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Abstract. In the current scenario, the energy crisis is on the continuous rise; researchers and academicians are
actively working towards a common goal of energy savings by different means. Spheroidal graphite cast iron
(SGI) is one of the major alloys used for automobile and structural applications. Manufacturing industries are
more focused on using lightweight components to minimize the overall energy requirements. Nevertheless, the
complexity of producing thin-walled SGI products is a challenge. In this study, the solidiﬁcation cooling curve
morphology and microstructure of SGI with varying section/wall thickness are investigated. The results obtained
from the simulation of stepbar castings of varying section thickness show that thick sections have longer eutectic
reaction thermal arrest due to release of latent heat by the formation of graphite. It is also observed that thin
sections have a higher degree of undercooling. Microstructural investigation shows that thin sections have higher
hardness and strength due to higher pearlite fraction, but the amount of graphite formed in thin sections is
reduced, which could lead to aggravated carbide formation in SGI. Thus it is evident that to avoid the formation
of carbides in thin-walled SGI castings more inoculation degree is required to promote graphite formation,
which will ultimately suppress carbides precipitation. The results obtained from the cooling curve analysis are in
agreement with the actual properties of SGI casting.
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1. Introduction
Spheroidal graphite cast iron (SGI) is a type of cast iron
that has been most visible in winning new areas of application in recent years, due to its outstanding mechanical
properties and moderate cost [1]. The structure and properties of ductile cast iron obtained in a foundry as a result of
a melting process and treatment, in general, depend on the
chemical composition of the melt and treatment of the
liquid iron as well as on the cooling rate of the casting.
From a metallurgical point of view, cast irons are one of
the most complicated materials. Composition control,
solidiﬁcation behaviour and magnesium treatment must be
precisely monitored during cast iron production. During
solidiﬁcation, several phases can be nucleated and the
interaction of the different phases during growth is very
complicated [2]. This directly affects the nodule size and
nodule count [3], which are directly proportional to the
mechanical properties. The presence of the different phases
and their volume fraction also have a major inﬂuence on the
*For correspondence

ﬁnal mechanical properties of the casting [4]. It is therefore
important to understand how the different phases nucleate
and grow during solidiﬁcation to be able to control the
casting process and achieve the desired mechanical properties [1].
The shape of graphite in ductile iron is spheroidal. The
matrix may be ferritic, pearlitic or martensitic. The variation in the properties with the pearlite level reveals the
remarkable consistency in the relationship between
mechanical properties and pearlite content. Traditionally
castings have been produced with thick walls (greater than
7 mm), which results in a large percentage of softer, more
ductile ferrite [5, 6]. Mechanical properties are dependent
on the processing parameters, including the chemical
composition, cooling rate, inoculation, solidiﬁcation rate
and many other variables. Reducing the weight of ductile
iron castings by producing thin-wall parts is an important
method for saving energy in vehicles [7]. The lower weight
of iron used also reduces the energy needed for melting.
Both of these aspects lead to reduced carbon dioxide
emissions into the atmosphere. However the high cooling
rate in thin-section ductile iron results in an increased
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amount of carbides with a corresponding loss in mechanical
properties, speciﬁcally ductility and toughness [8, 9]. Many
ferritic matrix castings are obtained by heat-treating operations, which add signiﬁcantly to the cost of production.
The use of the most common grades of ductile iron ‘‘ascast’’ eliminates heat treatment costs, offering a further
advantage. Two key processing steps have been used for
the production of ductile iron [10]. The ﬁrst step introduces
a nodularizing agent (such as magnesium) that creates the
condition for the graphite to precipitate and grow in a
nodular shape. If insufﬁcient Mg is added or if the molten
metal is held for an extended period after the Mg has been
added, the graphite will not precipitate in a nodular shape.
The second signiﬁcant processing step is inoculation. The
inoculant is usually ferrosilicon that contains small amounts
of calcium and/or aluminium or other special-purpose elements [11, 12]. The principal purpose of inoculant is to
prevent chill [13]. More speciﬁcally the inoculant enhances
graphite nucleation, preventing the formation of primary
carbides. Inoculation may take place at different process
steps in combination or separately. Pre-conditioning of the
base iron increases the nucleation potential [3], and hence
minimizes the potential for primary carbide formation in
the ﬁnal iron. Techniques used to produce thin-wall castings will require increased control over melting and metal
treatment [9].
The shape of a cooling curve measured by a thermocouple mounted in a thermal analysis sample cup reﬂects
the solidiﬁcation process of melt iron [14]. An in-depth
understanding of the solidiﬁcation pattern may help to
notice some speciﬁc points [15, 16] on the cooling curve,
where chemical composition and metallurgical structure of
the cast irons may be determined as long as the solidifying
process is monitored accurately and also to determine the
microstructure and mechanical properties of castings. Any
little variation in the iron melt will result in changing the
shape of the cooling curve [17].
The cooling rate of the castings has a signiﬁcant effect on
the hardness of grey iron [18]. The effect of section
thickness on the hardness of grey iron is illustrated in
ﬁgure 1.
The variation of Rockwell Hardness from the tip to the
base of the wedge is shown as an effect of increasing
section size of the wedge. The cooling rate is the highest at
the tip of the wedge. This results in the formation of white
iron, a mixture of iron carbide and pearlite that is considerably harder than grey iron. When the cooling rate has
decreased sufﬁciently to allow the formation of graphite, a
mottled zone appears. The mottled zone mixture of grey
and white iron has a lower hardness than the white iron tip.
As the width continues to increase, the white iron gradually
disappears and there is a corresponding drop in hardness.
Researchers around the globe are relentlessly working
towards the common goal of energy efﬁciency and saving,
but not at the cost of the quality of materials being developed. With this concern, the main objective of this study is
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Figure 1. Effect of cooling rate on the microstructure of grey
cast iron [1].

to investigate the effect of section thickness on the
microstructure and mechanical properties of SG cast iron.
The cooling curve analysis of SGI will also be correlated to
the actual properties of SGI to improve the understanding
of pre-pouring melt quality evaluation techniques.

2. Experimental procedure
2.1 Simulation
The simulation of SGI solidiﬁcation was carried out in a
stepbar casting with varying section thickness using ProCast software. The simulation was done to obtain a cooling
curve, volume fraction of phases and hardness of SGI. The
carbon equivalent (CE) value of 4.5% was used for simulation because at this CE value, SGI is less susceptible to
shrinkage defects formation. The purpose of using the
stepbar as a test piece for simulation was to analyse the
effect of section thickness on the cooling curve and other
mechanical, metallurgical properties. A stepbar was used as
a test piece for simulation with section thicknesses 5, 10
and 15 mm as shown in ﬁgure 2; the width of the stepbar
was 50 mm. The CAD model for the stepbar and its mould
was prepared using CATIA. Normally cast irons are poured
between 1350 and 1400C; in this study the pouring temperature for simulation was 1400C.

2.2 Melt treatment and casting
The liquid metal was prepared in an induction furnace by
melting steel scrap and foundry return. FeSi and FeMn
were added as a source of Si and Mn, to achieve the requisite composition as given in table 1.
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Figure 2. Dimensions (mm) of stepbar used for simulation.

Table 1. Composition of liquid metal in the furnace (bath) and after Mg treatment (ﬁnal).

Bath
composition
(wt%)
Final
composition
(wt%)

C

Si

Mn

S

P

Cr

Ni

Cu

3.72–3.74

1.75–1.80

0.20–0.25

0.011–0.012

0.010–0.015

0.012–0.025

0.02–0.03

0.01–0.015

3.70–3.72

2.40–2.45

0.20–0.25

0.011–0.012

0.010–0.015

0.012–0.025

0.02–0.03

0.01–0.015

Mg treatment was done in a sandwich treatment ladle by
adding 1 wt% of FeSiMg nodulizer alloy containing 6.12%
Mg, which was placed in the pocket at the bottom of
sandwich treatment ladle. The liquid metal was then tapped
from the furnace into a sandwich treatment ladle and
0.15 wt% of Ca,Ba–FeSi inoculant was added during tapping of liquid metal. The ﬁnal composition was checked
before pouring the liquid metal into the sand moulds. The
ﬁnal composition is given in table 1.
The liquid metal was then poured into green sand moulds
containing a cavity of the component with varying section
thickness of 5, 10 and 15 mm. After the solidiﬁcation, the
solidiﬁed casting was cut and samples of different section
thickness were obtained as shown in ﬁg. 3. The samples of

Mg
Nil
0.035–0.040

Fe
Bal.
Bal.

section thickness 5, 10 and 15 mm were prepared for
metallographic investigation. The samples were ﬁrst prepared by grinding on emery paper followed by cloth polishing; 3% Nital solution was used for etching.
Microstructural investigations were carried out using a
Nikon optical microscope and image analyser, whereas
hardness testing was carried out on a Brinell hardness tester. Image analysis of the samples was performed using the
software DeXel version 4.5 as per ASTM A247 and ASTM
E2567-11 with the latest standard. The software acquires
the images directly from a digital camera mounted in the
microscope. Once the images are acquired, the threshold
level is adjusted for the image evaluation and all metallographic parameters such as nodularity, graphite nodule
count and phase area are obtained.

3. Results and discussion
3.1 Effect of section thickness on cooling curve
morphology

Figure 3. Cut section of stepbar SGI casting with thickness 5, 10
and 15 mm.

Carbon and silicon play an important role in the solidiﬁcation of SGI. Based on the CE, SGI can be of hypoeutectic, eutectic and hypereutectic composition. However,
hypereutectic (CE [ 4.3) SGI is preferred since it has a
lower tendency towards shrinkage defects. As given in
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table 1, the CE (%C?1/3%Si) value of around 4.5 was used
for simulation and for melting as well. The solidiﬁcation
cooling curves of the different sections of a stepbar were
obtained by simulating SGI of varying section thickness.
The cooling curves of section thickness 5 mm are represented as point 1, and the cooling curves of sections 10 and
15 mm are at points 2 and 3, respectively. The respective
cooling curve of different section thicknesses is given in
ﬁgure 4. The liquidus temperature of this composition was
found to be 1167C, whereas the solidus temperature was
1163C.
It can be observed from ﬁgure 4 that as the section of
casting increases the eutectic thermal arrest of SGI
increases. The eutectic arrest time in the 5-mm section
cooling curve is about 50 s, whereas for 10 and 15 mm it is
around 70 and 120 s, respectively. This variation in the
eutectic arrest with section thickness can be explained by
the fact that the precipitation of graphite during eutectic
reaction leads to the release of energy due to latent heat,
which balances the heat losses of the melt. Therefore the
higher the extent of graphite precipitation higher will be the
heat released, which leads to longer thermal arrest during

the eutectic reaction. Consequently, the time of eutectic
arrest is an indication of the amount of graphite formation
at the eutectic reaction. It can be observed from ﬁgure 5
that the cooling curves at three different points on the same
section thickness do not show any legitimate variation in
the cooling curve pattern. The thermal arrest is similar in
each cooling curve given in ﬁgure 5.
It can also be observed in ﬁgure 4 that the degree of
undercooling is higher in the thin section, whereas the
15 mm section shows almost no undercooling with a
comparatively ﬂatter cooling curve as against those of 5
and 10 mm thickness. It is generally accepted that undercooling and grain size are inversely related to each other;
therefore it can be said that the grain size in the thin section
will be smaller; consequently, the number of grains in thin
section sections will be more compared with thick sections
of the casting.
Thus, it is important to note here that the section thickness of castings will have a substantial impact on the ﬁnal
microstructure and amount of graphite. In SGI the amount
of graphite is important for metallurgical properties of the
cast component. Too less graphite formation can lead to the

Figure 4. Cooling curve comparison of SGI with varying section thickness.
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Figure 5. Cooling curve at three points of the same section thickness.

formation of carbides in a thin section of castings and
shrinkage defect formation; therefore it is essential to use
additive alloys such as potent inoculants in sufﬁcient
quantity, which will promote heterogeneous nucleation of
graphite and ultimately increase the formation of graphite.

3.2 Effect of section thickness on microstructure
The microstructure constituent fractions of different sections were evaluated by simulation and image analysis of
optical micrographs of samples. It is observed that at higher
cooling rates the pearlite formation is more, whereas at a
lower cooling rate the formation of ferrite is facilitated. The
distribution of pearlite and ferrite phases across the stepbar
casting is shown in ﬁgure 6a and b; it can be observed that
as the section thickness increases the pearlite percentage
increases, whereas the ferrite percentage decreases. The
average pearlite fraction in 5-mm section thickness is
65–70% and in 10 and 15 mm it is 55–60% and 50–55%,
respectively, as given in ﬁgure 6a. Similarly the average
ferrite fraction in 5-mm section thickness is 20–25%, and in
10 and 15 mm it is 25–30% and 33–35%, respectively, as
given in ﬁgure 6b.
The variation of phase in different sections of stepbar
castings is attributed to the cooling rate; at faster cooling

rates the extent of diffusion of carbon from austenite is
less, which promotes the transformation of austenite to
carbon-rich phase pearlite. Therefore, it is evident that the
thin section will have more pearlite fractions. However, in
thick sections, the carbon is easily diffused towards the
graphitization centres, leaving behind carbon-depleted
regions, which transform to ferrite. The thick sections 10
and 15 mm will have a slightly higher amount of graphite
as compared with 5 mm sections of stepbar castings.
The prepared samples of thickness 5, 10 and 15 mm
were analysed using an optical microscope. Image analysis
was carried out to ﬁnd the volume fraction of the phases in
each section. The etched microstructures of samples are
shown in ﬁgure 7. The microstructure shown in ﬁgure 7a
corresponds to 5-mm section thickness whereas the
micrograph shown in ﬁgure 7b and c corresponds to 10 and
15 mm, respectively. It can be seen that as the thickness
increases the pearlite content decreases and ferrite content
increases. It can also be observed that the graphite nodule
count also decreases with the increases in section thickness.
The nodule count is more at 6-mm section thickness
compared with 10 and 15 mm; this is because of high
undercooling in thin sections.
The average volume fractions of phases in micrographs
obtained by image analysis are shown in ﬁgure 8. The
average pearlite volume fraction in 5-mm thick sample was
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Figure 6. Effect of section thickness on the volume fraction of phases: (a) pearlite and (b) ferrite.

found to be 66% whereas it was 60% and 54% in 10 and
15 mm thick samples, respectively. Similarly the ferrite
volume fraction in 5-mm thickness samples was 25%,
whereas it was 29% and 33% in 10 and 15 mm thick
samples, respectively. Therefore, it is evident that a thin
section of the casting having uniform chemical composition
will have higher hardness and tensile properties. To ensure
uniform properties throughout the casting, exothermic
sleeves must be used.
The graphite nodule count in samples is in the range
231–280 nodules/mm2. It can be observed from unetched
microstructures given in ﬁgure 9 that the graphite nucleation is more in thin sections compared with thick sections,
which may be due to higher undercooling in thin sections.
At a higher undercooling degree, graphite nucleation sites
form at ease due to lower critical size for nuclei. Therefore
in thin sections more nuclei are available for graphite

precipitation. In a 5-mm thick sample, nodule count of 280
was observed whereas 10 and 15 mm samples had 263 and
231 nodules/mm2, respectively.
Graphite precipitation in SGI has an important role in
neutralizing shrinkage defects, which is one of the major
problems associated with SGI castings; on the other hand,
the advantages of cast iron are that the graphite expands
during solidiﬁcation. The volume expansion of graphite is
due to its lower density (2.2 g/cm3) than that of liquid iron
(6.9 g/cm3). The formation of graphite mainly depends
upon CE and inoculation. Graphite ﬁrst nucleates in the
liquid and continues to grow in the solid. The graphite
nodules that form in the liquid continue to grow as the iron
cools. The graphite continues to grow in size as the solidiﬁcation proceeds until a balance is reached between the
expansion pressure caused by adding more carbon to the
graphite nodule and the stress induced in the surrounding
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Figure 7. Optical microstructure of samples having (a) 5 mm, (b) 10 mm and (c) 15 mm section thickness.

Figure 8. Variation of pearlite and ferrite phases with section
thickness.

matrix. At high temperatures, the matrix is soft and ﬂexible
and the graphite grows freely. At low temperatures the
matrix stiffens and exerts a counter-pressure on the graphite
nodule, which neutralizes the shrinkage porosities.

Although variation in cooling rate or section thickness
has an impact on graphite nodule density or count, the
overall amount of graphite formation is not affected to a
great extent. Nevertheless, thick sections of castings are
susceptible to shrinkage defects; however this is due to
bigger size nodules, which do not effectively contribute
towards neutralizing shrinkage, in-depth analysis is given in
reference [3].
Graphite nodule count principally depends on the
nucleation and growth of graphite. Each stable nucleus
gives rise to a graphite nodule. Thus, in SGI, the indicator of nucleation potential is the number of graphite
nodules formed. During the solidiﬁcation process an
austenite shell forms around the graphite nodule during
the eutectic transformation. The nodule formation
broadly depends on the composition, cooling rate and
inoculation. A SEM micrograph of the sample showing
pearlite with graphite nodule embedded in the ferrite
shell is given in ﬁgure 10. The ferrite regions around
graphite nodules are because of diffusion of carbon
towards the graphitization centre leaving behind carbondepleted region, which transforms into a low-carbon
phase (ferrite).
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Figure 9. Unetched optical microstructures of (a) 5 mm, (b) 10 mm and (c) 15 mm section thickness showing graphite nodule count
(NC).

Figure 10. SEM micrographs indicating different phases and spheroidal shapes of graphite.

3.3 Effect of section thickness on mechanical
properties
The mechanical properties of the materials largely depend
on the micro-constituents and their volume fractions present in the casting. The variations of microstructure with

the thickness of the sections will ultimately impact the
mechanical properties like strength and hardness of the
materials. It is well known that pearlite is a harder phase
when compared with ferrite and graphite, and it imparts
strength. The yield strength and tensile strength of different
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sections of stepbar casting are given in ﬁgure 11. It can be
observed that the yield strength of the materials is in the
range 248–370 MPa. The yield strength of the 5-mm section is 260–295 MPa, whereas the yield strength of 10 and
15 mm is in the range 235–250 and 235–250 MPa,
respectively. Similarly the tensile strength of the 5-mm
section is 330–370 Mpa, whereas the yield strength of 10
and 15 mm is in the range 270–290 and 220–240 MPa,
respectively.
The Brinell hardness of stepbar casting is in the range
167–227 BHN as shown in ﬁgure 12. It can be observed

17

that the hardness of the 5-mm section is in the range
197–227 BHN, whereas for 10 and 15 mm BHN is
180–197 and 167–180, respectively. This variation in
hardness with the section thickness is also due to the
variation in cooling rate. Small sections contain a higher
volume fraction of pearlite, which leads to higher hardness,
whereas thick sections have lesser volume fractions of
pearlite and hence lower hardness.
Brinell hardness is also found to reduce as the section
thickness increases. Samples with 5-mm section thickness
have an average hardness of 202 BHN, while samples with

Figure 11. Effect of section thickness on (a) yield strength and (b) tensile strength.
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Figure 12. Effect of section thickness on hardness.

10 and 15 mm section thickness have 187 BHN and 174
BHN, respectively. This increase in hardness with a
decrease in section thickness is attributed to the higher
pearlite content in the thin section of casting. It can be
observed from ﬁgures 12 and 13 that the hardness values
obtained from simulation are in agreement with the actual
hardness of samples.
It is pertinent to mention, given the results obtained from
cooling curve analysis and metallography, that the production of sound quality SGI castings requires an in-depth
understanding of pre-pouring melt quality evaluation

techniques, which must be quick and reliable. More
importantly, the foundries seek to produce shrinkage- and
carbide-free castings; traditional metallography techniques
in combination with cooling curve analysis by simulation or
thermal analysis can play an important role in the production of sound quality castings because the results obtained
from both are in agreement. This is why the cooling curve
analysis of liquid melt has been continuously getting
unmatched attention. It is a powerful tool to determine the
quality of liquid metal. The solidiﬁcation cooling curve of
liquid metal gives an undeviating idea about the
microstructure and properties of solidiﬁed castings. It is
envisaged that this study will help in the estimation of melt
properties prior to the pouring of the liquid metal.

4. Conclusions

Figure 13. Variation of hardness in the SGI sample with section
thickness.

• Cooling curve analysis of SGI is an important tool to
predict the quality of castings by evaluating the
solidiﬁcation behaviour of liquid metal.
• The prediction of microstructure and hardness of SGI
by cooling curve analysing simulating software is in
line with the actual.
• Wall thickness of the casting has a substantial effect on
the solidiﬁcation curve morphology of SGI. Sections with less thickness show smaller eutectic arrest
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•

•
•

•
•

compared with thick sections. This indicates low
graphitization in the thin section of SGI.
The degree of undercooling is a function of section
thickness; thin sections (5 mm) show greater undercooling, whereas thick sections (15 mm) have an
almost ﬂatter cooling curve.
The graphitization potential of SGI is less in a thin
section of casting; however, the number of graphite
nucleation sites is higher in thin sections.
Pearlite and ferrite fractions strength depends on wall
thickness; pearlite formation is promoted in thin
castings section, whereas ferrite formation is promoted
in thick sections.
Hardness and strength are inversely related to the
section thickness of SGI, due to the variation in phase
fractions.
The cooling curve analysis results obtained from ProCast software are in good agreement with actual results.
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