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Abstract

Material suppliers typically recommend different additive amounts and applications for foundry practices. Therefore, even in the production
of the same standard materials, different results may be obtained from various production processes on different foundry floors. In this study,
the liquid metal prepared with the addition of different proportions of a FeSi-based inoculation, which is most commonly used in foundries
in the production of a cast iron material with EN-GJL-250 lamellar graphite cast iron, was cast into sand molds prepared with a model
designed to provide different solidification times. In this way, the optimization of the inoculation amounts on the casting structure for
different solidification times was investigated. In addition, hardness values were determined depending on solidification time in varying
amounts of inoculation additions. SolidCast casting simulation software was used to determine the casting model geometry and solidification
time. In the scope of the study, sand casting, modeling, microstructure analysis, image analysis, microstructure analysis, and hardness tests
techniques were used. When the results are examined, the required amount of inoculation for the optimal structure is optimized for the
application procedure depending on the casting module and the solidification time.
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1. Introduction In cast ir_on, most of the carbon content decomposes o_Iuring
solidification and is seen as a separate structural element in the
microstructure. The shape and form of the carbon determine the
type of cast iron and therefore the properties [2-4]. In cast iron, the
fact that the graphite shape is lamellar, spherical, or compact also
leads to a different strength, ductility, and shrinkage porosity [5].
The formation of a phase of low-density graphite during
solidification increases the volume of cast iron due to the expansion
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Cast irons have a wide range of strength, hardness, corrosion
resistance, easy workability, wear resistance, and vibration
damping properties. Despite the intense competition from new
materials, cast irons are still in demand as a suitable and
economical material in thousands of engineering applications [1].
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of the phase, and the resulting pressure can help eliminate the
microporosity of the shrinkage in casting [6]. During slow cooling
of the cast iron, the carbon is transformed into lamellar shape
graphite in the presence of high carbon and silicon, thereby it is
known as lamellar graphite cast iron. The microstructure depends
on the cooling rate, alloying elements, casting temperature,
spheroidization, and inoculation processes. According to Skaland
et al. [7], the morphology of graphite depends on the inoculation
that is used during treatment. A different study by Rowley [8] also
stated that each graphite in cast iron should be nucleated during
solidification, and effective inoculation is essential to obtain the
desired microstructure. As much as the mechanical properties are
affected by the microstructure, the presence of defects is also
critical. In cast iron, the main defects that adversely affect the
material properties are associated with the shape and dimensions of
the graphite particles particularly in the thick sections, in the
thermal center of the castings, where solidification takes longer.
Shrinkage porosity or inclusions are other harmful defects that
reduce mechanical resistance [9,10]. Microstructure and defects
can be checked with special inoculation treatments as appropriate.
In one study, the authors showed how inoculation with rare earth
metals and bismuth significantly reduced the formation of large
graphite in thick-section ductile iron castings [11]. Skaland [12]
emphasized that the control of chemical composition and process
parameters is essential in obtaining sound castings. In particular,
high lamellar and nodule counts, which prevent the formation of
shrinkage porosities, can be achieved by optimizing the inoculation
process [12]. In a different study, Colak [13] found that it is
possible to reduce micro-porosity shrinkage with an improvement
in fatigue resistance with optimization of the inoculation process
and a decrease in the scattering band in fatigue test results. It is
known that inoculants are also effective in the fluidity of cast irons
[14]. The development of casting properties by processes such as
inoculation, and alloying element additions during the production
stages with cast iron is one of the commonly used applications.
Inoculation is added to liquid metal to ensure controlled
graphite structure, which increases mechanical properties by
reducing carbide formation, reproducing eutectic structure,
decrystallization, and growth of graphite by providing
nuclearization, and ensuring compatibility between casting parts at
different cross-section changes [15-16]. As the number of nuclei
increases with the aid of inoculation in cast irons, carbon atoms
will not find the time to diffuse longer distances, and thereby finely
distributed graphite is formed in the structure [15]. Since it
increases the uniformity of the cast-iron structure, the inoculation
process is critical, and it helps to eliminate the formation of
carbides [17]. In addition, the inoculation process facilitates the
transformation of cast graphite structures from type D to type A
eutectic structures [18]. Increasing the number of nuclei during
inoculation generates a heat flow which helps homogeneous
cooling of the cast part [18-21]. At what rate the inoculation will
be added depends on a large number of variables. It is possible to
consider the main variables as liquid metal composition, casting
temperature, part thickness, mold material, melting condition, and
casting time. The size of the inoculation material should be small
enough to melt quickly and large enough so that it does not oxidize
immediately and does not burst suddenly. In generalization,
inoculation is required as late as possible to get a good result; the
effect of inoculation disappears with time. This time leads to heat
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loss, and the decreasing heat also reduces the number of graphite
spheres. In addition, the higher the inoculation temperature, the
lower the inoculation efficiency. Therefore, it is most convenient
to inoculate at the lowest possible temperature and the last moment
[22]. The most widely used inoculants are ferrosilicon, which
contains a small number of elements such as Al, Ba, Ca, Sr and Zr.
The most well-known are those that have 50%-80% rates. These
alloys mainly contain calcium. The addition of the inoculator can
be carried out in the furnace, in the crucible, in the stream, or the
mold [23]. The success of inoculation depends on two main factors.
These are the quality and quantity of the inoculator added to the
liquid metal quality. At what rate the inoculation will be added
depends on a large number of variables. The main variables are
liquid metal composition, casting temperature, part thickness, mold
material, melting condition, and casting time. Therefore, a large
number of variables make it impossible to determine a constant
inoculation rate. Increasing the amount of 75% FeTi inoculants
increases the amount of graphite [24-27]. It is known that
inoculants are more effective when the cross-sectional thickness
increases [28]. Using various inoculants in different proportions in
the production of cast iron GJL-casting material and the
experiments in this study, 60 microstructure and mechanical
properties of the produced material were investigated and the finer
the grain size, the grain size of the samples used in the inoculant
used samples revealed superior mechanical properties compared to
the large. In addition, a decrease in hardness was detected with the
addition of inoculants. In the study, it was determined that the shape
of the graphite spheres formed in the structure after the addition of
the inoculator was appropriate, the diameter of the sphere was, on
average, about 15 um, and the number of spheres per mm? was
within the required values in the standards [29]. In a study
conducted comparing the actual castings and modeling of gray cast
irons, it was observed that the thickness of the lamella changed
from a change in the cooling rate depending on the thickness of the
section in microstructure studies. Since solidification will be
completed later in regions with thick sections, the graphite structure
will have time to grow, and it has been found that coarser structures
are formed [30].

In this study, castings were made into a mold prepared with a
model containing a different solidification time with the addition
of various amounts of inoculator in the production of an EN-GJL-
250 cast iron material with lamellar graphite structure.
Microstructure and hardness studies of the cast samples were
carried out to determine the optimum amount of inoculant with
regard to the change in solidification time at different section
thicknesses.

2. Material and method

The geometry and dimension of the mould used in this study
are given in Figure 1. The castings were made with EN-GJL-250
lamellar graphite cast iron material. The part used in casting
experiments is designed to have different solidification times with
regard to the different section thickness. The model was molded
horizontally in casting studies, and the feeder design was made in
the SolidCast casting simulation program. The required cylindrical
riser dimensions were determined from modeling studies, which
should have a diameter of 40 mm and a height of 60 mm. In
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addition, it has been determined that the gate should have a
rectangular section of 5 x 15 mm to ensure that the part comes out
intact during volumetric expansion during solidification.

40 40 40 60

a) ! b)
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Fig. 1. a) geometry and dimension of the cast part, b) solid model image

Alpha set resin sand was used for the preparation of molds. 1.5
kg resin and 1 kg agent were added to 100 kg sand. After the mold
was prepared, the molds were prepared by curing in the air. The
melting and casting processes were carried out in an induction
furnace at the commercial foundry. The inoculation process was
applied in two stages: (i) at the transfer ladle and (ii) at the mold
during pouring. Calcium-based inoculation was used while
transferring 70% of the total amount of inoculant from the furnace
to the crucible. The remaining 30% inoculant was made using
barium-based inoculation during crucible-to-mold casting. After
pouring 20-25% of the liquid metal into the mold, the inoculant was
added to the liquid metal at the entrance of the mold. Afterward,
the application was carried out by providing a fixed amount until
75-80% of the mold was filled. A similar application was made
during the removal of liquid metal from the furnace to the crucible.
After removing the cast parts from the mold, they were separated
from the runners and feeders and subjected to inspections.

After the castings were complete, the samples were subjected
to metallographic preparation processes for microstructure studies,

Table 1.

and their evaluation was carried out with the image analysis. The
samples were first ground with 180, 400, 600, 800,1000, and 1200
SiC grit papers. After that, it was subjected to polishing with 6 pm
and 3 pm diamond solution. Microstructure examinations were
made on a Nikon Eclipse L150-A type microscope. Using Clemex
Vision Lite image analysis software was used for the analysis. In
microstructure image analysis studies, lamellar thickness, length,
phase distribution, and phase ratio were determined. Measurements
for Brinell hardness tests of the samples were carried out at room
temperature with the STRUERS Duramin-500 hardness device.

3. Results

The chemical composition analysis result of the alloy used in
the experiments is given in Table 1. The chemical composition
values are found to be within the standard composition range of
EN-GJL-250 alloy.

Chemical composition of the EN-GJL-250 casting alloy used in the experiments

Element C Si Mn P

Cr Mo Ni Cu Mg

% 3.61 1.78 0.49 0.041

0.035 0.054 0.016 0.036 0.151 0.001

3.1. Modeling results and determination of
solidification time

Simulation studies were carried out using SolidCast according to
the design given in Figure 1. When the results were examined, there
was no macro and microporosity on the part as seen in Figure 2.
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(@) (b)
Fig. 2 Simulation results for a) Macroporosity shrinkage analysis, b) solidification time

Modulus analysis values for the design used in the tests are given
in Figure 3. It has been determined that the module value is between
0.26 and 0.97 cm for different thicknesses.

Fig. 3. Modulus values of each thickness

The regions where the solidification time values are taken from the starts from 0.2 minutes in the thinnest section and continues up to
simulation and the solidification time in minutes are given in Figure 5.438 minutes in the thickest area.

4. As can be seen, it is understood that the solidification of the part
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2.384

Flg. 4. Solidification time of the cast part given in minutes
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3.2 Microstructural Studies

The microstructure pictures of the sample after polishing were
taken at 50x magnification depending on the amount of inoculant
at 0.06, 0.12, 0.24, and 0.3% levels which are given in Figure 5.

In the microstructural images given in Figure 5, it is understood
that inoculation is effective in all of the cast samples. It is observed
that casting graphite structures exhibit transformation from D-type

to A-type eutectic structures by the inoculation process [18]. As the
inoculation content was increased, a greater number of graphites
were formed in the structure, and the thickness and distribution of
the graphites are appeared to be quite uniform. This is also
consistent with studies conducted in the literature in which the
formation of fine graphite flakes is a factor due to the fact that the
number of nucleation was increased by the increased inoculant
content [15]. It is also known that the inoculation process is
important in terms of ensuring high lamellar numbers [12].

50x 0.06 0.12 0.24 0.3

Fig. 5. Microstructure images of samples after polishing (50x)
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If the effects of differences due to solidification time on the
microstructure are examined, it is observed that graphite lamels
appear in a thicker structure in the thickest section when
solidification time is high. However, the difference in graphite
thickening with regard to the solidification time is not very large
which confirms the efficiency of the inoculation process in this
case. This also confirms the fact that the inoculators are more
effective when the cross-sectional thickness increases [28].

0.06
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In Figure 6, the microstructure pictures taken from the samples
produced with different amounts of inoculant at the 2nd region are
given after etching. When the microstructure is examined, it is
understood that it emerges as a ferritic and pearlitic structure
around the lamellar graphite. It was determined that the structure
consisted of the perlitic structure at 0.12 and more additional
inoculation.

0.12

3.3 Image Analysis Results

Image analysis studies were performed with the help of Clemex
Vision Lite software for each of the microstructure samples. In the
image analysis evaluations performed after polishing, the average

' Fig. 6. Microstructure pictures of different inoculation amounts from regio 2( 0x)

length values, average thickness values, % graphite, and % main
matrix ratios of the graphites found in the samples were
determined, and the results were evaluated. Figure 7 shows a
sample image of the processed image taken from the image analysis
software.

Fig. 7. Example of the processed image from the image analysis software
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Average values of the results obtained from the software are
given in Figures 8 and 9. It can be seen that the graphite thickness
is varying between 20-38 um (Fig 8a). As the section thickness was
increased, the graphite thickness was increased almost linearly.
However, the change in the thickness was almost the same when
0.12, 0.24, and 0.3% inoculant were added. It appears that 0.12%
is the critical limit above which the graphite thickness is not
changed. A similar scenario applies to graphite length as well. As
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seen in Figure 8b, the graphite length is increased linearly as the
section thickness is increased. As the inoculant additions were
higher than 0.24%, the graphite length is no longer affected by the
inoculant amount. On the other hand, graphite ratio change with
section thickness and inoculant amount reveals no clear
relationship as can be seen in Figure 8c.

40

(a)

5

30 -~

graphite thickness

25

20
section thickness 10 20 30 40 10 20

inoculant % 0.06 0.12
65
.
(b) )
60 » g
= -
B 55 -
c o
i - o
© )
= 50
o
d
o -
45
40

section thickness 10 20 30 40 10 20
inoculant % 0.06 0.12

40 | 10 20 30 40 0 | 20 30 40

(C) 55

45
40

35

graphite ratio

30
25 / .

20

15 .
section thickness 10 | 20 30 | 40 10 20
inoculant % 0.06 012

40 10 | 20 | 30 | 40 | 10 20 | 30 40
0.24 030

Fig. 8. (a) Graphite thickness with inoculant ratio and section thickness (b) Graphite length with inoculant ratio and section thickness (c)
Graphite ratio with inoculant ratio and section thickness
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Based on the data obtained from the image analysis and Figure 8,
the main effect plots were drawn which can be seen in Figure 9.
Section thickness has a clear effect on graphite thickness and

inoculant % section thickness

(@) 350

. - i

= =] r

w =] w
-

Mean graphite thickness
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0.06 012 0.24 0.30 0 20 30 40

(b)

Mean graphite length

graphite length whereas the critical amount of inoculant appears to
be 0.12% for graphite thickness and 0.24% for graphite length
above which the values do not change [14].

inoculant % section thickness

625
60.0

575 e

550 R
525

50.0

475
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-

0.06 012 024 0.30 0 20 30 40

Fig. 9. (a) Mean graphite length and (b) mean graphite thickness by inoculant % and section thickness

When the results given in the table are examined, it is understood
that the inoculant level of 0.06% and 0.12 is insufficient, and the
inoculant level of 0.24 and 0.3 produces more suitable results in
terms of length and thickness. It was determined that the graphite
length and thickness increased from thin section to thick section
depending on the section thickness. It is known that the number of
graphite increases as reported in many studies due to the increase
in the amount of inoculant [14, 24-27].

210
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| 40 10 | 20
0.06

012

30

3.4. Hardness Tests

The hardness measurement results obtained from the test samples
at different section thickness is given in Figure 10 with regard to
the inoculant amount.

-.-
—d s
J

0 10

Fig. 10. Hardness measurement results

As can be seen from the results, the hardness values of the alloy
studied in this work are among the standard values. In addition,
depending on the change in solidification time (i.e. increased
thickness), a decrease in the hardness values was detected with
regard to increased section thickness. In addition, a slight increase
in hardness values was detected due to the increase in the amount
of inoculation. In a study in which the effect of the change in the
amount of inoculation on the hardness change in spheroidal
graphite cast iron was investigated, a decrease in the hardness ratio
was found with the increase in the amount of inoculant addition
[29].
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4. Conclusions

Within the scope of the study, castings at different inoculation
amounts were carried out in a design with varying section
thicknesses. Microstructure pictures were taken from the samples
obtained from the castings after polishing and after etching, and the
images were evaluated by the image analysis. In addition, the
hardness changes were investigated. The results obtained are as
follows:

. Depending on the section thicknesses, changes were
observed in the length and thickness of the graphite in the
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microstructure. It was observed that the graphite thickness
and length were increasing section thickness (i.e. slower
cooling)

. Fo the effect of different amounts of inoculation additions, it
is understood that the most appropriate inoculation amount in
all sections is 0.24%. It is seen that 0.06% inoculation amount
is insufficient, 0.12% inoculation amount is at an acceptable
level. Since the inoculation amount at the level of 0.3% does
not provide many advantages, it was considered unnecessary.

. In the microstructures examined after the etching, it was
determined that the structure was pearlitic in all the additions
above 0.12%, except 0.06%.

. When the hardness change was examined, the hardness
values increased as the amount of inoculation increased;
while the hardness value was 193.58 HBN in the thinnest
section with 0.06% inoculation addition, the maximum
hardness value was 202.26 HBN at 0.3% addition amount
due to the increase in the amount of inoculation.

. When the hardness values depending on the solidification
time were examined, the highest hardness values were
determined in the thinnest sections similarly in all inoculation
amounts. With the increase in the thickness of the section, the
hardness values decreased in the sections with increasing
solidification time.

. It has been determined that the two-stage addition method of
inoculation (from the furnace to the ladle and from the ladle
to the mold) applied was suitable for the design used in this
work.

. It has been found that 0.24% inoculant addition is appropriate
for the optimum casting structure, depending on the different
solidification times depending on the different section
thicknesses. It is thought that it will be possible to reach the
target structure and properties by increasing the amount of
inoculation for the parts with a much larger solidification
time difference.
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