a sand
and a mullite molds.

Lines 10 and 15 were relevant for the
mullite mold, line 10 corresponding to the small-
est solidification temperature (743.36 K), where,
it was established without preheating the mold, it
was also established without superheating the
liquid metal; a strong loss of heat on the mold by
convection (25 W/ [mz.K) has happened, and line
15 corresponds to the largest solidification tem-
perature (1004.41 K), because the preheating
temperature of the mold was (423 K), high super-
heating temperature of the liquid metal (80 K)
was fixed and loss of heat in the mold by convec-
tion (5 W/ (mZ.K) was established. According to
the result, a larger cooling in the mullite mold
than in the sand mold was observed, because the
- physical properties of the materials are different,
especially the thermal conductivity of the mullite
influences. Obviously, for the conditions without

preheating the mold and without superheating
the liquid metal and for a strong loss of heat in
the mold due to the convection phenomenon,
consequently these conditions generated slower
solidification temperatures as much in the sand
mold as in the mullite mold (lines 2 and 10).

Inside the cast metal some points were
numbered, these points are shown in Figure 5. At
these points the cooling curves were determined,
that is shown in Figure 6. The data of the last col-
umn of Table 2 present the solidification temper-
ature after 1.5 h of solidification. Observing in
more detail Figure 6, in the sand mold the phase
change of Fe-& to Fe-y happened, around the tem-
perature of 1673 K, but, the other phase changes
didn’t happen. In the mullite mold, the phase
change was not very well defined, that is, it de-
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Figure 5. Reference points as much
for the sand as for mullite systems.

pends on the situation of the design and proper-
ties of this material. For instance, for line 10, the
phase change of Fe-[§ to Fe-o happened around
1060 K, at the other points the phase transfor-
mation happened at the temperature of 947 K, for

this temperature does not correspond to the
transformation given by equation (3), this tem-
perature could correspond to supercooling phe-
nomenon. For line 15, phase transformation ex-
ists at some points, for instance, of Fe-y to Fe-§
for the temperature of 1158 K and in the other

‘points happened the transformation of Fe-B to

Fe-a in 1033 K. On the other hand, the phase
transformation for high temperatures did not
happen. The result of phase change of iron dur-
ing the cooling in different molds was not possi-
ble of to corroborate with the literature, for this
study type was not found in the literature, be-
cause even this research type is relatively new.

In this work, the solidification process in
the cast metal and the processes of heating and

. cooling in the molds were also studied. For this

purpose, Figure 5 was considered, for both sys-
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Figure 6. Cooling curves of cast metal in sand and in mullite molds.
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Figure 7. Cooling and/or heating curves in sand and in mullite molds,

tems the same points were selected inside the cast
metal (1, 2, 3, 4 and 5), in order to study the solidi-
fication process, and the points inside the mold (6,
7.8,9,10, 11, 12, 13 and 14), in order to study the
heating and/or cooling process. Inside the cast
metal that corresponds to the sand mold, the cool-
ing curves for the solidification process were show
in Figure 7. The phase changes were observed at
the points where the cooling is slower. When the
cooling is fast, it is not possible to observe the cur-
vatures of phase change. Possibly, the phase
transformation is controlled by the diffusion phe-
nomenon, when the cooling velocity is slow, the
curvature of phase change can be observed.

The heating and cooling eurves are pre-
sented in the curves (a) of Figure 7 for the sand
mold, where the points 6, 8, 9, 10 and 11 present
the heating and cooling behavior, because, these
points are near the cast metal. However, at points
7, 12, 13, and 14 only the heating behavior co-
mes, because these points are moved away of the
cast metal. In Figure 7(b) the heating and cooling
curves are presented in the mullite mold, at
points 6, 8, 9, 10 and 11 the abrupt heating is
presented, and the cooling presents an accentu-
ated fall, compared with the sand mold. On the
other hand, in the points 7, 12, 13 and 14 only
the cooling curves are presented, because they
are moved away from the cast metal. It is ob-
served in both systems; all the cooling curves
tend to converge, being this convergence faster
for the mullite mold.

Finally the analysis of the factorial design
result of the parameters was accomplished con-
sidering that this involves the solidification pro-
cess (last column of Table 2), being this result
correspondent to the smallest temperature after
1.5 h of solidification. This analysis is presented
in Figure 8. Observing this figure, the moved
away points of the straight line are the ones that
have larger influences in the result, for instance,
point 1 (mold type) influences negatively in this
result, because, especially the sand mold was ob-
served, which presented a larger temperature af-
ter of 1.5 h of solidification. Another important
point was 34, it means the interaction of the
metal temperature with the convection phenom-
enon, this interaction contributed significantly to
the result.

Conclusions

This study is a comparative work of the nu-
meric simulation, by the finite element method,
of the process of solidification of pure iron in sand
and in mullite molds, during 1.5 h of solidifica-
tion. Results in 2D were obtained, such as heat
transfer, thermal flow, thermal gradient, cooling
curves during the solidification process, factorial
design of the result and heating or/and cooling in
the molds during the solidification process. The
result was completely different in both systems.
This can be due to the fact that these molds have
different physical properties. Therefore, cooling
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Figure 8. Result of the factorial design
of the solidification process parameters.

in the sand system was slower than in the mullite
system. This fact caused a larger thermal flow
and thermal gradient in the sand system than in
the mullite system. These phenomena happened
especially in the cold zone of the cast metal,
where the solidification begins. It was also ob-
served that, in the convergence process, the
mullite system needed a larger iteration number,
probably because it reached lower temperatures
than the sand system, during the same time of
solidification. In the cooling curves, at several
points the sand system presented phase
changes, however, this did not happen in the
mullite system. This phenomenon can be ex-
plained by the fact that in the sand system the
cooling is slower than in the mullite system, pos-
sibly in the sand system the diffusion phenome-
non prevails. Through the analysis of the facto-
rial design result of the parameters it was found
which mold type influences negatively in the re-
sult and the interaction of the metal temperature
with the convection phenomenon contributed
significantly to the result. The cooling curves
characterize the grain size and mechanical prop-
erties of metal; hence, owing to the smaller grain
size of metal cast in mullite molds, this type of
mold grants better mechanical properties to the
cast part. The cooling and/or heating in the
molds was also studied, and in the mullite mold
the heating and cooling are abrupt, but all the
curves in both systems tend to converge.
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