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Abstract: The present study highlights the effect of the cooling rate on the microstructure formation
of Si–Mo ductile iron. In this study, experiments were carried out for castings with different wall
thicknesses (i.e., 3, 5, 13, and 25 mm) to achieve various cooling rates. The simulation of the cooling
and solidification was performed through MAGMASOFT to correlate the cooling conditions with
the microstructure. The phase diagram of the investigated alloy was calculated using Thermo-Calc,
whereas the quantitative metallography analyses using scanning electron microscopy and optical
microscopy were performed to describe the graphite nodules and metallic matrix morphologies.
The present study provides insights into the effect of the cooling rate on the graphite nodule count,
nodularity, and volumetric fractions of graphite and ferrite as well as the average ferritic grain size
of thin-walled and reference Si–Mo ductile iron castings. The study shows that the cooling rates of
castings vary within a wide range (27 ◦C–1.5 ◦C/s) when considering wall thicknesses of 3 to 25 mm.
The results also suggest that the occurrence of pearlite and carbides are related to segregations during
solidification rather than to cooling rates at the eutectoid temperature. Finally, the present study
shows that the longitudinal ultrasonic wave velocity is in linear dependence with the number of
graphite nodules of EN-GJS-SiMo45-6 ductile iron.

Keywords: Si–Mo ductile iron; cooling rate; solidification; microstructure

1. Introduction

The ongoing development of high-quality cast iron mainly concerns ductile iron,
which can be used to produce high-tech components that have an attractive combination
of mechanical and usable properties that can compete with the so-called light alloys [1–5].
Ductile iron (especially of the Si–Mo, ADI, and Ni–Resist grades) should, therefore, be
treated as a potential material to produce light castings with good mechanical and oper-
ational properties and at a relatively small cost. From the point of view of economy and
ecology, thin-walled ductile iron castings can also compete in terms of their mechanical
properties with “light” castings made of aluminum alloys (from the group of high-strength
Al–Cu and Al–Si alloys that are subjected to heat treatment of the T6 type).

Recently, Si–Mo ductile irons have been widely used for high-temperature automotive
components such as exhaust manifolds as well as turbine castings and many types of
furnace applications [6–12]. Moreover, Si–Mo castings can perform and maintain dimension
stability for many thousands of thermal cycles that can reach temperatures of up to greater
than 750 ◦C [13].

The use of Si–Mo ductile iron is closely related to the thermal stability of the structure
and is important in the design of cast components (especially in automotive produc-
tion, where structural stability and functional properties are of key importance when
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choosing a given material). The main factors that affect the microstructure and proper-
ties of ductile iron are its chemical composition, cooling rate, liquid treatment, and heat
treatment [1,14,15]. In the case of castings with different wall thicknesses, the key issue
in attaining homogeneous structures and properties is the sensitivity of cast iron to the
cooling rate, especially when we “enter” the range of the high cooling rates that take place
in the production of thin-walled castings.

The as-cast microstructure of Si–Mo ductile iron is governed by the solidification
process and by the subsequent eutectoid transformation. Significantly increasing the
cooling rate influences the as-cast microstructure (refining both the graphite size and
matrix structure) and, therefore, the mechanical properties and chilling tendency; these
factors result in increasing the hardness, decreasing the strength, and severely impairing a
casting’s machinability. The sensitivity of cast iron to the cooling rate is closely related to the
microsegregation of the alloying elements, which affects the crystallization of the primary
structure as well as the eutectic and eutectoid transformations. Many types of ductile iron
are very sensitive to the cooling rate, which results from (among other things) the presence
of an asymmetric coupled eutectic zone and the fact that the chemical composition is not
the only factor that determines the presence of the austenite dendrites or primary graphite
in the microstructures of castings–the cooling rate, temperature gradient, phase fractions,
and modification procedure also contribute.

Given the above considerations, many kinds of ductile iron (including the Si–Mo
grade) are underestimated in their abilities to achieve optimum mechanical properties and
performance. Therefore, the optimization of the microstructure from the point of view of
the morphological features of the phases that occur in cast iron (e.g., striving for a unimodal
distribution of the size of the graphite spheres or minimizing the microstructure gradient)
is necessary in the production of high-quality components for demanding industries (e.g.,
automotive). The impact of the wall thickness and cooling rate (including those that are
characteristic of thin sections on the sensitivity of Si–Mo ductile iron castings) is, thus,
of great importance. Moreover, the high tendency for carbide precipitation into the cell
boundaries of Si–Mo ductile iron has scarcely been dealt with in the literature. Limited
data on the cooling rate-microstructure of Si–Mo ductile iron relationship (which is crucial
for the formation of castings) in a wide range of wall thicknesses has been provided in [16].
Nofal [16] stated that the morphology and composition of the carbide precipitate depend
on the cooling rate of the casting. Additionally, he concluded that as the cooling rate
increases, the precipitate gains a lamellar structure that is typical of pearlite, while at a
slower cooling rate, the precipitate gains a spheroidal or rod-like structure.

The main objective of this work is, thus, to investigate the influence of the cooling
rate of Si–Mo ductile iron (with section thicknesses ranging from thin-wall castings [3 and
5 mm] up to castings with a typical wall thickness of 25 mm in green sand molds) on the
microstructure and solidification parameters with the use of Magma software. Moreover,
the non-destructive testing (NDT) technique (i.e., the velocity of the longitudinal ultrasonic
wave) was determined to be accurate, fast, and of a high throughput in achieving quality
control and reliability.

2. Experimental Procedures

The experimental melts were prepared in a 15-kg-capacity (Mammut type A-15)
graphite crucible using an electrical induction furnace of an intermediate frequency. The
furnace charge consisted of Sorelmetal (high-purity pig iron: 4.46% C, 0.132% Si, 0.01%
Mn, 0.006% S, 0.02% P), technically pure silica, Fe–Mn, Fe–Mo, and steel scrap. After being
melted at 1490 ◦C, the liquid metal was held for two minutes followed by spheroidization
and inoculation operations using the bell method. An Fe–Si–Mg (6% Mg) foundry alloy
was used for spheroidization, while Foundrysil (73–78% Si, 0.75–1.25% Ca, 0.75–1.25% Ba,
0.75–1.25% Al, Fe [balance]) was used for inoculation purposes. The pouring temperature
was 1360 ◦C. The experimental castings applied in the investigations were test blocks that
satisfied the ASTM A 536–84 standard, with plate section sizes of g = 3–25 mm at the
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bottom end (Figure 1). The sand molds were made using conventional green molding
sand consisting of silica sand, bentonite (7 wt.%), a water/bentonite ratio of 0.4, and a
granularity of 100–200 µm.
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Figure 1. Outline of test block castings with different wall thicknesses (g = 3, 5, 13, and 25 mm).

The chemical composition tests of the experimental ductile irons were carried out
using a SPECTRAMAXx emission spectrometer with spark excitation (Table 1).

Table 1. Chemical compositions of EN-GJS-SiMo45-6 alloy (wt. %).

C Si Mn Cu Ni Cr Mg Mo S Fe

3.16 4.63 0.18 0.01 0.01 0.02 0.036 0.65 0.01 Bal.

A metallographic characterization was made using a Leica MEF 4M microscope and a
QWin v3.5 quantitative analyzer at various magnifications to determine the graphite and
matrix morphologies. The nodularity was calculated using Formulas (1) and (2) according
to the ISO-945-4 standard:

ρ =
4A

π lm2 (1)

ρnod =
∑ A0.625−1 + 0.5 ∑ A0.525−0.625

∑ AAll
× 100 (2)

where: ρ—roundness; A—area of graphite particles; lm—maximum Feret diameter of
graphite particle; A0.625-1 and A0.525–0.625—total area of graphite particles from appropriate
range of roundness values; AAll—total area of all graphite particles that meet size criteria
(lm < 5 µm), excluding particles that intersect border of area of view. In addition, the sam-
ples were examined by a JEOL JSM-550LV scanning electron microscope (SEM) operated
at 20 kV.

The simulations of the cooling and solidification were performed through the Iron
module of the MAGMASOFT v5.3 commercial software by MAGMA to correlate the cooling
conditions with the microstructure. The inputs for this simulation were the 3D geometry of
the casting system (Figure 1), the chemical composition of the alloy, the thermophysical
parameters of the materials involved, and the alloy-mold and mold-environment heat
transfer coefficient. During the pre-processing, some virtual thermocouples were placed
in the center of the plate specimens to record the simulated cooling curves. As the sand
mold material, green sand was used from the MAGMASOFT database. The numbers of
the graphite nodule counts were taken from the center of the plates (from the areas where
the thermocouples were placed).
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The velocities of the longitudinal ultrasound wave were measured with an Echometer
1073 vs. with a 10.4/6 PB 4 head.

Phase diagram of investigated alloy was calculated using “Thermo-Calc 2019a” database:
TCFE7 and volume fraction of phases as well as transformation temperatures were estimated.

3. Results
3.1. Solidification and Solid-State Transformation

The Thermo-Calc phase diagram of the investigated Si–Mo ductile iron is shown
in Figure 2a,b, which illustrates the formation of its structure during the cooling and
solidification to room temperature. According to the equilibrium system that was de-
fined by Thermo-Calc, the composition of the Si–Mo ductile iron is slightly hypereutectic,
which is marked by the dashed red line in Figure 2a. The liquidus temperature is around
1220 ◦C and is associated with the crystallization of a small fraction of the primary graphite.
Carbides of the M6C type (Fe2Mo2Si2C) were formed during the crystallization at a tem-
perature of about 1158 ◦C; in accordance with the equilibrium system, these remained
in the alloy throughout the entire range up to the ambient temperature. There is also
eutectoid transformation in the system; therefore, the ferrite and austenite coexist within a
temperature range of 935 ◦C–871 ◦C for the entire range of the carbon content.
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Figure 2. (a) Thermo-Calc phase diagram of Si–Mo ductile iron; (b) volume fraction of all
phases formed.

The volume fraction under equilibrium conditions in terms of temperature is shown
in Figure 2b. From this, it follows that the ambient temperature microstructure mainly
consists of graphite (9.6 vol.%), ferrite (88.8 vol.%), and carbide phases (i.e., M6C [1.2 vol.%]
and M7C3 [0.2 vol.%]). In fact, the real microstructure of Si–Mo ductile iron consists of
a graphite nodules, ferritic metallic matrix and small percentage of pearlite plus Fe–Mo
carbides in intercellular regions [9,16]. It is worth also pointing that as Thermo-Calc
analysis provides estimations in equilibrium conditions, a fraction of a percent of carbides
forming elements such as, e.g., Cr gave trace percentage of M7C3 in Si–Mo ductile iron.
XRD analysis in Si–Mo ductile iron with Mo < 1 wt.% show only carbides Fe3C formed in
the alloy, due to eutectoid transformation, i.e., in pearlite without any marks from M7C3 or
molybdenum carbides [17]. Black et al. in [9] presented the TEM crystal structure analysis
of carbides in Si–Mo ductile iron, from which it follows that they were identified as M6C
and Fe2MoC.

3.2. Cooling Curves

The simulated cooling curves and cooling rates are reported in Figure 3. The virtual
thermocouples were in the geometrical center of each mold cavity. The eutectic (Ts)
and eutectoid (Te) equilibrium temperatures can be estimated based on the chemical
composition [18,19]:

Ts = 1154 + 5.25 Si - 14.88 P = 1178.2 ◦C (3)

Te = 739 + 18.4 Si + 2 Si2 - 14 Cu - 45 Mn + 2 Mo - 24 Cr - 27.5 Ni + 7.1 Sb = 859.3 ◦C. (4)



Metals 2021, 11, 1634 6 of 15
Metals 2021, 11, x FOR PEER REVIEW 6 of 15 
 

 

  
(a) (b) 

  
(c) (d) 

Figure 3. Simulated cooling curves and cooling rates of ductile iron in samples with different wall thicknesses: (a) 3 mm; 
(b) 5 mm; (c) 13 mm; (d) 25 mm. 

Table 2 summarizes the cooling rates at the transformation temperatures along with 
the undercooling below the eutectic equilibrium temperature, which is calculated as the 
difference between the eutectic temperature according to Equation (3) and the minimum 
temperature at the beginning of the solidification. 

Table 2. Undercooling and cooling rates at eutectic and eutectoid transformation temperatures. 

g, mm Undercooling 
(°C) 

Cooling Rate at Te 
(°C/s) 

Cooling Rate at Ts 
(°C/s)  

3 37.76 26.78 3.57 
5 32.33 14.11 1.42 

13 25.01 4.09 0.30 
25 21.48 1.48 0.29 

Figure 3 and Table 2 show that the cooling rates of thin-walled castings with wall 
thicknesses of 3–5 mm were much greater than the values obtained for the conventional 
castings (i.e., with wall thicknesses of 13 and 25 mm). Additionally, the Si–Mo thin-walled 
castings were characterized by pronounced changes in the cooling rates with only minute 
changes in the wall thicknesses (which is in accordance with [15]). This also applies to the 
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(b) 5 mm; (c) 13 mm; (d) 25 mm.

Table 2 summarizes the cooling rates at the transformation temperatures along with
the undercooling below the eutectic equilibrium temperature, which is calculated as the
difference between the eutectic temperature according to Equation (3) and the minimum
temperature at the beginning of the solidification.

Table 2. Undercooling and cooling rates at eutectic and eutectoid transformation temperatures.

g, mm Undercooling
(◦C)

Cooling Rate at Te
(◦C/s)

Cooling Rate at Ts
(◦C/s)

3 37.76 26.78 3.57

5 32.33 14.11 1.42

13 25.01 4.09 0.30

25 21.48 1.48 0.29

Figure 3 and Table 2 show that the cooling rates of thin-walled castings with wall
thicknesses of 3–5 mm were much greater than the values obtained for the conventional
castings (i.e., with wall thicknesses of 13 and 25 mm). Additionally, the Si–Mo thin-walled
castings were characterized by pronounced changes in the cooling rates with only minute
changes in the wall thicknesses (which is in accordance with [15]). This also applies to the
eutectoid transformation, where the cooling rate values were similar to wall thicknesses of
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13 and 25 mm, while entering the range of the thin-walled castings resulted in a significant
increase in the cooling rate.

3.3. Microstructures

Figures 4 and 5 show the exhibited microstructures that can be found in castings with
different wall thicknesses.
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In Figure 5a,b, the micrographs show microstructures with visible pearlite islands
in castings with wall thicknesses of 3–25 mm. Both lamellar and granular pearlite occurs
in the intercellular region between the graphite nodules. The microstructure consists of
graphite nodules, a significant share of ferrite (>70%), perlite, and a maximum of 5% of
carbides of the Fe2MoC and M6C types as reported in [9] (Figure 6).
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Increasing the cooling rate (i.e., the graphite nodule count) reduces the carbon and
molybdenum segregation to the intercellular regions and, hence, reduces the number
of intercellular precipitates. Increasing the wall thickness leads to higher segregation
levels and the formation of eutectic carbides that are surrounded by fine precipitates at
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the intercellular regions. In the castings with wall thicknesses of 13 and 25 mm, well-
formed carbide skeletons filled with perlite are visible. This carbidic network improves
the dimensional stability and increases the tensile strength, creep resistance, and corrosion
resistance; however, it reduces the plastic properties [20,21].

This qualitative description can be supported through quantitative measurements
that are connected to the graphite nodules as well as the metallic matrix (Table 3).

Table 3. Image analysis results for samples with four wall thicknesses.

Wall Thickness,
mm

Graphite Nodule
Count, 1/mm2

Graphite
Nodularity, %

Graphite Mean
Diameter, µm

Ferrite Volume
Fraction, %

Ferrite Grain Size,
µm

3 608 ± 35 91 15.32 ± 0.25 86 ± 2 20.17 ± 2.56

5 411 ± 28 90 19.17 ± 0.28 85 ± 2 23.23 ± 3.71

13 201 ± 13 87 26.27 ± 1.11 81 ± 2 34.17 ± 2.44

25 168 ± 15 85 27.19 ± 0.81 78 ± 2 36.73 ± 4.19

3.4. Ultrasonic

The velocity of the longitudinal ultrasonic wave was affected by the volume fractions
of the structural constituents in the unit volume of the alloy, graphite nodularity, and
number of graphite nodules as well as by the morphology, size, and shape of the metal
matrix components.

The results of the tests of longitudinal ultrasonic wave velocity cL are presented
in Table 4.

Table 4. Velocity of longitudinal ultrasonic wave vs. wall thickness.

g, mm cL, m/s

3 5745

5 5714

13 5698

25 5685

4. Discussion

The EN-GJS-SiMo45-6 microstructures are consistent with the solidification rates
(Figure 3), so the microstructural features are finer when the cooling rates are higher
(Table 3); this is consistent with what is reported in the literature [1,15]. Higher cooling
rates around the eutectic temperature lead to higher undercooling (Figure 7a), which can
be somewhat related to the graphite features (Figure 7b).

The cooling rate influences the maximum degree of undercooling; as a result, this also
affects the structure of the examined Si–Mo ductile iron. If the cooling rate Q increases,
this affects the maximum degree of undercooling ∆TS; this contributes to an increase in
the driving force of the solidification process. It is worth mentioning that the increase in
the degree of undercooling as a result of an increased cooling rate exhibits a clear power
function with a high correlation coefficient of R = 0.99. Figure 8 shows the particle size
distribution of the graphite in castings with different wall thicknesses.
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The analysis of the graphite particle distribution showed that in the thin-walled
castings, unimodal graphite distribution was achieved in a relatively narrow range of
graphite sizes. In the other cases, we saw that the graphite distributions were not unimodal.
The transition from high cooling rates to castings with typical wall thicknesses causes a
gradual change of the graphite distribution from unimodal to bimodal. In extreme cases
(often in hypereutectic–thick-wall castings), a trimodal graphite distribution will occur
with the presence of primary graphite and the occurrence of secondary nucleation during
the eutectic crystallization, which is particularly unfavorable from the point of view of the
structure homogeneity and, therefore, the final casting properties.
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Figure 8. Graphite particle size distribution: (a) casting with wall thickness of 3 mm; (b) 5 mm; (c) 13 mm; (d) 25 mm.

Similar to those features that are related to the graphite, the ferritic grain size also
becomes smaller when the solidification rate increases (Figure 9); this has already been
found in the literature (for wall thicknesses ranging from 25 to 75 mm) [22,23].

During solidification, solid-state transformations take place. In particular, ferrite
nucleates and grows in the austenitic grains, which mainly transforms into ferrite and
graphite. If the cooling rate at the equilibrium eutectoid transformation temperature is fast
enough, supercooling may occur (which allows for pearlite crystallization) [18]. Table 2
and Figure 3b show that the cooling rates at the eutectoid temperature are relatively low
for all the investigated castings when compared to the cooling rate values that are obtained
around the eutectic transition temperature. This is consistent with low pearlite volume
fractions that are found in the metallic matrixes of all castings ranging from 3 to 25 mm.
Moreover, an analysis of the results shows that the fraction of perlite does not increase as
the thickness of the walls decreases (as is typically the case with unalloyed irons). This
suggests that a major role is played by the cooling rate at the beginning of the solidification,
which was much higher in the thin sections at the eutectic temperature as compared to
the thicker ones. This may have reduced the Mo segregations, thus lowering the pearlite
and carbide content. Therefore, pearlite and molybdenum carbides are the products of
microsegregations during solidification rather than the result of different cooling rates
through the Ac1-Ac3 intercritical interval. In the thin-walled castings (3 and 5 mm), the
pearlite is barely detectable (even though the cooling rates at the eutectoid transformation
were higher than in the typical wall thicknesses of 13 and 25 mm).
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Tested longitudinal ultrasonic wave velocity cL decreased according to the power
function with respect to the wall thickness (Figure 10a) and is linear-dependent on the
number of graphite nodules NA (Figure 10b) of the ductile iron; this has already been
found in the literature for standard EN-GJS 500-7 unalloyed ductile iron with casting wall
thicknesses that vary from 10 to 50 mm [24].

The ultrasonic wave velocity and attenuation measurements also depend on the
morphological features of the graphite (shape, size, and distribution) and the metallic
matrix [24,25]. Increasing the ferrite content causes a decrease in the acoustic velocity to
an order of 200 m/s for a complete transformation from pearlite to ferrite (as reported by
Willcox [26]). It is well-known that there is little effect of the cooling rate on the ferrite
content of ferritic irons, while a higher cooling rate increases the amount of ferrite for
pearlitic irons because of their higher nodule counts. In the case of the analyzed ductile iron
of the EN-GJS-SiMo45-6 grade, increasing the cooling rate caused an increase in the number
of graphite nodules and the ferrite fraction. The changes in the number of graphite nodules
from 608 to 168 (∆NA = 440/mm2) when changing the wall thicknesses from 3 to 25 mm
resulted in a change in ultrasonic wave velocity cL from 5745 to 5685 m/s (∆cL = 60 m/s).
Comparing the changes in the values of ∆cL to the ∆NA of both materials, it turns out that
the ultrasonic wave velocity cL in the tested ductile iron (EN-GJS-SiMo45-6) is more than
3.5-times less sensitive to the change in the number of graphite precipitates as compared
to unalloyed cast iron. This can be explained by the fact that in casting crystallizing at
lower rates, the volume fraction of the carbides increases due to the presence of Mo and
the greater tendency towards microsegregation; this causes an increase in the ultrasonic
wave velocity. This means that despite the great differences in the cooling rates, the tested
cast iron from the Si–Mo group is characterized by a much lower sensitivity to the cooling
rate that is expressed by the ultrasonic wave velocity as well as the microstructure features
that are related to the graphite, matrix metal, and carbides that are present.
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5. Conclusions

1. Different microstructures of EN-GJS-SiMo45-6 were attained for thin-walled castings
with wall thicknesses of 3 and 5 mm as well as reference castings with typical wall
thicknesses of 13 and 25 mm, which lead to various cooling rates that were calculated
through the simulation of an actual gravity-casting system.

2. The microstructures were characterized in detail, quantifying the nodule count, nodu-
larity, average diameter of the graphitic nodules, and volumetric fractions of the
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graphite and ferrite as well as the average ferritic grain size. These features become
finer as the solidification rate increases. A positive segregation (enrichment) of the
Mo was observed in the pearlitic islands; this led to the formation of Fe–Mo car-
bides. The cooling rates around the eutectoid temperature were correlated with the
ferritic grain size. The results suggest that the occurrence of pearlite and carbides
is related to segregations during solidification rather than to cooling rates at the
eutectoid temperature.

3. Longitudinal ultrasonic wave velocity cL was found to be linear-dependent with the
number of graphite nodules NA of the EN-GJS-SiMo45-6 ductile iron. In castings
that crystallize at lower speeds due to the presence of Mo and the greater tendency
towards microsegregation, the volume fraction of the carbides increases, which causes
an increase in the ultrasonic wave velocity. The final effect is the relatively low
sensitivity of ductile iron to changes in the values of longitudinal ultrasonic wave
velocity cL when changing the wall thicknesses from 3 to 25 mm, which should result
in slight variations in the mechanical properties.
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