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Abstract: The production of high-quality castings without foundry defects at minimal production
costs is a constant priority for foundries. Innovation and optimization of production processes are
key to achieving this goal. Computer simulation of foundry processes offers a modern alternative
to expensive and time-consuming experiments in real foundries and provides a reliable
representation and analysis of casting and solidification processes. A detailed analysis of the casting
and solidification simulation results allows the prediction of various risks that can cause defects in
cast castings, thereby reducing their quality and, last but not least, the cost of their production. The
paper deals with the analysis of a computer simulation of the casting of a brake disc in the Slovak
foundry. This brake disc has had shrinkages and micro shrinkages that reduce the internal quality
of the casting. These defects occurred in the ribs in the upper part of the casting under the feeders.
A computer simulation of the casting and solidification of this casting was made according to real
conditions. It turned out that the designed ingate system with a system of feeders was not sufficient
to eliminate emerging defects. A new layout of the feeders was proposed, which ultimately
eliminated the occurrence of defects based on the results of computer simulation. The input
parameters were set to be as close as possible to the actual needs of the foundry. 3D models of the
assemblies were designed in SolidWorks CAD software, and filling and solidification simulations
were performed using the NovaFlow & Solid CV 4.6r42 simulation program.

Keywords: computer simulation; casting; foundry defects; shrinkage; gating system; feeder

1. Introduction

Numerical modeling of the casting process is an important tool in foundry, which is based on
the use of empirical and semi-empirical physical and numerical models. These models allow the
simulation and analysis of complex processes that occur during the casting process. The use of
simulation software with an integrated numerical model makes it possible to obtain sophisticated
solutions and data for these processes.

Solidification simulation is one application of numerical modeling that helps identify hot spots
in a mold. Flow simulation is another important application that provides visualization of melt
velocity during mold filling as well as filling and solidification time information. This information
helps us predict and prevent melt flow disturbances and thereby predict the occurrence of defects [1,
2].

Melt flow in closed systems can be laminar or turbulent. Laminar flow is maintained up to a
certain critical velocity, after which the melt becomes turbulent. In turbulent flow, some of the melt's
energy is consumed to form vortices, resulting in reduced overall flow velocity and unsteady fluid
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flow. In swirling regions, there is an increased flow of liquid metal and a decrease in pressure, which
can cause gas particles to be entrained into the melt. These particles cause wear and erosion of the
molding compound, being absorbed by the melt much like gaseous particles. These inclusions have
a significant impact on the quality of cast parts. The danger of particle entrainment increases as the
flow velocity increases to a value of approximately 1.2 m.s-1 at which entrainment damage to the
mold is likely. The flow velocity in the notches should be in the range of 0.5 to 1.0 m.s-1 [3 - 6].

Most of the defects in the casting and solidification process are caused by incorrect design and
placement of the gating system and feeders on the casting. A correctly designed gating system and
the placement of castings will ensure optimal filling of the mold cavity, directed solidification of the
casting, and the formation of shrinkage in the feeder [7, 8]. The formation of shrinkage in the casting
is accompanied by negatively directed solidification when the melt is closed in the solidifying part of
the casting, i.e. the feeder solidifies earlier than the casting [9].

In addition to the factors mentioned above, which affect the quality of the produced casting, the
shrinkage of ductile iron in the solidification process is also an important phenomenon. The
occurrence of withdrawals and their causes are addressed by several authors such as Chen et al. [10]
and Yeung et al. [11]. Shrinkages occur in the interval liquidus - solidus. Their occurrence can be
prevented by replacing the reduced volume from another source - infusion. The problem of
shrinkages and feeders is described in detail in [12 - 14]. Using this process, the size of the feeders is
chosen based on the volume capacity of the casting and the cast alloy. Subsequently, the shape and
dimensions of the feeder are decisive for the choice of the appropriate type of feeder and their correct
placement on the casting so that the metal is added to the entire volume of the casting during
volumetric shrinkage. The gating system and its opening into the casting also play an important role
in this process [15]. The solidification of ductile iron castings and their construction was dealt with
by Bjerre et al. [16].

Volume changes in the casting during solidification (formation of shrinkage) are physical
phenomena that cannot be prevented. Through technological intervention, we can ensure the
formation of shrinkage in the casting and the casting solidifies in a healthy way. The formation and
elimination of shrinkage and micro shrinkage in ductile cast iron was dealt with by Siclari et al. [17],
and Davis [18], and its further description is given in [19].

For a casting of a given type, i.e. a casting with different wall thicknesses, positively directed
solidification and the correct distribution of feeders on the casting are very important. Several authors
dealt with the issues of ductile iron castings with different wall thicknesses and the possibilities of
their feedering [20, 21].

2. Materials and Methods

The casting of the brake disc, for which the gating system was verified, is produced in the Slovak
foundry. The casting is made of ductile iron EN-GJS-400-15. Its weight after processing is 30 kg and
its diameter is 500 mm. The casting is made by gravity casting into a bentonite molding mixture.

The problem with this casting is the appearance of shrinkage on the rods in its upper part, Figure
1. The occurrence of shrinkages is due to insufficient depositing of metal from the casting during
solidification of the casting. For this reason, a computer simulation of casting and solidification was
made according to real conditions, and a new distribution and number of feeders per casting was
also proposed.
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Figure 1. Shrinkages in the cast.

The 3D model of the casting (Figure 2) was created in SolidWorks CAD software.
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Figure 2. 3D model of a casting brake disc.

The gating system with a determining cross-section "Ca" in the lower part of the sprue is used
for casting the disc, Figure 3.
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Figure 3. Gating system.

The determining cross-section Ca is located at the bottom of the sprue, not in the ingate, as is the
case with the vacuum gating system, with a standard ratio: 1 : 1.2 : 1.4 (1 - area of the ingates, 1.2 -
area of the runner, 1.4 - area of the sprue). The ingates are located in the lower part of the mold. The
gating system always expands towards the casting by at least 10%. The ideal ratio for this type of
gating system is 1:1.2:1.4 (1 - the area of the determining cross-section CA, 1.2 - the area of the runner,
and 1.6 the area of the ingates). The casting time is not controlled by the filter or the cross-section of
the ingates [22, 23].

Ca is calculated according to Eq. 1:

22,6 . W

Cy = m [cm?] 1)

where: W - Cast weight [kg]
0 - Density [g.cm™]
& - Friction factor
t - Casting time [s]
H - Effective pouring height [cm]
The casting time was calculated according to Eq. 2:

T=b.\JW )

where: {3 —average thickness of the casting walls
W — Weight of crude casting [kg]

The casting time was 18 seconds. The coefficient (3 of 0.31 was chosen for cast iron. The effective
casting height H of the mold depends on the dimensions of the casting and the type of gating system,
Eq. 3:

p2

H=h_ﬁ (3)

where: H - effective metallostatic height [cm]
h — height difference between the level of the melt in the pouring basin and the center
of the ingates height [cm]
P — height of the casting above the ingate [cm]
C - height of the casting in mold [cm]
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The determining cross-section of the Ca was calculated at 9.36 cm2 The calculated determining
cross-section serves as a basis for determining the cross-sections of other elements of the gating
system. Based on the above ratio, the individual elements of the gating system were calculated as
follows:

- Ca—-9.36 cm? -> diameter of sprue 36.2 cm

- runner — 1.2 x CA =11.23 cm?

-sprue—1.2x 1.2 x CA=13.47 cm?

The complete original assembly of the gating system, feeders, and casting is shown in Figure 4.
The casting is cast using three feeders that are placed in the upper part of the casting. The problem of
feeders is described in more detail in literature [11 — 16].

feeders

Figure 4. Casting assembly with gating system and feeders.

The casting and solidification simulation process is based on the block diagram (Figure 5)
previously published in [24]. The whole process is divided into two basic parts and saccessive steps
that follow each other.

The computer simulation of the original assembly was done in the program NovaFlow & Solid
CV 4.6r42 [25]. After importing the 3D model, the cellular net was determined. A cell in the model is
an element in which the program can evaluate individual processes (the more cells, the more accurate
the results). The cell size should be chosen so that at least two cells are in the narrowest cross-section.
The detail of the mesh is documented in Figure 6.


https://doi.org/10.20944/preprints202401.1615.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2024 doi:10.20944/preprints202401.1615.v1

3D model creation
IL

Import of 3D model
into simulation

l

1

]

1

1

1

1

1

1 .
i Preprocessing
]

1

1

1

1

1

]

Meshing

Input of initial conditions
for filling and solidification

:

I

)

)

)

)

)

)

)

|

]

1

:

)

| Processing

I

I
| :

)

|

I

I

1

)

)

I

]

]

!

]

)

]

]

)

)

Postprocessing

Running the simulation of
filling and solidification

No Result

OK?

B T ——— S ————

Figure 6. Detail of mesh.

The input data for the simulation is documented in Table 1. These input data correspond to the
real operating conditions of the foundry.


https://doi.org/10.20944/preprints202401.1615.v1

Preprints.org (Www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2024 doi:10.20944/preprints202401.1615.v1

Table 1. Input data for the computer simulation.

casting technology gravity casting
alloy EN-GJS-400-15
flow rate at the ingate 11 kg.s™*
casting temperature 1382°C
cell size 2.5 mm
coefficient of flow losses 0.42
material of mold Bentonite
temperature of mold 23°C
number of cells 5.900.000

The Materials and Methods should be described with sufficient details to allow others to
replicate and build on the published results. Please note that the publication of your manuscript
implicates that you must make all materials, data, computer code, and protocols associated with the
publication available to readers. Please disclose at the submission stage any restrictions on the
availability of materials or information. New methods and protocols should be described in detail
while well-established methods can be briefly described and appropriately cited.

Research manuscripts reporting large datasets that are deposited in a publicly available database
should specify where the data have been deposited and provide the relevant accession numbers. If
the accession numbers have not yet been obtained at the time of submission, please state that they
will be provided during review. They must be provided prior to publication.

Interventionary studies involving animals or humans, and other studies that require ethical
approval, must list the authority that provided approval and the corresponding ethical approval
code.

3. Simulation results of the original assembly

The filling process is shown in Figure 7. With the given type of inlet system, the filling speed
was in the range of 0.42 — 0.65 m.s"! during the entire period. The given value is within the prescribed
range given by the literature [3] and thus there was no swirling of the melt during filling.
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Figure 7. Filling speed.

The simulation of the solidification of the casting pointed to the occurrence of shrinkage, Figure
8. According to the assumption, the shrinkages were formed in the castings, but what is inadmissible
they were also formed in the ribbed rod part of the casting. This simulation confirmed the actual
condition, which corresponds to the shrinkages created in the casting, see Figure 1. The detail of the
shrinkages is shown in Figure 9.
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Figure 9. Detail of shrinkages in cast.

4. Simulation results of the new assembly

Due to the construction of the mold and the casting technology, the gating system could not be
changed. Only the number and placement of the feeders could be changed.

To eliminate shrinkages, a feeder system was placed on the casting, consisting of three feeders
on the brake upper surface of type - body 220/25 with a diameter of D 410 mm and three feeders
placed in the lower part of the type - FSDP with side necks up to a diameter of D 289 mm. The total
volume of feeders was 2.2 dm?®.

The new assembly with the distribution of six feeders is shown in Figure 10.

The input data for the simulation were the same (see Table 1). Only the number of cells was
greater, due to the additional three feeders. The number of cells was 6.150.000.

The filling speed of the mold cavity was in the range of 0.42 — 0.65 m.s! [3] as shown in Figure
11. The given speed was within the range recommended in the literatulre. Since the gating system
was not changed, but only feeders were added, this fact could be expected.
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Figure 10. New assembly with six feeders.

Figure 11. Filling speed.
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Based on the results of the solidification simulation and the prediction of the occurrence of
shrinkage, it was shown that the addition of feeders to risky places on the casting had a positive
effect. Shrinkages were formed only in the castings and in the gating system, which solidified after
filling the mold, Figure 12. Figure 13 documents the details of the generated shrinkages.
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Figure 13. Detail of shrinkages in cast.

Based on the results of the simulation, casting of the test casting was carried out with a new
distribution of feeders. As it turned out, the given configuration was correct, as evidenced by a section
of the casting in the critical area where shrinkage occurred, see Figure 13. Since shrinkage in the given
area in the original assembly occurred on every casting cast in the foundry, this analysis and the new
distribution of the castings will significantly affect the cost of production of the given casting.

Figure 14. Cut of the casting in the critical area.
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5. Conclusion

Based on the computer simulation results of the foundry processes, the cause of the defects -
shrinkages in the casting of the brake disc made of ductile iron - was determined. An analysis was
made of the casting of the original assembly, i.e. the gating system and the location of the feeders. In
the original assembly, three feeders were placed, which were insufficient and caused shrinkage
cracks on the ribbed roller part of the casting. These shrinkages were not due to poor directed
solidification and flow and solidification rates in the mold cavity. As it turned out from the results of
the computer simulation, their cause was the insufficient number and location of the feeders.
Therefore, it was not necessary to change the gating system, but only the distribution and number of
feeders. From the available literary sources, which relate to casting and the formation of shrinkage in
ductile cast iron [11 — 15] and their study, a new arrangement and number of feeders on the casting
was proposed. Their number was changed to a total of 6 feeders. These were placed in the central
part of the casting. These changes were incorporated into the assembly, which was redrawn in 3D
form and then transferred to the NovaFlow & Solid simulation program. Since the number of feeders
has changed, the density of the mesh has also changed, and thus the number of cells in the simulation
program. The casting input values that corresponded to the operating conditions of the foundry for
the simulation program remained unchanged. As the results of the computer simulation showed,
these changes brought a positive impact. Shrinkage did not occur in the casting and was created in
the feeders. Based on the simulation results, a series of castings with a new feeder layout was cast. In
the given test series, these shrinkages did not occur and the correctness of the gating system proposed
by us with the new layout and number of feeders was confirmed.

The given analysis also shows the importance of connecting practice, practical experience, and
professional scientific knowledge, which were used here. These results will apply to the casting of a
similar type of casting.
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