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Abstract

In this study, the fluidity properties of the alloy were
investigated at different casting temperatures, different
section thicknesses, and varying casting parameters of
lamellar graphite cast iron materials. To achieve our goal,
we utilized sand molds that were created with specific
parameters including pouring temperature, metallurgical
quality, section thickness, and fluidity test model. These
molds were used for casting. Thus, the effect of fluidity
properties in changing casting conditions and liquid metal
advance distances at determined section thicknesses was
investigated. Modeling was carried out with FlowCast
casting simulation software by determining the liquid metal
advance distance depending on the section thickness in the

castings made in sand molds under changing casting
conditions. The fluidity and advance distance of the liquid
metal was determined comparatively with experimental
and modeling techniques under the changing casting con-
ditions in the parameters determined in this study. When
the outcomes were examined; it was observed that different
liquid metal advance distances occur at different cross-
section thicknesses depending on the changing conditions.

Keywords: lamellar graphite cast iron, fluidity, flowCast,
modeling, metallurgical quality, fill speed, casting
temperature

Introduction

Cast irons are multiphase component ferrous alloys con-
taining 2.14% to 4% C and 0.5% to 3% Si by weight and
solidify eutectically. Cast iron with lamellar graphite is a
specific type of cast iron. This type of cast iron is formed
when excessive amounts of Si and C are present during the
slow cooling process. As the liquid iron cools, C decom-
poses and forms graphite flake, resulting in the formation
of lamellar graphite. Lamellar graphite cast iron generally
contains lamellar graphite that is evenly distributed and
randomly oriented. The amount, shape, size, and distribu-
tion of graphite in cast iron affect cast iron properties.
While, low strength values are obtained in thick sections
due to thick and longer graphite flake and ferrite in the
structure, high strength values are obtained in thin sections
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due to thin graphite and pearlitic structure. Lamellar gra-
phite cast irons are the most fluid of the cast iron alloys,
and these properties allow the production of complex and
thin-section parts. The lamellar graphite iron has good
machinability and the white or austempered cast irons have
good wear resistance. One of the standout characteristics of
lamellar graphite cast iron is its exceptional compressive
strength. Additionally, it is noted for being the most
machinability-friendly option among all cast iron alloys,
and it has impressive vibration-damping properties.'**

During casting, after filling of the mold, cooling and
solidification processes take place. The most crucial part of
this process is ensuring that the mold cavity is entirely and
promptly filled with liquid metal. Fluidity is a term used to
describe how far the metal will travel in the mold before it
solidifies.” The fluidity of liquid metal is affected by var-
ious factors such as alloy properties, mold properties,
casting temperature, and alloying elements.” The
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insufficient filling of the mold can occur in thinner sections
due to low ﬂuidity.4’5 Therefore, fluidity characteristics of a
liquid represents an important property for casting alloys.’
The higher the casting temperature of the liquid metal
increases the fluidity, while the presence of nonmetallic
impurities reduce the fluidity. When the amount of S, O
and Cr in the liquid metal is high, the fluidity properties of
cast iron decrease. On the other hand, increased P, C, Si,
Mn, Al and Cu in the alloy, the fluidity increases.’

The flow of metal during casting is affected by various
parameters, which can be metallurgical and mold/casting-
related. It is known that there are factors such as viscosity,
composition, casting temperature, latent heat, oxide film,
specific gravity, melt surface tension, melting point and
solidification time.”*® While, high superheating can enhance
metal flow, it may also lead to negative consequences, such
as the loss of alloying elements from the liquid metal,
increased mold deformation, and grain growth.3 Therefore,
determining an optimum temperature is crucial. Ideally,
casting should be carried out at a temperature that is
100-150°C, above the melting point. Alloying element
additions that increase the carbon equivalence in cast irons
can have a positive impact on the metal flow.” Inoculation is
a highly efficient process for improving characteristics of
cast iron parts. The lower undercooling reduces the carbides
formation tendency.'® Many studies have been done on the
fluidity of cast iron."'™'® With limitations on the cross-
section, it has been reported that the critical solid fraction
increases with increased cross-section. Filling velocity has
been found to be an important parameter in fluidity as
well.! However, it was emphasized that the main reason
why the liquid metal could not completely fill the mold
cavity was the contact of the molten metal with the surface
of the mold in the mold cavity, the high heat transfer
coefficient of the material of the mold, the cooling and
solidification of the molten metal during the mold filling."®

Simulation is a useful tool to predict the behavior of liquid
metals. FlowCast is a simulation software that can be used
for such purposes. Several studies'*™'® were recorded that
show the correlation between experimental work and simu-
lation studies where different casting conditions such as
mold material and section thickness were investigated. It was
reported that casting temperature and inoculation were found
to be the most critical parameters that influence fluidity.

With the help of the casting simulation software, the time
from the liquid metal entering the mold to the end of the
solidification in the mold can be monitored. It facilitates the
determination of volume changes and temperature estima-
tion during casting, solidification, and cooling. This con-
tiguous heat-volume approach is a predictive method for
different casting problems, covering macro and microp-
orosity, hot zones, and other defect formation.'” By simu-
lating the design of a part, factors such as microstructure,
microporosity, macro porosity (shrinkage), solidification
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time, temperature distribution in casting parts, pressure,
turbulence, velocity, cold junction areas, the direction of
molten metal during mold filling, feeder size, location, and
occurrence, hot spots on the part, and areas that pose a risk of
hot tearing and stress analysis can be estimated. These sim-
ulations help to achieve accurate results prior to casting in
way to optimize the casting parameters.'’

In studies examining the effect of increasing casting tem-
perature on fluidity, it has been emphasized that fluidity is a
complex property affected by many variables. For example,
adding elements that increase the carbon equivalent of cast
iron positively affects fluidity. Fazali'® studied the effect of
different temperature on the fluidity of Al-Sfero casting
alloy. It is seen that the fluidity value increases as the alloy
temperature increases. In his study, Gorny'® examined the
effect of fluidity at different temperatures using ductile iron
casting. The temperature values were applied as 1400, 1450,
1500 and 1550°C. As a result of the investigation, it was
observed that that an increase in temperature increased the
fluidity. Zbontar’ investigated how the fluidity of castirons is
affected by temperature increase and found that the fluidity
of the test sample cast at higher temperature revealed better
fluidity than that of the sample cast at lower temperature. In
his study, Wu?" tested the effect of temperature on cast iron
in two different iron types and observed that temperature
increase has an effect on fluidity. In the studies conducted
within the scope of the subject, the positive effects of tem-
perature increase on fluidity have been confirmed in many
works. However, an increase in the melting temperature
above a certain rate can have many negative effects. For this
reason, it is important to determine the optimal temperature
for fluidity with regard to section thickness.

In this study, the fluidity properties of the alloy were
investigated at different casting temperatures, different
section thicknesses, and varying casting parameters of a
lamellar graphite cast iron GG25 standard material. For this
purpose, sand molds were prepared which was designed to
have different section thicknesses, and filling models were
carried out with FlowCast. Thus, the fluidity of the alloy
was determined by evaluation of experimental data and
modeling techniques.

Experimental Study

Within the scope of the study, it was aimed to investigate
the changes in the fluidity characteristic of GG25 grade
cast iron alloy with lamellar graphite depending on the
casting conditions. For this reason, a new mold with dif-
ferent section thickness was designed as shown in Figure 1.
As can be seen, the length of 450 mm with section thick-
ness varying from 2 to 10 mm was used.

The test parameters are selected as the casting temperature
(1350, 1420, 1500°C), filling speed (5 s and 10 s),
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metallurgical quality (20% and 80%), and section thickness
(2, 4, 6, and 8 mm).

A total of 12 castings was made using lamellar graphite
cast iron: three different casting temperatures, two metal-
lurgical quality levels, four section thicknesses, and two
filling speeds. The casting test conditions are shown in
Table 1. The simulation study was carried out by FlowCast
which is integrated with SolidCast. The simulation results
were compared and validated with the actual casting data.

Melting was carried out in an induction furnace with a
melting capability of 500 kg. After melting, the liquid
Figure 1. Fluidity test model dimensions. metal was inoculated in a ladle-type crucible. The chemical
composition of the cast alloy is shown in Table 2.

Table 1. Casting Parameters It can be shown in Table 2, that the carbon equivalence of

Alloy  Casting Metallurgical Fill speed the alloy is CE 4.0, which meets the required standard for
temperature (°C)  quality (%) (s) GG25. Once the casting was complete, the molds were
shaken out and the samples were prepared for analysis. The

1 GG25 1350 20 5 cast samples were initially visually inspected for any
2 GG25 1350 20 10 noticeable imperfections. The distance that the liquid metal
3 GG25 1350 80 5 advanced in the channels was measured. CAD models were
4 GG25 1350 80 10 created using SolidWorks Table 3 presents the thermo-
5 GG25 1425 20 5 physical properties of the CIGI 4.0 CE alloy found in the
simulation database of SolidCast and FlowCast.
6 GG25 1425 20 10 20.000.000 mesh was used in the simulation.
7 GG25 1425 80 5
8 GG25 1425 80 10 Numerical data regarding the casting conditions carried out
9 GG25 1500 20 5 in the casting environment during the study were entered
10 GG25 1500 20 10 into the simulation software. CI GI 4.0 CE material, which
1 GG25 1500 80 5 is a lamellar graphite cast iron alloy, was selected from the
12 GG25 1500 80 10 program database as the alloy in the modeling program.
When modeling fluidity, the parameters for filling time
were established as five and ten seconds. In order to
determine the effect of changing casting conditions on
metallurgical quality, CLF (critical fluid fraction) values
were taken at different values in the modeling program and
matched with the real casting. In the modeling tool, 20%
Table 2. Alloy Chemical Composition (wt%)
Mg Sn Cu Cr S P Mn Si C
GG25 0,031 0,050 0,024 0,025 0,020 0,032 0,27 2,53 3,31
Table 3. Thermophysical Properties of the Alloy Present in the Simulation Data
Material Thermal Specific heat Density Casting Solidification Solidification  Latent heat of
conductance (W/  capacity (J/kg.K)  (kg/m?®) temperature temperature (‘'C) range ('C) melting (J/kg)
m K) ()
Cl Gl 43,24 460,24 7473,999 1350-1500 1122,203 75,714 230115,6
4,0
CE
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Table 4. Fluidity Length Measurements

Test number Test conditions Fluidity length depending on

section thickness

2mm 4mm 6 mm 10 mm

1 1350-20-5 10 103 161 450
2 1350-20-10 2 48 72 424
3 1350-80-5 1 198 327 450
4 1350-80-10 7 156 193 450
5 1425-20-5 17 310 450 450
6 1425-20-10 4 117 286 450
7 1425-80-5 10 372 450 450
8 1425-80-10 6 162 292 450
9 1500-20-5 16 312 450 450
10 1500-20-10 3 269 383 450
1 1500-80-5 78 431 450 450
12 1500-80-10 20 366 450 450

CLF was used for 20% metallurgical quality and 80% CLF
was used for 80% metallurgical quality. In the simulation,
the casting temperatures were set as 1350 °C, 1425 °C and
1500 °C in accordance with the experimental parameters.

Results and Discussion
Fluidity Test Results

After casting, the molds were shaken off, and the test
samples were removed. The casting samples were then
cleaned from sand and subjected to a visual macro exam-
ination. The liquid metal advance distance obtained
according to different section thicknesses of the castings
made within the scope of the study was measured and the
results are shown in Table 4. Experimental conditions
values are coded and given in the table. The coding con-
tains temperature, metallurgical quality, and filling speed
values. For example, for casting conditions with 80%
metallurgical quality at a temperature of 1350 °C and a
filling speed of 10 s, the coding is given as 1350-80-10.

When the results shown in Table 4 are analyzed, it is
understood that different fluidity lengths are obtained under
different casting conditions depending on the change in
section thickness. In all casting tests, it is understood that
the liquid metal fills the mold above 424 mm in 10 mm
thick sections. However, it was determined that the fluidity
in thinner sections had varied depending on the casting
temperature, metallurgical quality and filling speed. Fig-
ure 2 shows the photographic images of the specimens
obtained from the casting experiments.
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When the images shown in Figure 2 were examined, it was
found that although full filling was observed in some
casting experiments with cross-sections of 6 and 10 mm
under changing casting conditions, the channels with cross-
sectional thicknesses of 2 and 4 mm are not fully filled.
When the results are analyzed, it is understood that the
casting temperature is the most effective parameter on the
fluidity. It has been found that with the increase in the
casting temperature, there is an increase in the amount of
liquid metal feed. It is believed that this situation is due to
the fact that the liquid metal has more time to flow in the
mold cavity until the solidification is completed.

It is understood that the other important experimental
parameter for fluidity is the filling speed. It has been
observed that by filling the liquid metal into the mold
faster, the liquid metal can move around in the mold for a
longer time without solidifying. When the effect of filling
speed on liquid metal advancement was compared, it was
determined that in all casting experiments performed with
a ten-second filling speed, the fluidity length in 2 mm, 4
mm and 6 mm channels was less than the mold filled in
five seconds (Table 4). It is thought that this is due to the
fact that the liquid metal loses its temperature during
contact with the mold under slow filling conditions and
the liquid loses its fluidity over short distances. Due to the
fact that the filling is faster and the liquid metal has a
shorter time for heat transfer, the filling speed has a
positive effect on the fluidity of the liquid metal. How-
ever, in order to avoid various errors, it is important that
the liquid metal fills the mold in a way that does not
affect turbulence or biofilm formation. It is emphasized
that increasing the filling speed affects the casting prop-
erties and fluidity. Gaspar’s work?' shows that the fluidity
distance in cast iron experiments showed a significant
impact on the overall quality of castings, such as
mechanical properties.'”” Su®” in their study showed that
the high filling speeds in casting processes in cast irons
can lead to increased wear in castings, deteriorate the
potential surface quality and affect the fluidity properties.
Another point that should be taken into consideration
during filling is that the filling speed should be kept low
to prevent vibrations that may occur during casting.”’
During casting, it is not desired that the material to be
poured flows intermittently, flows at low temperatures, or
is filled too quickly or slowly. If casting is done slowly,
there is a danger that the material to be poured will freeze
before filling the mold completely. This causes cold
cracking. Rapid filling of the mold means that the melt
passes through the metal gating system more than nec-
essary, so wear of the mold wall, rough surface, excessive
shrinkage and other defects are inevitable. For this reason,
the optimum conditions of the material to be cast must be
determined by test methods. Cast irons are not affected by
casting time as much as other metals. However, it is
important in terms of the geometry of the model to be
cast.”
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1350-20-10

1350-80-10

1425-80-5

1500-20-5

1500-80-5

L0 E T A

1500-20-10

1500-80-10

Figure 2. Images of cast samples

In studies conducted on the effect of metallurgical quality
on fluidity, it is understood that the effectiveness of the
inoculant and the amount used has a positive effect on the
fluidity, and there is more flow in the thin channels. It has
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been observed that the highest fluidity was achieved in
casting conditions with 80% metallurgical quality. It has
been found that this had significant influence on the pro-
duction sites in foundries which varies according to the
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Table 5. Results from Changing Modeling Studies

E. Test Casting temperature  CLF value Filling time  Filling time at completion of Filling percentage
N. conditions (°C) % (s) solidification (s) %
1 1350-20-5 1350 20 5 3455 69,1
2 1350-20-10 1350 20 10 6423 64,2
3 1350-80-5 1350 80 5 3601 72,0
4 1350-80-10 1350 80 10 7040 70,4
5 1425-20-5 1425 20 5 4395 87,9
6 1425-20-10 1425 20 10 7199 72,0
7 1425-80-5 1425 80 5 4403 88,0
8 1425-80-10 1425 80 10 7375 73,7
9 1500-20-5 1500 20 5 4610 92,2
10  1500-20-10 1500 20 10 8484 84,8
11 1500-80-5 1500 80 5 4618 92,3
12 1500-80-10 1500 80 10 8662 86,6
Filling speed 5 s Filling speed 10 s
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Figure 3. Modeling result images made under changing conditions.
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Figure 4. Filling distance: comparison of the experimental findings and the modeling results, (a) casting
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Figure 5. Incremental impact of variables on the fluidity

type and quantity of the inoculating alloying element used.
Although the purpose of using inoculants in cast irons is to
prevent the formation of the dendritic structure of the melt,
change the crystal structure, reduce the surface tension and
melting point, its positive effect on fluidity has also been
found in studies.>* Another development was observed by
examining the formation of different elements on the
casting surface. It has been observed that the addition of
elements such as S, O and oxysulphides can increase the
fluidity of spheroidal graphitic cast irons.”> In his study,
Ohnaka”® investigated the effect of graphitizing on ductile
iron and reported that the grafting element could improve
fluidity and reduce defects. When Ba, Ca and Sr elements
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were added to gray cast iron and their properties were
examined, it was determined that it improved the fluidity
and mechanical properties of the casting because it
increased the positive properties in the structure.”’
Chisamera®® investigated the effect of adding inoculant
elements to gray cast iron, and stated that the addition of
Zr, Al and S to gray cast iron reduces graphite nucleation in
the casting, thus improving casting properties and
increasing fluidity. In addition, Jiang®® investigated the
effect of the inoculation element and temperatures on the
fluidity and stated that the fluidity increases when the
temperature increases, and in some cases, it was increased
due to inoculation elements, even if the casting temperature
was not increased. In addition to these, the rate at which the
graphitizing element is added varies depending on a large
number of variables. The main variables are liquid metal
composition, casting temperature, cast part thickness, mold
material, melting medium and casting time.'?

Simulation Results
Table 5 shows the filling times and filling percentage val-

ues taken from the modeling program according to
changing casting conditions.
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Figure 6. Effect of parameters on fluidity

Table 5 gives the time and filling % of the liquid metal
depending on the targeted time for mold filling according
to changing casting conditions. Casting time varies
between three and four seconds and 6-9 seconds depending
on changing casting conditions. When liquid metal advance
distances are examined depending on the values, it is
understood that all parameters have an effect on the flow
properties. When filling is rapid, it allows the liquid metal
to fill the mold longer before solidifying. Thus, liquid metal
can reach longer distances without losing its fluidity. Fig-
ure 3 shows modeling images from the Flow cast simula-
tion under varying modeling conditions.

The distances that liquid metal advanced were determined
based on the results of the model shown in Figure 3. Upon
examination of the results, it was established that parallel
to the actual casting results, there was an increase in the
liquid metal advancement distances in instances where the
casting temperature, metallurgical quality, and filling speed
were high. The graph in Figure 4 shows the comparison of
liquid metal measurement results from actual casting and
modeling results.

When examining the results shown in Figure 4, it becomes
apparent that the actual casting outcomes and the model
predictions align. In casting experiments and modeling
studies, it has been found that the fluidity properties
improve with increasing casting temperature, filling speed
and increasing metallurgical quality, and liquid metal can
travel longer distances in thinner sections. When the
modeling results were examined, it was found that there
were differences in the amount of liquid metal feed in the 2
mm thick cross-section compared to the actual castings.
This situation has changed in the form of a decrease in the
difference in increasing the cross-sectional thickness. It has
been determined that the correlation between modeling and
real casting is much more compatible with thicknesses of 6
mm and above. There may be many reasons for the dif-
ference between modeling and actual casting in thin sec-
tions. However, it is believed that the resulting difference is
in sections up to 4 mm, and the fact that the liquid folds
while moving through the relevant channel during filling
affects the resulting results. It is also thought that this may
be due to the fact that there are many parameters that affect
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fluidity, and these factors are limited or incomplete in
simulation tools. Therefore, changing the values according
to the actual casting conditions may cause variability in the
results. Another factor is the differences between the
position defined in the modeling program during filling and
the actual casting. In this case, it can be thought that the
results will be different since the direction of the liquid will
affect the heat distribution in the mold. Since, the differ-
ences and temperature interactions arising here will be
more effective in thin sections, the results are compatible
with thicknesses over 6 mm (Fig. 5). In many studies
conducted on the comparison of casting mold design and
modeling results, it has also been stated that it is necessary
to transfer the physical casting conditions to the modeling
program one-on-one in order to obtain compatible results
from the modeling program.30_39

A regression analysis was carried out using Minitab with
all the data obtained from the experimental work which
provided the fluidity length equation with p<0.001 and
R?=87.59:

Fluidity = — 1348 + 0.823X; + 0.682X, — 11.13X3

+ 137.9X4 — 7.10X;

, Where

X,: casting temperature
X5: quality

X;: filling time

X,: thickness

The model suggested that the following sequence had the
effect on fluidity:

thickness > > temperature > filling time > quality
As can be seen in Figure 6, as the temperature was
increased, fluidity was increased linearly, whereas the

increase in fluidity was logarithmic in accordance with the
section thickness.
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On the other hand, based on the simulation results, the
equation (R2 = 84%,) becomes:

Fluidity = —1275 4 0.962X; — 13.32X3 4 46.60X4

Note: the simulation results do not include and consider the
quality factor as a parameter.

Conclusion

The results obtained in the study investigating the effect of
filling speed, casting temperature and metallurgical quality
on the fluidity properties of GG25 cast irons in different
cross-sections are given below;

e  Under varying casting conditions, different liquid
metal advancement distances were found in all
cross-sections in both real casting and modeling
results.

e  With the increase in the casting temperature, an
increase in the liquid metal feed distances has
been detected. It has been determined that the
fluidity properties of the alloy change positively
with increasing temperature when the metallurgi-
cal quality and filling velocity parameters are kept
constant.

e In all casting tests, if almost all of the channel
length is filled in 10 mm sections, it is thought that
there will be no problem in filling 10 mm section
castings for GG25 alloy. When other cross-
sections were examined, it was seen that the
desired fluidity values could be achieved in
castings with 4 mm and 6 mm cross-sections,
depending on the casting temperature, metallurgi-
cal quality and filling speed. However, it was
observed that the flow properties were limited in 2
mm sections.

e It has been determined that under all conditions of
the casting process, the liquid metal advance
increases as the thickness of the casting section
increases.

e It was observed that increasing the filling rate has
a positive effect on the fluidity, due to the shorter
time for heat transfer to lose the temperature of the
liquid metal.

e It has been determined that changing the filling
rate and inoculation processes affects the fluidity
in castings made at the same temperatures.

e In cases where the grafting application applied to
cast iron is appropriate, the increase in metallur-
gical quality has a positive effect on fluidity.
Since, the metallurgical quality value in the
modeling program varies between O and 100
depending on the casting practice of the current
company, it is important to optimize the relevant
values specifically for the company in order for
the modeling program to give more realistic
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results and to be compatible with the physical
casting conditions.

e In modeling studies, it is thought that changing the
CLF value depending on the inoculant procedure,
amount and type is necessary for the compatibility
of casting and modeling results.
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