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Ductile cast irons are ferrous alloys in which precipitation of graphite in the form of spherical
nodules is embedded in a metal matrix to obtain ductility on the material. Despite the impor-
tance of the shape of the nodules, the models proposed to predict the solidification of ductile
irons assume a perfect spherical shape during the growing process up to the final solidification of
the material, which is proved not to be the case in all castings depending on the processing
conditions. The influence of the process parameters on the geometry of the nodules in ductile
irons was experimentally evaluated and a model to predict the evolution of nodules during
solidification was proposed. The proposed model for growth predicts changes in the nodule
count as well as in the nodularity based on different laws for carbon diffusion according to the
solid fraction, helping to understand the trends found experimentally.
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I. INTRODUCTION

DUCTILE iron (DI) castings are ferrous alloys in
which precipitations of graphite are embedded in a
metal matrix in the form of spherical nodules. These are
industrially used in parts that require moderate ductility
without sacrificing mechanical resistance, as in valves,
hardware elements, and auto parts. Studies focusing on
DI have become important in recent years due to its
extensive use and a growing trend to replace forged
steels due to their lower comparative costs. Efforts have
been made to improve DI mechanical properties by
means of alloying, allowing it to replace cast and forged
steels in different applications.[1] In order to achieve
further improvements in the quality of DI casting parts,
it is important to understand the physical mechanisms
involved in the solidification process, since its mechan-
ical properties are influenced by the microstructure of
the matrix and the morphology of the graphite nodules
present.[2–5]

The solidification process of DI begins at high
temperatures [~1438 K (~1165 �C)], which makes it
difficult to have experimental evidence of the transfor-
mation sequence from liquid to solid state. Assuming
that the cooling process from the liquid state of a well-
inoculated casting occurs under equilibrium conditions
(cooling rate @ 0), the first solid to precipitate in a
hypereutectic DI (carbon equivalent CE = 4.5 pct) is
the graphite phase in the form of particles. These

graphite particles grow through the depletion of carbon
atoms in the liquid iron until the temperature reaches
the range of eutectic transformation. Austenite then
nucleates in areas of low C concentration; therefore,
austenite surrounds graphite nodules. During eutectic
solidification, only austenite is in contact with liquid,
and carbon diffusion through austenite is the mechanism
that controls the nodules’ growth.[6–10] After solidifica-
tion, carbon diffusion continues toward the preexisting
graphite nodules since the solubility of carbon in
austenite decreases with temperature.[6] Subsequently,
eutectoid transformation occurs, where the austenite
transforms into pearlite and more carbon atoms diffuse
into the nodules. Finally, depending on the amount of
carbon (CE), DI metal matrix can be a mixture of ferrite
and pearlite.
Some evidence of the solidification process can be

found thanks to the microstructures obtained through
quenching DI at different temperatures,[7,11,12] giving
rise to theories for the solidification process based on
different experiments. As a result, various models to
predict solidification and nodule growth have been
proposed depending on the particular ideas of each
researcher and the technical advances achieved through
time. Two such models attempt to explain the solidifi-
cation process of DI with eutectic composition, known
as the uninodular[12–16] and multinodular[5,6] theories.
The uninodular theory assumes that graphite nodules
nucleate in the liquid and are separately surrounded by
austenite spherical shells. Both phases grow by means of
carbon diffusion from the liquid to the graphite nodules
until the end of the solidification (see Figure 1(a)). Some
authors argue that although dendritic austenite may be
present during the solidification of eutectic composition
DIs, it cannot be considered eutectic austenite and
should be referred to as ‘‘off-eutectic’’ austenite since it
occurs in a composition range different from the
eutectic.[5,6,17] From the eutectic phase diagram, it is
apparent that a eutectic structure can be obtained only
when the composition is exactly eutectic. Nevertheless,
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experimental observations show that, depending on the
growth conditions, eutectic microstructures can be
obtained at off-eutectic compositions.[9] However, this
growth form of the graphite is difficult to explain
theoretically due to both the time it would take to
diffuse the carbon through the austenite as well as the
pressures that should be generated in the austenite shell
when the sphere of graphite is growing. In order to
avoid these issues, the multinodular theory[5,6] proposes
that both phases nucleate independently in the liquid.
Based on experimental results, this theory considers that
austenite grows in a dendritic form and, as solidification
proceeds, the dendritic arms surround the graphite
nodules[5] [see Figure 1(b)]. A more detailed description
of such models can be found in References 5, 13.

One of the main mechanical characteristics of DI is
its ductility, which is possible due to the presence of
graphite in the form of nodules. This geometry is
obtained during its solidification without the possibility
of subsequent changes.[18] During the solidification
process, the growth of the nodule is restricted due to
carbon diffusion through austenite, creating preferen-
tial paths of growth, obtaining a shape similar to rose
petals as can be seen experimentally (Figure 2). The
final shape of the graphite depends mainly on the speed
at which austenite envelopes the nodule. This speed
depends on the undercooling of the casting, which is
also influenced by the amount of magnesium present in
the melt.[9] Zhou[11] proposed in 2011 that there are
three types of encapsulation of the austenite: fast, slow,

or non-existent enveloping. If there is fast enveloping
of the nodule, then the graphite would have the same
radii for carbon diffusion, which will generate a
spherical structure. If there is slow enveloping, the
nodule will have preferential areas of growth, decreas-
ing the final nodularity. Lastly, if there is no encap-
sulation, the final geometry will correspond to laminar
graphite.[11]

Although the multinodular theory is based on exper-
imental findings (austenite dendrites in eutectic compo-
sition), there have been more studies aimed at simulating
the solidification of the DI using the uninodular
theory[12–16,19,20] rather than the multinodular the-
ory.[5,6] Additionally, in the existing models, the nucle-
ation and growth of the nodules are expected to create a
complete sphere, which is a theoretical and ideal
behavior that does not take place in the actual casting
process.[21]

The final morphology and count of graphite nodules
are studied in this paper. Experimental work was
performed in an industrial environment, in order to
identify temperature variables that arise from the
different production steps that cast iron has to follow
before completing its solidification in the foundry floor.
A new numerical model was developed for the predic-
tion of nodularity and implemented in an existing
multinodular frame. This model allows the comparison
with the experimental data and helps to take a further
step to understand which thermal variables affect the
graphite’s shape and count.

Fig. 1—Microstructural evolution according to the (a) uninodular and (b) multinodular theories.[7]
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II. EXPERIMENTAL PROCEDURE

Three heats of cast iron were prepared in a commercial
foundry using an induction furnace with a maximum
capacity of 1200 kg, charged with 60 pct of cold-rolled
steel and 40 pct of pig iron. Once the materials were
melted and the respective carbon and silicon adjusted,
the furnace was kept at a temperature of 1823 K
(1550 �C). At this point, a sample was taken and chilled
for chemical characterization. Since DI has free carbon
as graphite, it is necessary to perform rapid cooling of the
casting to obtain cementite (Fe3C) in the majority of the
structure.[18] The spheroidizing treatment was performed
by means of the sandwich method, where once preheated
the ladle, 1.1 pct Fe-Si-Mg, was covered by reaction-
retarding material, reducing the Mg evaporation. When
the spheroidizing treatment was ended, each melt was
divided into 100-kg ladles. A further inoculation was
performed in the ladles with 0.3 pct Fe-Si in order to
avoid carbide formation. Finally, scum resulting from
post-inoculation was removed. The temperature was
taken by a pyrometer ElectroNite (thermocouple K) in
each step of the production process, e.g., temperature in
(i) the oven, (ii) the ladle after the spheroidizing
treatment, (iii) the ladle before post-inoculation, and
(iv) after scum removal. These temperatures were taken
in order to understand the thermal history of the casting
before being poured into the sand molds.

In order to evaluate the fading effect of the chemical
treatments, time was recorded from the beginning of

each process. Using a stopwatch, time was taken from
the moment at which the reaction ended for a period of
time up to 20 minutes. The melt was poured into step
sand molds to study the effect of wall thickness (and
therefore cooling rate) on the microstructure of the
material, following Kim et al.,[22] having wall thick-
nesses of 10, 30, and 50 mm (see Figure 3). One sand
mold per minute was filled, beginning after scum
removal until 10 minutes after inoculation. Before
pouring the melt, temperature was measured in the
ladle. When 10 molds were cast, additional pouring was
done at minutes 15 and 20 after the spheroidizing
treatment. Additionally, pouring chill samples, which
were individually analyzed, captured the evolution of
the graphite during this time period.
The average chemical composition of the melts prior

to the spheroidizing treatments, obtained by optical
emission spectroscopy (OES), is given in Table I. The
CE was calculated in order to verify that the melts
produced had similar paths during the solidification
process. The CE is important since it determines if the
DI is hyper, hypo, or eutectic, which modifies the
solidification process during eutectic solidification.[18]

Taking into account the content of carbon and silicon,
the average CE is equal to 4.4 pct, which makes the
castings slightly hypereutectic. Since it is close to a
eutectic DI, a eutectic model can be used for numerical
simulations in the microstructural simulations in the
following sections.
Optical microscopy (OM) was used for the micro-

structural characterization of the castings. Specimens
were taken from the last solidification zone of each
casting, found by numerical simulation using the soft-
ware SolidCast� and shown as the highlighted region in
Figure 3. As shown in Figure 3, the step mold has two
different zones due to the wall thicknesses. The high-
lighted zone that corresponds to the 50 and 30 mm
thickness had a solidification time of 4.71 minutes, while
the 10 mm took 1.57 minute to solidify. It is important
to emphasize that an area near the edge of the casting
mold must be avoided as it might cause an increase in
the nodule count due to a higher cooling rate in
comparison to the rate to which the entire casting piece
was subjected.[23]

Conventional metallographic preparation of the spec-
imens was followed and is described elsewhere.[24] To
prevent graphite nodules from tearing from the metal
matrix, the polishing procedure was performed manually

Fig. 2—Nodules’ growth as rose petals depending on surrounding
austenite.

Fig. 3—Sand step mold. The yellowish areas correspond to the last
zones to solidify (Color figure online).
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using kerosene and wax as a lubricant. Nodule count and
nodularity of graphite nodules were analyzed via image
analysis software. Images were obtained from three
sectors of the test piece using a Leitz Metallux II optical
microscope. The images were processed with the soft-
ware Motic Images advanced 3.2 that allows image
segmentation. The results were filtered to eliminate
particles whose area was less than 20 pct of the average
area of the total of the nodules. Finally, nodularity (n) is
the shape factor that defines how close a circle is to the
2D image taken of each nodule and is determined by

n ¼ 4pA
p2

; ½1�

where A and p stand for area and perimeter, respec-
tively, of the 2D image for the analyzed nodule.

It is important to emphasize that by computing
nodularity, the result is lower than that of an assessment
by the traditional method of visual comparison, since
these results are subjective and depend on the expertise
of the evaluator. Figure 4 shows different nodules with
their respective measured nodularity. For the first
image, a nodule being evaluated traditionally would
have a nodularity of 100 pct, but mathematically the
value would be 85 pct. This is the reason why research-
ers have already determined how mathematical nodu-
larity classifies cast irons. A cast iron is considered
ductile when the nodularity varies between 100
pct< n< 65 pct, is considered compact when it is
between 65 pct< n< 45 pct, and for values below that,
the cast iron is considered gray iron.[25,26]

Temperature measurements taken for each melt are
shown in Figure 5. A considerable loss of temperature
(DT � 135 K (135 �C)) was experienced from the
moment the melt was taken out from the furnace until
the final moment of inoculation. From the inoculation
moment, temperature loss follows an almost linear
behavior until reaching 1453 K (1180 �C) in minute 21.
Additionally, it can be seen that even after 18 minutes of
inoculation, the temperature of the melt had not passed
the eutectic transformation temperature [1435 K
(1162 �C)].

The microstructures obtained at each temperature
point are shown in Figure 6 for the chilled samples,
where there are austenite dendrites even at high tem-
peratures[T ~ 1463 K (1190 �C)), confirming the multi-
nodular theory proposed by Boeri.[5] As temperature
decreased, an increase in the number of graphite nuclei
growing in the shape of arms or rose petals was found.
Therefore, the theory suggested by Zhou[11] is supported
by the experimental results, where the final form of the
nodule depends on the speed of encapsulation of
graphite by the austenite.

III. NUMERICAL MODEL FOR
SOLIDIFICATION

The solidification process was modeled by coupling
two levels of analysis: On the one hand, there is the
macroscopic level governed by the energy equation; on
the other hand, the microscopic level which is governed
by the microstructural model. Both problems are tightly
coupled and, in general, present a high degree of
nonlinearity. These problems are solved numerically
through a time–space discretization in the context of
finite differences and finite elements. Since the cooling
process involves phase change in casting, heat transfer
by conduction can be expressed using the heat equa-
tion[27]:

qc _Tþ qL _fpc ¼ r � ðk � rTÞ; ½2�

where q is the density, c is the specific heat, k is the
thermal conductivity, T is the temperature, L is the
specific latent heat of phase change, and fpc is the liquid
volume fraction or the phase change function
(0 £ fpc £ 1).
During solidification, the rate of fpc in each time step

is given by the rates of the total fraction of austenite fc
and precipitated graphite fgr as

_fpc ¼ �ð _fc þ _fgrÞ: ½3�

Table I. Average Chemical Composition

C Si Mn S P Cr Co Mg Fe CE

3.765 1.908 0.287 0.009 0.014 0.031 0.015 0.017 bal. 4.40

Fig. 4—Nodularity values calculated using mathematical models.
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At the microstructural level, two eutectic models
based on the multinodular theory were compared: (i) an
existing model proposed by Boeri[5] that assumes a
single carbon diffusion radius for graphite growth and
(ii) a proposed model in which different carbon diffusion
radii are used in order to evaluate nodularity.[28] In both
cases, equiaxial solidification of a DI with eutectic
composition was considered.

Regardless of the model used, the laws of nodule
growth are based on chemical composition at inter-
faces. In addition, variations of the balance composi-
tions due to silicon microsegregation are taken into
account using the equilibrium diagrams by Heine
et al.,[29] implemented for numerical simulations by
Boeri.[5] With this in mind, the eutectic temperature
can be obtained as

TE ¼ 11154:6þ 6:5Si: ½4�

The point of maximum solubility of carbon in
austenite at eutectic temperature is given by

CTE ¼ 2:1� 0:216Si; ½5�

and the carbon content at the eutectic temperature is
described by

CE ¼ 4:26� 0:317Si: ½6�

With the above equations, the percentages of carbon
in the interface area can be calculated for each phase
and temperature as

C
1
c ¼ 1

97:3
ð1569� T� 24:32SiÞ; ½7�

C
c
l ¼ 1

177:9
ð1528� T� 32SiÞ; ½8�

C
l
gr ¼ 1

389:1
ðT� 129:7Siþ 503:2Þ ½9�

And, the solubility variation of carbon in austenite at
the solid state is given by

C
c
gr ¼ ðT� 1154:6� 6:5SiÞð1:5� 0:216SiÞ

ð354:6þ 6:5SiÞ
þ2:1� 0:216Si,

½10�

where the coefficients Cl/c, Cc/l, Cl/gr, and Cc/gr are the
equilibrium carbon concentrations at temperature T of
liquid in contact with austenite, austenite in contact with
liquid, liquid in contact with graphite, and austenite in
contact with graphite, respectively. Si is the silicon
concentration in the liquid, and it is calculated at each
instant of the liquid–solid transformation using the
Scheil’s equation.[6]

A. Graphite Nucleation

To simulate graphite nucleation, a continuous expo-
nential law was used in both models[13]:

_N ¼ bDT exp � c

DT

� �
ð1� fsÞ; ½11�

where b and c are parameters that remain constant for a
given composition and liquid treatment, _N is the density
rate of graphite nodules, fs is the solid fraction
(fs ¼ fc þ fgr), and DT ¼ TE � T is the eutectic underco-
oling, with TE defined by Eq.[4].
When solidification begins, the release of latent heat

is greater than the cooling rate; hence, temperature
begins to rise. This process is known as recalescence
(Figure 7).[6–8] Nucleation stops with recalescence due
to the decrease of the undercooling needed by the
inoculated graphite points in order to overcome the
critical radius r* and become a nodule.[8] Recalescence
is an important phenomenon since according to it, two
different behaviors have been postulated for graphite
nucleation. Instant nucleation assumes that all possible
graphite nuclei are created in one period of time before
recalescence. On the other hand, in continuous nucle-
ation, nodule nuclei can appear at different time
periods during the cooling process due to the activa-
tion of small inoculated points that require an und-
ercooling reached at the end of recalescence, allowing
the presence of nodules of different sizes in a single
casting piece.[30] It is important to evaluate these
nucleation possibilities since a change in the nucleation
process may affect nodularity as well as the cooling
process.

B. Growth of Graphite Nodules

Boeri’s[5] model (model B in the figures) proposes that
graphite nucleates and grows, initially in contact with
liquid, to be subsequently encapsulated by austenite.
Growth in contact with liquid uses Zener’s equation for
a spherical isolated particle in a low supersaturated
matrix, obtaining[5]

_rl ¼
1

2rl

Cl=c � Cl=gr

Cgr � Cl=gr

ql

qgr
Dl

C; ½12�
Fig. 5—Temperature change with time before pouring into the mold.
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where Rgr is the radii of the graphite sphere, Dl
Cis the

coefficient of carbon diffusion in liquid, while ql and qgr

are the liquid and graphite densities, respectively.
Once the nodules reach 6 lm in diameter, Boeri’s

model assumes that they have already been surrounded
by austenite. The choice of 6 lm as the upper diameter
value for free growth of graphite in the liquid has been
taken from the average of the experimental measure-
ments of chilled samples during the solidification pro-
cess, work done by Wetterfall et al.[12] From that
moment on, it is assumed that graphite is reached by an
austenite arm and gets surrounded by it. Growth begins
to occur by diffusion of carbon from the liquid to the
graphite through the austenite. And, so the growth law
becomes

_rc¼
1:911

rc

Cc=l � Cc=gr

1� Cc=gr

� �
qc

qgr
Dc

C 1� fsð Þ2=3: ½13�

With Boeri’s model, the final nodule has a round
shape, since it is completely surrounded by either liquid
or austenite throughout the solidification process. Tak-
ing into account that it is an alloy and not a pure metal,

the phase change process is not immediate, e.g., between
the transformation from liquid to solid phase, there is
a mushy phase in which the nodules are not perfectly
covered by a single phase. This generates different

Fig. 6—Microstructure at different steps during the solidification process for the chilled samples. Temperatures at which each microstructure was
evaluated are indicated below each picture.

Fig. 7—Recalescence experienced during DI solidification process.
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growth radii according to the coupling process between
austenite and graphite, as schematically shown in
Figure 8.

Despite the fact that different researchers have found
experimental evidence of the aforementioned,[9,11,12] few
have ventured to set a transition limit to define one
growth law or another. This is why a majority of the
existing numerical models define an experimental con-
stant to define the change in growth law. Here, a model
is proposed that takes into account that solidification is
not an immediate phase change process, identifying
intervals based on the percentage of solid phase for each
growth law (model N in the Figures). As schematically
shown in Figure 9, different ranges of transition were
studied, and based on the experimental data found for

nodularity and nodule count, the following intervals
were defined (complete analysis of different solidifica-
tion intervals can be found in Reference 28): at the
beginning, between 0< fs < 0.3, each nodule is sur-
rounded by liquid, therefore Eq.[12] is used. Then, as the
solid fraction increases (0.3< fs < 0.8), nodules are
surrounded by austenite and liquid. Hence, nodules
grow with two different laws; one half of the nodule
grows in contact with liquid (Eq.[12]) and the other half
grows in contact with austenite (Eq.[13]). Finally, when
the casting is almost solidified (0.8< fs < 1), the nodule
finishes its growth in each radius in contact with
austenite (Eq.[13]). Using two laws of growth in a single
interval generates a difference of radii in the nodule,
which induces a change of the spherical geometry and
allows variations of nodularity, as seen experimentally.
Nodularity is defined by Eq.[1], where the area is

expressed by

A ¼ p
2

r2l þ r2c

� �
; ½14�

and the perimeter is calculated as

p ¼ p rl þ rc
� �

þ 2 rl � rc
� �

: ½15�

Finally, mean nodularity is calculated as

�n ¼
Pi

1 NiniPi
1 Ni

; ½16�

where i is the number of nucleated groups during
solidification and N is the number of nodules in each
family.

C. Graphite and Austenite Fractions

In order to implement the proposed nodule growth
model, it was necessary to define the graphite fraction
present at each time increment. Each nodule has
different radii, giving a graphite fraction defined as

fgr ¼
Xk
1

2

3
pNk r3l þ r3c

� �
; ½17�

Fig. 8—Nodule growth according to the surrounding phase:
(a) liquid; (b) austenite, and liquid; and (c) austenite. Fig. 9—Schematic diagram of the proposed nodule growth scheme.
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where rl and rc are the radii created in contact with
liquid and austenite, respectively. It should be noted that
Boeri’s model also uses Eq.[17] assuming that rl ¼ rc.

A constant relationship between the amount of
austenite and graphite is considered for austenite
growth. This relationship is given by the lever rule
applied to the eutectic equilibrium:

REAGðpctÞ ¼ 100� CE

CE � CTE
; ½18�

Lastly, the austenite fraction is calculated as a function
of graphite fraction as

fc ¼ fgrðREAGÞ; ½19�

and the solid fraction can be calculated as

fs ¼ fgrð1þREAGÞ: ½20�

IV. COMPARISON BETWEEN EXPERIMENTAL
AND COMPUTATIONAL RESULTS

The experimental results from the 30-mm-thick spec-
imens were selected to carry out detailed comparisons
with the numerical results of the computational formu-
lations for temperature and metallographic measure-
ments of nodule count and nodularity. Computations
were performed using VULCAN, a code programed in
Fortran.[31] One casting element was used, and a con-
stant thermal flux extraction was set with unidirectional
flow. A 1D simulation can demonstrate the solidification
process in the same way as a 3D simulation would, since
temperature does not change in the microstructural
variables if any type of gradient is eliminated. Therefore,
transversal temperature changes are not experienced
(similar to axisymmetric analysis in solid mechanics).
Accordingly, the energy equation is considered 1D, but
the microstructural model is still 3D.

The parameters and coefficients used for the numer-
ical simulations are listed in Table II. A time-dependent
heat transfer coefficient has been considered here in
order to account for the solidification of the melt inside
the ladle due to the casting process. In this way, the melt
passes through three stages during its solidification:
(i) solidification in the ladle, (ii) pouring, and (iii)
solidification inside the mold. Each of these stages
involves a change in the heat extraction reflected in the
heat transfer coefficient h. Based on experimental

results, h was set as (i) 0.95 W/m2K for solidification
in the ladle, (ii) 35 W/m2K for pouring, and (ii)
9.35 W/m2K for solidification inside the sand mold.
The constants b and c in Eq.[11] reflect the quality of

the chemical treatment and the materials used. These
were calculated with the help of macrostructural simu-
lation and the experimental values of temperature loss
and morphological characteristic. For instant nucle-
ation, values of b = 6 9 1022 nuclei/(m3 K s) and
c = 773 K (500 �C) were used. For continuous nucle-
ation, values of b = 4 9 1013 nuclei/(m3 K s) and
c = 613 K (340 �C) were used.
Figure 10 shows the cooling curves predicted by the

studied models. As there are different rates for latent
heat release due to the change in the growth law,
different plateaus appear for the cooling curves for the
proposed model (model N) in comparison with the
cooling curve predicted by Boeri¢s model (model B).
With the continuous nucleation model, there is a greater
release of latent heat during solidification reflected in an
increase of temperature during recalescence. In addition,
phase transformation starts earlier when using the
proposed nodularity model with instant nucleation due
to a higher undercooling as a consequence of the
nucleation of all nodules in a single time step.
The evolution of the liquid fraction depends on the

release of latent heat conditions during solidification.
Figure 11 shows the evolution of the liquid fraction for
each of the models used. The changes in the cooling rate
with nucleation models can be appreciated in the solid
fractions defined as a growth law changing point (i.e.,
0.3 and 0.8 of solid fraction). This confirms that the

Table II. Temperature-Dependent Properties of Ductile Iron

Property Value Temperature [K (�C)]

Density (kg/m3) 7000 —
Specific heat (J/kg K) 550 273 (0)

704,182 1403 (1130)
915 1473 (1200)
915 1573 (1300)

Thermal conductivity (W/K m) 42 —
Solidification temperature [K (�C)] 1428 (1155)

Fig. 10—Predicted cooling curves.
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change in release of latent heat is due to the chosen
growth law. The most pronounced change of slope
appeared for the continuous nucleation model, achiev-
ing higher latent heat release at the beginning of the
transformation (growth in the liquid) than at the end of
this process (growth in austenite).

Figure 12 shows the evolution of nodules’ count
along the solidification process for continuous and
instant nucleation. As mentioned previously, in instant
nucleation, all possible nucleation points are generated
on a time increment (Dt) before reaching recalescence.
After that, nodule count remains constant during the
rest of the solidification process. In comparison, the
results for continuous nucleation have an initial increase
of nucleation points before recalescence, and once
recalescence has finished, the nucleation process restarts
exponentially (see Eq.[11]) until the solid fraction does
not allow the generation of new graphite points.
Additionally, the volumetric nodule count (graphite
nodules/mm3) is higher for continuous than for instant
nucleation. This behavior is explained by the longer time
period required for eutectic transformation in the
instant nucleation model, as a consequence of the lower
number of nodules that can nucleate. Finally, regardless
of the nucleation model used, there is a change in the
final nodule count with different pouring temperatures,
which suggests a possible reproduction of the experi-
mental results for the morphological characteristics that
will be shown below.

Experimental and numerical results for the change of
nodule count after solidification with pouring temperature
are shown in Figure 13. Since the numerical results are
given as nodules per volume, it was necessary to convert
this result to nodules per area. The following formula was
used to change from volume to area nodule count[17]:

N2D ¼ N3D
4r

3
; ½21�

where r are the average radii.
Experimental results have a changing behavior

according to the pouring temperature that cannot be
explained by a poor inoculation treatment, since even
with the lowest pouring temperature [~1473 K
(~1200 �C)], there is a higher nodule count in compar-
ison with the results from the first pouring temperature
[1673 K (1400 �C)]. Boeri’s model fails to predict this

behavior, showing constant nodule count values
through the range of pouring temperatures. Unlike the
results obtained with Boeri’s model, the nucleation
model presents variability of the nodule count with
pouring temperature. Even so, the results show a
behavior opposite to the one found experimentally; that
is, when there is an experimental increase in the nodule
count, a decrease in the numerical result was found. The
highest degree of agreement with the experimental
results was reached using the instant nucleation model.
This kind of behavior is explained by Eq.[11], where

nucleation is ruled by the eutectic undercooling and does
not include an initial undercooling due to the pouring
temperature, which is important because it determines
the nodule radii. According to previous studies, it is
known that there is an inverse relationship between the
radii of the nodules and the amount of nodules in a
sample, i.e., higher nodule count comes with smaller
nodules.[21,32] This is a well-studied behavior found
where there are changes in the cooling rate. It is well
known that during solidification of nodular irons, the
heat extraction rate is important.[18,29,32] A higher
cooling rate gives higher nodule count with smaller
radii than the ones that would be found with low cooling
rates. This indicates that the change in the pouring
temperature induces a source of heat extraction that is
not considered in the present models, and is important
since it gives the necessary driving force for the
nucleation of smaller nodules.

Fig. 11—Predicted results for evolution of the liquid–solid fraction
through solidification with models N and B.

Fig. 12—Numerical results for nodule count evolution using the pro-
posed nodularity model for continuous and instant nucleation. Simi-
lar curves were found for different pouring times.

Fig. 13—Nodule count vs pouring temperature. Experimental and
numerical results are shown.
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The relationship between nodule radius and count is
shown in Figure 14(a), including experimental and
numerical results. When comparing the models for
nucleation, on average, nodules with greater radii are
predicted using instant nucleation. This is due to
a longer period of time for carbon diffusion than the
one experienced with continuous nucleation. In spite of
perceiving slight changes in the average radii, Boeri’s
model is unable to perceive any relationship between
nodule radii and count. In comparison with the pro-
posed nodularity model, the continuous nucleation
model reaches an incremental behavior, which is the
opposite for the experimental behavior. Although the
results obtained with instant nucleation present a
variation in the nodule count, the mean radius remains
constant, which is different from the behavior found
following continuous nucleation. The real variation of
radii with nodule count for instant nucleation can be
observed with the ratio of nodule growth (rc/rl), since a
change in the average radii is caused by a difference
in the ratio growth at the end of the solidification.
The relationship between nodule count and ratio of
nodule growth for instant nucleation can be found in
Figure 14(b), where a trend similar to that found
with continuous nucleation is generated (Figure 14(a)).
This behavior verifies that nucleation models are able
to predict a similar relationship to the one found

experimentally, but in order to get the same trend
between nodule ratio and average count of nodules, it is
necessary to account for an initial undercooling due to
pouring, as a variable in the nucleation model.
In Figure 13, it is seen that with the proposed

nodularity model and instant nucleation there is a
greater variation of nodule count than with continuous
nucleation. To explain this difference, Figure 15 shows
how the initial undercooling is related to nodule count.
It can be seen that for the two models, there is a negative
trend between the initial undercooling and the nodule
count. This negative relationship becomes more evident
with instant nucleation since in this case the initial
undercooling is the one that provides the necessary
energy for the creation of all of the nucleation points. In
comparison to continuous nucleation, the initial und-
ercooling is only important for the initially nucleated
nodule before recalescence, and as seen in Figure 12, a
majority of the nodules are created after recalescence.
Figure 16 shows the evolution of nodularity through

the solidification process for both nucleation models. It
can be seen that while the nodules are surrounded by
liquid (0< fs < 0.3), they follow one growth law,
achieving a nodularity equal to one. Then, nodularity
drops as the mushy zone is approached (0.3< fs < 0.8),

Fig. 14—(a) Relationship between average radii and nodule count
for experimental and numerical results; and (b) Numerical results for
the growth ratio vs nodule count for instant nucleation using the
proposed nodularity model.

Fig. 15—Numerical relationship between the Initial Undercooling vs
nodule count found using the proposed nodularity model and the
nucleation models.

Fig. 16—Numerical results for nodularity evolution through time
found using the proposed nodularity model for continuous and in-
stant nucleation. Dotted line represents continuous nucleation
(tv = 3); Dashed line represents instant nucleation (tv = 3).
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due to the growth of the nodules with two different radii.
As the nodules are completely surrounded by austenite
(0.8< fs < 1), there is a change in the nodularity
behavior depending on the nucleation model used. For
instant nucleation, there is a slight increase in nodularity
up to a value close to 86 pct. In comparison, for
continuous nucleation, nodularity increases up to a
value close to the perfect nodularity. The apparent
regain of nodularity is due to the amount of nodules that
nucleate after recalescence. When recalescence stops,
most of the metal is solidified (0.8< fs < 1); therefore,
the new nucleated nodules grow entirely surrounded by
austenite. Since most of the nodules in continuous
nucleation are created after recalescence (they grow with
a circular shape), the average value of nodularity
increases.

Figure 17 shows how nodularity changed experimen-
tally and it is compared with the values calculated with
the proposed nodularity model and continuous nucle-
ation. In spite of not achieving the exact experimental
values, it can be seen that the numerical results follow a
similar tendency. Nodularity found with instant nucle-
ation is not shown since it presents no variation with
different pouring temperatures.
Nodularity presents changes with continuous nucle-

ation thanks to the number of nodules that nucleate after
recalescence. This can be seen in Figure 18(a) where a
linear relationship between nodularity and numerical
post-nucleation nodules is found. As explained before,
the amount of nodules that can nucleate after recales-
cence depends on the eutectic undercooling. Figure 18(b)
shows the variation of the post-nucleated nodules with
the eutectic undercooling found numerically, confirming
that the eutectic undercooling affects nodularity.

V. CONCLUSIONS

During solidification of ductile irons, there are micro-
structural changes that initially depend on chemical
treatments such as nodulization and inoculation. How-
ever, it was experimentally found that there are changes
in both nodule count and nodularity depending on
pouring temperature. The existing microstructural mod-
els for nodular iron solidification do not predict these
changes as they only predict nucleation points according
to eutectic undercooling. In this work, a new model was
proposed for the microstructural evaluation of nodu-
larity during solidification. The growth process of the
nodules was based on different laws for carbon diffusion
according to the solid fraction. The new microstructural
model was evaluated under two nucleation schemes that
differ on how graphite growth points are generated:
instant and continuous nucleation. Thanks to the
simulations performed with instant nucleation, the
experimental variation of nodule count with pouring
temperature was explained. Initial undercooling is an
important driving force for the nucleation of graphite
that is strongly influenced by pouring temperature, and
it must be considered in addition to the eutectic
undercooling. Moreover, the new model can predict
the experimental behavior found for average nodularity.
It was also found that nodularity of a sample depends
on the number of nucleation points generated after
recalescence, which change with the eutectic undercool-
ing due to changes in pouring temperature.
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8. E. Fra and H. López: Int. J. Metalcast., 2010, vol. 4, pp. 35–61.
9. D.M. Stefanescu: Science and Engineering of Casting Solidification,

Springer, New York, 2008.
10. C. Arturo: Análisis Experimental y Numérico de la solidificación de
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