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Analysis and modelling

Abstract
Purpose: The purpose of the work was the presentation of tool for modelling of solidification process, for 
prediction of some structure parameters in DI by the given chemical composition of alloy and for given 
boundary condition of casting.
Design/methodology/approach: Two mathematical models and methods developed by authors  have been 
presented: micromodelling with using of finite difference method (FDM) and mesomodelling with using of 
cellular automaton method (CA).
Findings: The FDM was used for solving the DI so¬lidification model, including heat conductivity equation 
with source function, boundary condition for casting, equations for austenite and eutectic grains nucleation 
depended  on the changing undercooling, the Weibull’s formula for graphite nodule count, Kolmogorov’s 
equation for calculation of volume fraction of phases (eutectics and austenite). A set of  equations, after 
transformation to a differ¬ence form,  were solved by the finite difference method, using an iteration procedure. 
The correctness of the mathematical model has been experimen¬tally verified in the range of  most significant 
factors, which include temperature field, the value of maximum undercooling, and the graphite nodule count 
interrelated with the casting cross-section. Literature offers practi¬cally no data on so confronted process model 
and simulation program. The CA model  was used for the simulation of the grains’ shapes in connection with 
FD for temperature field and solute redistribution in the grain scale.
Practical implications: FDM modeling gives the possibility of statistical description of microstructure but 
the geometrical shape of grains is assumed a priori. In CA modeling the grain shape is not assumed, but this is 
the result of modeling. The use of FDM gives  results quantitatively comparable to the process in real casting, 
particularly according to temperature fields and number of graphite spheroids.
Originality/value: The CA method gives on the present stage  credible qualitative results but this method is 
more perspective for good reproducing of the real process of solidification.
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1. Introduction 
 
The structure of alloys formed during solidification affects the 

properties of casting. This is the reason why in modern metallurgy 
and the related technological processes the possibility of model-
ling the structure formation process is so important, especially if 
different aspects of this complex phenomenon can be taken into 
consideration. The eutectic microstructure is a result of a simulta-
neous growth of two (or more than two) solid phases from the 
melt. This structure is a base of numerous technical alloys. The 
physical and mechanical properties of such materials depend not 
only on the properties and volume fraction of each phase but also 
on the morphology of grains. 

The microstructure peculiarity of the DI is a spheroidal shape 
of the grains of one phase – graphite. Another phase growing di-
rectly from the melt during the solidification is the austenite. The 
graphite and austenite grains are nucleated in the liquid phase. At 
first these grains grow directly from the melt. Next the austenite 
shell arises all around of the graphite nodules. This envelope 
isolates the graphite grains from the liquid phase. From this mo-
ment the graphite grains grow due to the carbon diffusion from 
liquid solution to the nodules surface through the solid solution 
layer. The austenite grains still solidify directly from the melt but 
on the border "graphite nodule – austenite envelope" this phase 
vanishes and releases the volume for spheroid growth. The Cellu-
lar Automaton (CA) is one of the known methods of the simula-
tion of microstructure formation during the solidification used in 
the multiscale modelling [1, 2]. 

The first mathematical model of the dendritic solidification of 
the metals and alloys based on the method of CAFD (Cellular 
Automata – Finite Differences) was presented by Umantsev at al. 
[3]. The next publication that was written by the same authors 
disclosed the obtained by modelling effect of initial undercooling 
on the morphology of thermal dendrite and structure evolution of 
its secondary arms in micro-scale [4]. 

In the CA modelling the outer grain shape and inner proper-
ties (e.g. secondary dendrite arm space, solute distribution in the 
solids etc.) are the results of the simulation and do not superim-
posed beforehand. In the modelling the following physical phe-
nomenon are taken into account: releasing of the latent heat of 
phase transformations in the phase interface and heat flow, the 
solutes redistributions between the different phases and diffusion 
mass transport, the equilibrium temperature changes near the 
curved grain boundaries (Gibbs-Thomson effect.) It is possible to 
take into consideration the non-equilibrium character of the phase 
transformations. The models development for a one-phase micro-
structure evolution is a subject of the numerous research [5-14]. 
The question of the eutectic solidification in the superimposed 
temperature condition was solved in [15-18]. 

The purpose of the present work is a two-dimension model 
development for simulation of the DI structure formation during 
the solidification in the condition of non steady-state temperature. 
Model takes into account the continuous nucleation, separate 
growth of graphite nodules and austenite dendrites at the first 
solidification stage, and the following cooperative growth of 
graphite-austenite eutectic in the binary Fe-C system. 

The mechanical, physical and utilization properties of this cast 
iron depend on the number of the graphite grains and on the indi-
vidual matrix constituents. The prediction of local properties of 

castings is an old dream of foundrymen and casting designers 
which nowadays is becoming every day more true due to the 
development of our computational abilities. To predict the me-
chanical properties of nodular graphite iron it is necessary to 
simulate the refinement and volume fraction of the individual 
structural constituents present in this cast iron. 

Most of the computer modelling programs described in litera-
ture are devoted to eutectic transformation [19-24] under the pre-
assumed stationary conditions of carbon diffusion in austenite. In 
[23] a physical model of solidification of the nodular graphite cast 
iron which quantitatively accounts for the formation of non-
eutectic austenite during cooling and solidification of hypereutec-
tic as well as hypoeutectic cast iron has been presented. In inves-
tigation [24], process modelling techniques have been applied to 
describe the multiple phase changes occurring during solidifica-
tion and subsequent cooling of near-eutectic nodular graphite cast 
iron, based on the internal state variable approach. The diffusion 
model of graphitization in nodular cast iron casting has been 
presented in [25]. 

According to [26], below the eutectic temperature, austenite 
dendrites and graphite spheroids can nucleate independently in the 
liquid. This mechanism has been confirmed by both [27, 28] for 
hypo-eutectic and eutectic, as well as hyper-eutectic SGI. 

Concluding from that, it has been introduced by [29] formulae 
uninodular models assume a basic unit of solidification formed by 
a graphite nodule and austenite shell covering the nodule, and 
multinodular ones assume that each unit of solidification is 
formed by a grain of dendritic austenite containing several graph-
ite spheres. Celentano et al. [29] has presented model, in which 
velocity of nucleation depends on current liquid fraction. There is 
no justification of this thesis, and the consistency between the 
model and experiment has been obtained through properly se-
lected values of the coefficients b and c, and by mere comparison 
of the cooling curves, without analysis of the nodule count ob-
tained by computations and in experiment.  

The aim of this study, using FDM – Finite Difference 
Method, at the second part of this work was to develop a model of 
SGI solidification, using knowledge available so far, confronted 
with an experiment in respect of both the cooling curves as well 
as the grain distribution and graphite nodule count in real casting. 

 
 

2. FD method [30] 

2.1. Model of process 
 
The model combines a macro model (heat transfer in casting) 

with micro model (nucleation and growth of grains). Heat transfer 
in casting depends on the cooling conditions created by foundry 
mould.  

According to the analysis of reference literature presented 
above, it has been assumed that, irrespective of the fact that mol-
ten metal may have the chemical composition corresponding to a 
eutectic one (carbon equivalent CE≈1.0), it is possible that aus-
tenite dendrites and graphite spheroids will nucleate independ-
ently in the liquid. The mechanism of the diffusion growth of 
nodular graphite (allowed for in, among others, [31]) has been 
disregarded, assuming that the leading factor in the process of the 
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grain growth is the kinetic undercooling at an austenite-liquid 
phase boundary, including the growth of both eutectic grains and 
austenite dendrites (for which an approximate spherical growth 
with amendment in Kolmogorov equation has been adopted). It 
has also been assumed that the eutectic nodule count is equivalent 
to graphite nodule count. 

The macro temperature field in casting-mold system is: 

v

s

c
qTaT 2 , (1) 

Where: T, τ – temperature and time, a – thermal diffusivity (for 
metal or for mold), qs – heat generation rate of phase transforma-
tions, cv – volumetric specific heat. 

In order to calculate the true volume fraction of solid, one 
must include the effect of grain impingement. The true volume 
fraction of solid fS can be described by Kolmogorov equation 
[31]: 

efS 1 , (2) 

where  - so-called "extended" volume of all solid grains.  
According to Kolmogorov [31]: 

t t

t

tdduts
0

3

3
4  (3) 

where t' - nucleation time, (t') - rate of the grain nucleation, 

u( ) – linear velocity of the growth (
t

t

du  – grain radius), s –

shape coefficient (e.g. s=1 for globular grains and s=0.3 for den-
drite grains). 

It is well known that liquid cast iron contains undissolved par-
ticles of various sizes. Hence, upon alloy undercooling beyond a 
critical value, these particles exceed the minimum sizes needed 
for stable growth. Hence, growing nuclei are continually devel-
oped until the time when the metal attains its maximum level of 
undercooling. Afterward, with the progress of recalescence, no 
new nuclei form because all the particles larger than the critical 
size (which corresponds to maximum undercooling) were already 
exhausted. Activation of smaller particle substrates as active 
nuclei will require undercooling, which will have to exceed the 
maximum value. To compute the density of the formed austenite 
nuclei the following relationship has been adapted [32]: 

2TN  (4) 

where  – nucleation coefficient of austenite grains, ΔTγ – under-
cooling with the reference to equilibrium austenite temperature. 

For number of graphite nodule count the Weibull formula (after 
Fraś [33]) has been used: 

ese TbNN exp  (5) 

where:  Ns – overall nucleation site density in the melt, b – nu-
cleation coefficient, ΔTe – undercooling with the reference to equi-
librium eutectic temperature. 

The austenite linear growth velocity the classic law [34] is used: 

5.2Tu   (6) 

where µγ – austenite growth coefficient. 

Rate of growth for eutectic grains [35]: 

2
eee Tu  (7) 

where: e – eutectic growth coefficient. 
The equilibrium temperatures T  for solidifying austenite and 

Te for eutectics can be represented by linear functions of carbon, 
silicon and phosphorus concentration in liquid cast iron [36, 37]:  

LLL PSiCT 5.025.01131636  (8) 

LLe PSiT 88.1425.51154  (9) 

where: CL, SiL, PL – weight percent of C, Si and P in liquid. 
According to Kobayashi [35] the solute concentration in the 

solidifying phases is strongly influenced by the magnitude of the 
diffusion coefficients. Hence, for solute of relatively high diffu-
sivity (e.g. carbon in austenite), the solute concentration in the 
liquid phase can be approximated by the mass balance. Alterna-
tively, the Scheil equation can be used in dealing with low diffu-
sivity solutes, such as in the case of silicon or phosphorus in aus-
tenite. 

A set of the above equations, after transformation to a differ-
ential form, was solved by the finite difference method, applying 
an iteration procedure (secant method). The simulation program 
operating in Delphi environment was prepared in 1D and 3D 
systems.  

The verification of the developed model was confronted with the 
results of an experiment which in more detail was described in [37]. 

The parameters adopted in modelling are given below and in 
Table 1 and 2. The first five parameters in Table 2 concern the 
nucleation and growth, the next ones – thermal conductivity, 
specific heat and density for casting and mould material. The 
results of experiments (and cooling curves from experiments) 
from Tab. 3 were taken for compare with modelling. 

 
2.2. Parameters of experiment and for 
modelling 

 
Table 1. 
Chemical composition of cast iron, wt% [37] 

Melt No. C Si P CE Std. deviation of 
CE 

1 3.62 2.68 0.020 1.0496 0.002 
2 3.73 2.57 0.013 1.0705 0.006 
3 3.62 2.65 0.014 1.0463 0.004 

Mean value 3.66 2.63 0.016 1.055  

2.2.	�Parameters of experiment and 
for modelling

Table 2. 
Parameters for modelling 

Property Value Units 
 5x106 cm-3 K-2 

µγ 5x10-5 cm s-1 K-2 
Ns 5x107 cm-3 
b 50 K 
µe 1x10-7 cm s-1 K-2 

c 0.37 W cm-1 K-1 
cc 0.753 J cm-3 K-1 

c 7.3 g cm-3 
L  1952.4 J cm-3 
Le 2028.8 J cm-3 

m 0.0103 W cm-1 K-1 
cm 1.09 J cm-3 K-1 

m 1.73 g cm-3 

Volumetric graphite count was calculated using Wiencek [38] 
expression: 

gr

A
v V

NN
3

 (10) 

where Vgr is volumetric fraction of graphite, with Vgr ≈ 0.1. 
 

Table 3. 
Experimental results [38] 

Graphite nodule count Melt 
No. 

Plate thick-
ness, cm 

Max. un-
dercooling, 

K 
Planar NA, 
cm-2x102 

Volumetric Nv, 
cm-3x106 

1 0.6 45 270 14.0 

3 0.6 
1.6 

49 
26 

327 
130 

18.6 
4.7 

4 0.6 
1.0 

43 
33 

313 
324 

17.5 
10.6 

 
2.3. Discussion of the results by FD method 
 

The development of computer program, basing on the assumed 
mathematical model of the solidification process of casting made 
from nodular graphite iron, had as a main objective checking the 
viability and reproducibility of this model, and investigating some 
of its specific features. Selected elements of the model (temperature 
field, number of grains) were verified by experiments. The success-
ful results of this verification have confirmed the assumptions made 
previously that the developed model faithfully reflects the reality. 
Assuming now the correct functioning of mathematical model and 
of the respective simulation program enabling practical operation of 
this model, numerous process-related results were obtained. Al-
though, so far, not all of them have been checked in practical appli-
cation, they can still give important information on the mechanism 
of the examined process. The aim of the computations was, besides 
analysis of the solidification process examined in selected places of 
casting, determination of differences that occur in this process on 
casting cross-section. 

The simulation computations were carried out on plates of three 
different cross-sections. The thermophysical parameters were taken 
from the data given in literature. The plate geometry and the starting 
test conditions were adapted to those applied previously in the 
experiment. Castings of the shape of rectangular prism had the 
thickness of 6, 10 and 16 mm; the remaining dimensions were kept 
constant for all the thickness values and amounted to 100 x 100 
mm. Castings were made in ceramic moulds. Detailed description 
of the experimental conditions was given in [37]. 

From the casting geometry as stated above (the length of the 
casting sides exceeds many times its thickness in the ratios of 16.6, 
10 and 6.25, respectively), it follows that the three-dimensional 
problem (3-D) can be converted into a one-dimensional problem (1-
D), much easier and quicker in computations. To check this well-
known hypothesis, appropriate computations were made to compare 
the results obtained on 1-D and 3-D models. For a 16 mm plate, the 
difference in the solidification time amounted to about 40%, for the 
thickness of 6 mm – to about 2%. For all the thickness values, the 
run of the cooling curves was practically identical until the end of 
recalescence (the relevant drawings were not inserted here because 
of the lack of space). Hence a conclusion follows that to determine 
the structure-related parameters (e.g. the grain count in individual 
phases), a quickly-operating 1-D variant of the program can be used 
for all of the above mentioned thickness values. On the other hand, 
when the solidification time or the curve run at the end of the solidi-
fication process has to be computed for plates of the side length-to-
thickness ratio below 15, the use of 3-D program is recommended.  

Figures 1-2 show the run of the cooling curves plotted for an in-
terior part of the 6, 10 and 16 mm plates. The curves drawn in solid 
line represent the simulation results, while dots show the experi-
mental values according to [37]. Figure 1 shows the results obtained 
for three melts (the chemical composition is given in Table 1), 
while other two drawings (Figs. 2 and 3) show the results of an 
experiment carried out on one melt. A good compatibility has been 
obtained between the results computed for the initial stage of the 
process. Differences at the end of casting solidification are most 
probably due to the fact that the model does not allow for variations 
in thermophysical properties of molding material, due to the ther-
mal effect of liquid metal.  

For more detailed analysis, some of the results were presented 
in an enlarged scale. Figure 4 shows the results obtained on a 6 mm 
thick cast plate in the temperature range of 1100-1200ºC. The dot-
ted line marks the run of the equilibrium temperature curve of 
eutectic transformation Te and of the equilibrium liquidus tem-
perature curve plotted for a Fe-C system (including the effect of Si 
and P) and the middle part of casting. The differences in the values 
of the equilibrium temperature and real temperature, i.e. the under-
cooling, will make the subject of further analysis. 

The temperature curves from both simulation (solid line) and 
experiment (dotted line) shows „sagging” marked with letter A. 
Their presence is due to the effect of the nucleating and growing 
grains (dendrites) of austenite.  

Some attention deserves the fact that studies in both variants, i.e. 
simulation and experiment, were carried out on the Fe-C-Si-P alloy of 
practically eutectic composition (the point of eutectic saturation CE= 
1.05) which, considering an equilibrium course of the solidification 
process, allows us to expect total absence of the austenite in structure.  
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systems.  

The verification of the developed model was confronted with the 
results of an experiment which in more detail was described in [37]. 

The parameters adopted in modelling are given below and in 
Table 1 and 2. The first five parameters in Table 2 concern the 
nucleation and growth, the next ones – thermal conductivity, 
specific heat and density for casting and mould material. The 
results of experiments (and cooling curves from experiments) 
from Tab. 3 were taken for compare with modelling. 

 
2.2. Parameters of experiment and for 
modelling 

 
Table 1. 
Chemical composition of cast iron, wt% [37] 

Melt No. C Si P CE Std. deviation of 
CE 

1 3.62 2.68 0.020 1.0496 0.002 
2 3.73 2.57 0.013 1.0705 0.006 
3 3.62 2.65 0.014 1.0463 0.004 

Mean value 3.66 2.63 0.016 1.055  

Table 2. 
Parameters for modelling 

Property Value Units 
 5x106 cm-3 K-2 

µγ 5x10-5 cm s-1 K-2 
Ns 5x107 cm-3 
b 50 K 
µe 1x10-7 cm s-1 K-2 

c 0.37 W cm-1 K-1 
cc 0.753 J cm-3 K-1 

c 7.3 g cm-3 
L  1952.4 J cm-3 
Le 2028.8 J cm-3 

m 0.0103 W cm-1 K-1 
cm 1.09 J cm-3 K-1 

m 1.73 g cm-3 

Volumetric graphite count was calculated using Wiencek [38] 
expression: 

gr

A
v V

NN
3

 (10) 

where Vgr is volumetric fraction of graphite, with Vgr ≈ 0.1. 
 

Table 3. 
Experimental results [38] 

Graphite nodule count Melt 
No. 

Plate thick-
ness, cm 

Max. un-
dercooling, 

K 
Planar NA, 
cm-2x102 

Volumetric Nv, 
cm-3x106 

1 0.6 45 270 14.0 

3 0.6 
1.6 

49 
26 

327 
130 

18.6 
4.7 

4 0.6 
1.0 

43 
33 

313 
324 

17.5 
10.6 

 
2.3. Discussion of the results by FD method 
 

The development of computer program, basing on the assumed 
mathematical model of the solidification process of casting made 
from nodular graphite iron, had as a main objective checking the 
viability and reproducibility of this model, and investigating some 
of its specific features. Selected elements of the model (temperature 
field, number of grains) were verified by experiments. The success-
ful results of this verification have confirmed the assumptions made 
previously that the developed model faithfully reflects the reality. 
Assuming now the correct functioning of mathematical model and 
of the respective simulation program enabling practical operation of 
this model, numerous process-related results were obtained. Al-
though, so far, not all of them have been checked in practical appli-
cation, they can still give important information on the mechanism 
of the examined process. The aim of the computations was, besides 
analysis of the solidification process examined in selected places of 
casting, determination of differences that occur in this process on 
casting cross-section. 

The simulation computations were carried out on plates of three 
different cross-sections. The thermophysical parameters were taken 
from the data given in literature. The plate geometry and the starting 
test conditions were adapted to those applied previously in the 
experiment. Castings of the shape of rectangular prism had the 
thickness of 6, 10 and 16 mm; the remaining dimensions were kept 
constant for all the thickness values and amounted to 100 x 100 
mm. Castings were made in ceramic moulds. Detailed description 
of the experimental conditions was given in [37]. 

From the casting geometry as stated above (the length of the 
casting sides exceeds many times its thickness in the ratios of 16.6, 
10 and 6.25, respectively), it follows that the three-dimensional 
problem (3-D) can be converted into a one-dimensional problem (1-
D), much easier and quicker in computations. To check this well-
known hypothesis, appropriate computations were made to compare 
the results obtained on 1-D and 3-D models. For a 16 mm plate, the 
difference in the solidification time amounted to about 40%, for the 
thickness of 6 mm – to about 2%. For all the thickness values, the 
run of the cooling curves was practically identical until the end of 
recalescence (the relevant drawings were not inserted here because 
of the lack of space). Hence a conclusion follows that to determine 
the structure-related parameters (e.g. the grain count in individual 
phases), a quickly-operating 1-D variant of the program can be used 
for all of the above mentioned thickness values. On the other hand, 
when the solidification time or the curve run at the end of the solidi-
fication process has to be computed for plates of the side length-to-
thickness ratio below 15, the use of 3-D program is recommended.  

Figures 1-2 show the run of the cooling curves plotted for an in-
terior part of the 6, 10 and 16 mm plates. The curves drawn in solid 
line represent the simulation results, while dots show the experi-
mental values according to [37]. Figure 1 shows the results obtained 
for three melts (the chemical composition is given in Table 1), 
while other two drawings (Figs. 2 and 3) show the results of an 
experiment carried out on one melt. A good compatibility has been 
obtained between the results computed for the initial stage of the 
process. Differences at the end of casting solidification are most 
probably due to the fact that the model does not allow for variations 
in thermophysical properties of molding material, due to the ther-
mal effect of liquid metal.  

For more detailed analysis, some of the results were presented 
in an enlarged scale. Figure 4 shows the results obtained on a 6 mm 
thick cast plate in the temperature range of 1100-1200ºC. The dot-
ted line marks the run of the equilibrium temperature curve of 
eutectic transformation Te and of the equilibrium liquidus tem-
perature curve plotted for a Fe-C system (including the effect of Si 
and P) and the middle part of casting. The differences in the values 
of the equilibrium temperature and real temperature, i.e. the under-
cooling, will make the subject of further analysis. 

The temperature curves from both simulation (solid line) and 
experiment (dotted line) shows „sagging” marked with letter A. 
Their presence is due to the effect of the nucleating and growing 
grains (dendrites) of austenite.  

Some attention deserves the fact that studies in both variants, i.e. 
simulation and experiment, were carried out on the Fe-C-Si-P alloy of 
practically eutectic composition (the point of eutectic saturation CE= 
1.05) which, considering an equilibrium course of the solidification 
process, allows us to expect total absence of the austenite in structure.  

2.3.	�Discussion of the results by FD 
method
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Fig. 1. Cooling curves plotted for an interior part of the 6 mm plate. 

 
Yet, modelling carried out for a non-equilibrium system has 

revealed an important share of austenite (disclosed in further 
drawings). 

Another proof is the result of modelling excluding the possi-
bility of austenite nucleation – Figure 5, where the plotted cooling 
curve is basically different from both the experimental curve 
(dots) and simulation curve (solid line). The said drawing, dis-
playing the results obtained on a 10 mm thick cast plate, also 
shows the characteristic point A, which reflects the thermal effect 
caused by the growing dendrites of austenite. Figure 6 shows 
differences in the run of the cooling curves plotted for the cast 
plate of 10 mm thickness, and differences in the run of the equi-
librium temperature curves plotted for eutectic transformation.  
 

 
 

Fig. 2. Cooling curves for an interior part of the 10 mm plate 
 

 
 
Fig. 3. Cooling curves plotted for an interior part of the 10 mm 
plate 

 
 
Fig. 4. Results obtained on a 6 mm thick cast plate in the tempera-
ture range of 1100-12000C 

 
 

 
 
Fig. 5. Modelling with excluding and including the possibility of 
austenite nucleation 
 

Hence, a conclusion follows that when only one value of the 
equilibrium temperature is adopted in computations of the under-
cooling, the result can be burdened with a significant error.  

Quite characteristic is also the stronger thermal effect of austen-
ite (point A) in the middle part of casting, as compared to the sur-
face (Fig. 6).  

From Figures 7 and 8 it follows that, under given conditions, 
the nucleation of austenite and eutectic takes place almost at the 
same time. Similar as in the remaining drawings, point A on the 
curve of eutectic nucleation (Fig. 8) indicates an indirect effect of 
the austenite growth. The thermal effect of the austenite growth ar-
rests the temperature drop, which is directly responsible for the 
reduced rate of eutectic grains nucleation.  

A comparison of Figures 7 and 8 shows that rate nucleation of 
austenite grains is a little higher than the nucleation rate of eutectic. 
From Figures 9 and 10 it follows that the growth rate of austenite 
grains is also higher of that observed in eutectic.  

Figure 11 shows the kinetics of the grain radius growth in aus-
tenite and eutectic. The differences in the kinetics of this growth are 
visible on the casting cross-section. With the kinetics of growth 
varying on the casting cross-section, after the solidification, differ-
ent final values of the austenite grain radius (equivalent to dendrite 
volumes) were obtained, while final size of the eutectic grains 
remained practically the same on the entire casting cross-section.  

The final number of eutectic grains depends on the value of 
maximum undercooling which, in turn, depends on process pa-
rameters. For the same melt, the same pouring temperature, casting 

configuration and mould material, it depends on the casting thick-
ness only, as shown in Figures 12 and 13. With increasing casting 
thickness, the value of the maximum undercooling is decreasing, 
analogically to the number of eutectic grains (in nodular graphite 
cast iron associated rather with the count of graphite nodules). The 
values obtained by modelling (solid line) have been compared with 
the values measured in experiments. Besides comparison of the 
cooling curves, this is the most significant criterion to evaluate the 
correctness of a mathematical model of the process and of the 
developed simulation program. 
 

 
 
Fig. 6. Cooling curves and equilibrium eutectic temperature in 
section of casting (modelling) 
 

 
 

Fig. 7. Kinetics of austenite grains nucleation (modelling) 
 
Figure 14 shows small differences in the final volume of aus-

tenite and eutectic on the casting cross-section, where the distin-
guishing feature is a relatively high volume content of austenite 
(about 23 – 25%) in alloy of the eutectic saturation ratio equal to 
1.05, which de facto means a eutectic alloy. As mentioned previ-
ously, it is the consequence of allowing for non-equilibrium con-
ditions of the solidification process. 

One of the most important factors that influence cast iron so-
lidification is the segregation of alloying constituents, i.e. of 
silicon and phosphorus. In a schematic process representation, the 
Scheil model was adopted (full mixing of the constituent in liquid 
phase, lack of diffusion in solid phase), disregarding the flow 
(mixing) of constituents between different elements of the compu-
tational grid, which in practice means different places in casting. 
The segregation of constituents allowing for non-equilibrium 
process conditions is best reflected in the distribution silicon and 

phosphorus on the cross-section of austenite grains - Figures 15-
16 – and in eutectic – Figures 17-18. Strong segregation of silicon 
has been observed to take place in the grains of both austenite and 
eutectic (at grain boundaries its content approaches zero) and 
phosphorus, the content of which has been rapidly increasing 
along the grain boundaries of both austenite and eutectic. 

 

 
 

Fig. 8. Kinetics of eutectic grains nucleation (modelling) 
 

 
 

Fig. 9. Austenite growth velocity (modelling) 
 

 
 

Fig. 10. Eutectic growth velocity (modelling) 
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Fig. 2. Cooling curves for an interior part of the 10 mm plate 
 

 
 
Fig. 3. Cooling curves plotted for an interior part of the 10 mm 
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Fig. 4. Results obtained on a 6 mm thick cast plate in the tempera-
ture range of 1100-12000C 

 
 

 
 
Fig. 5. Modelling with excluding and including the possibility of 
austenite nucleation 
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tenite and eutectic. The differences in the kinetics of this growth are 
visible on the casting cross-section. With the kinetics of growth 
varying on the casting cross-section, after the solidification, differ-
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volumes) were obtained, while final size of the eutectic grains 
remained practically the same on the entire casting cross-section.  

The final number of eutectic grains depends on the value of 
maximum undercooling which, in turn, depends on process pa-
rameters. For the same melt, the same pouring temperature, casting 

configuration and mould material, it depends on the casting thick-
ness only, as shown in Figures 12 and 13. With increasing casting 
thickness, the value of the maximum undercooling is decreasing, 
analogically to the number of eutectic grains (in nodular graphite 
cast iron associated rather with the count of graphite nodules). The 
values obtained by modelling (solid line) have been compared with 
the values measured in experiments. Besides comparison of the 
cooling curves, this is the most significant criterion to evaluate the 
correctness of a mathematical model of the process and of the 
developed simulation program. 
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Fig. 7. Kinetics of austenite grains nucleation (modelling) 
 
Figure 14 shows small differences in the final volume of aus-

tenite and eutectic on the casting cross-section, where the distin-
guishing feature is a relatively high volume content of austenite 
(about 23 – 25%) in alloy of the eutectic saturation ratio equal to 
1.05, which de facto means a eutectic alloy. As mentioned previ-
ously, it is the consequence of allowing for non-equilibrium con-
ditions of the solidification process. 

One of the most important factors that influence cast iron so-
lidification is the segregation of alloying constituents, i.e. of 
silicon and phosphorus. In a schematic process representation, the 
Scheil model was adopted (full mixing of the constituent in liquid 
phase, lack of diffusion in solid phase), disregarding the flow 
(mixing) of constituents between different elements of the compu-
tational grid, which in practice means different places in casting. 
The segregation of constituents allowing for non-equilibrium 
process conditions is best reflected in the distribution silicon and 

phosphorus on the cross-section of austenite grains - Figures 15-
16 – and in eutectic – Figures 17-18. Strong segregation of silicon 
has been observed to take place in the grains of both austenite and 
eutectic (at grain boundaries its content approaches zero) and 
phosphorus, the content of which has been rapidly increasing 
along the grain boundaries of both austenite and eutectic. 

 

 
 

Fig. 8. Kinetics of eutectic grains nucleation (modelling) 
 

 
 

Fig. 9. Austenite growth velocity (modelling) 
 

 
 

Fig. 10. Eutectic growth velocity (modelling) 
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Fig. 11. Kinetics of austenite and eutectic growth (modelling) 

 

 
 
Fig. 12. Maximum undercooling versus casting plate thickness. 
Line – modelling; points – experiment 
 

 
 
Fig. 13. Number of eutectic grains (nodule count) versus casting 
plate thickness. Line – modelling; points – experiment 

 
 

 
 
Fig. 14. Kinetics of austenite and eutectic volume fraction (modelling) 
 

 
 
Fig. 15. Distribution of silicon on the cross-section of austenite grains 

 

 
 
Fig. 16. Distribution of phosphorus on the cross-section of 
austenite grains 

 

 
 
Fig. 17. Distribution of silicon on the cross-section of eutectic 
grains 

 

 
 
Fig. 18. Distribution of phosphorus on the cross-section of 
eutectic grains 
 

Considering the adopted model of segregation, one can ex-
pect that the numerical values of the segregation of constitu-
ents (Figs. 15-18) will be less differentiated in reality, but 
qualitatively the results are relevant and fully justified.  

In the developed model of nodular graphite iron casting 
solidification, the correctness of the mathematical model has 
been experimentally verified in the range of the most signifi-
cant factors, which include temperature field, the value of 
maximum undercooling, and the graphite nodule count interre-
lated with the casting cross-section. Literature offers practi-
cally no data on so confronted process model and simulation 
program. 

Undoubtedly, an experimental verification of other results ob-
tained by simulation is recommended, especially as regards the 
content of austenite and eutectic on the casting cross-section, and 
the segregation of constituents on the grain section under given 
process conditions. It also seems advisable to allow in mathemati-
cal model for deviations from the Scheil model, i.e. taking into 
account the diffusion in liquid phase with possible partial mixing, 
and for diffusion in the solid phase. 

3. CA method 
 

3.1. Model description and solution method 
 
Cellular Automaton is an idealization of a real system in 

which space, time, and the states of a cell are discrete [39]. Pre-
sented model uses set of 6 cell states for microstructure model-
ling: 3 mono-phase states "liquid", "austenite", and "graphite", 
and 3 two-phase states.  

In the beginning all cells of CA lattice are in the "liquid" state. 
The analyzed domain is cooled with a constant cooling rate. 
When the temperature of liquid drops down below the liquidus the 
nucleation and growth of grains can be possible. 

The kinetic undercooling of the mother liquid phase is a 
measure of the thermodynamic driving force of new growth of 
grains. Total undercooling on the solidification front, hence the 
difference between equilibrium solidification temperature TEq 
(determined from the phase equilibrium diagram for carbon con-
centration obtained during simulation on the transformation front) 
and real temperature Tr is equal to the sum of capillary under-
cooling ΔTκ and kinetic undercooling ΔTµ (see Fig. 19): 

TTTT rEq  (11) 

where ΔT  = Γ , Γ is the Gibbs-Thomson coefficient, and  is a 
front curvature. 

The scheme of liquidus lines positions with accounting of 
capillary effect for convex grains is shown in Fig. 19. by dashed 
lines. 

Basing on [40], it has been assumed in the computations that 
the interface migration rate is a linear function of local kinetic 
undercooling ΔT: 

Tu  (12) 

where  is the kinetic growth coefficient. 
The increment of new phase volume fraction in the interface 

cells Δf over the one time step Δτ in the square CA cells of size a 
was calculated according to the equation proposed in [41]: 

sincosa
uf  (13) 

where θ is the angle between the X axis and normal direction of 
grain interface. 
 

If the phase volume fraction in the interface cell increase up to 
1, this cell exchange they state from interface to appropriate one-
phase. In addition this cell captures all adjacent ones: theirs states 
exchange to appropriative interface. It is a well known fact, that 
heat and mass diffusion processes in a liquid in front of the solidi-
fication interface results in the growth of the disturbance with a 
low curvature. On the other part, perturbations with a high curva-
ture are dampening down by surface energy of the interphase 
boundary [42]. 
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Fig. 14. Kinetics of austenite and eutectic volume fraction (modelling) 
 

 
 
Fig. 15. Distribution of silicon on the cross-section of austenite grains 

 

 
 
Fig. 16. Distribution of phosphorus on the cross-section of 
austenite grains 

 

 
 
Fig. 17. Distribution of silicon on the cross-section of eutectic 
grains 

 

 
 
Fig. 18. Distribution of phosphorus on the cross-section of 
eutectic grains 
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ents (Figs. 15-18) will be less differentiated in reality, but 
qualitatively the results are relevant and fully justified.  
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cant factors, which include temperature field, the value of 
maximum undercooling, and the graphite nodule count interre-
lated with the casting cross-section. Literature offers practi-
cally no data on so confronted process model and simulation 
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content of austenite and eutectic on the casting cross-section, and 
the segregation of constituents on the grain section under given 
process conditions. It also seems advisable to allow in mathemati-
cal model for deviations from the Scheil model, i.e. taking into 
account the diffusion in liquid phase with possible partial mixing, 
and for diffusion in the solid phase. 

3. CA method 
 

3.1. Model description and solution method 
 
Cellular Automaton is an idealization of a real system in 

which space, time, and the states of a cell are discrete [39]. Pre-
sented model uses set of 6 cell states for microstructure model-
ling: 3 mono-phase states "liquid", "austenite", and "graphite", 
and 3 two-phase states.  

In the beginning all cells of CA lattice are in the "liquid" state. 
The analyzed domain is cooled with a constant cooling rate. 
When the temperature of liquid drops down below the liquidus the 
nucleation and growth of grains can be possible. 

The kinetic undercooling of the mother liquid phase is a 
measure of the thermodynamic driving force of new growth of 
grains. Total undercooling on the solidification front, hence the 
difference between equilibrium solidification temperature TEq 
(determined from the phase equilibrium diagram for carbon con-
centration obtained during simulation on the transformation front) 
and real temperature Tr is equal to the sum of capillary under-
cooling ΔTκ and kinetic undercooling ΔTµ (see Fig. 19): 

TTTT rEq  (11) 

where ΔT  = Γ , Γ is the Gibbs-Thomson coefficient, and  is a 
front curvature. 

The scheme of liquidus lines positions with accounting of 
capillary effect for convex grains is shown in Fig. 19. by dashed 
lines. 

Basing on [40], it has been assumed in the computations that 
the interface migration rate is a linear function of local kinetic 
undercooling ΔT: 

Tu  (12) 

where  is the kinetic growth coefficient. 
The increment of new phase volume fraction in the interface 

cells Δf over the one time step Δτ in the square CA cells of size a 
was calculated according to the equation proposed in [41]: 

sincosa
uf  (13) 

where θ is the angle between the X axis and normal direction of 
grain interface. 
 

If the phase volume fraction in the interface cell increase up to 
1, this cell exchange they state from interface to appropriate one-
phase. In addition this cell captures all adjacent ones: theirs states 
exchange to appropriative interface. It is a well known fact, that 
heat and mass diffusion processes in a liquid in front of the solidi-
fication interface results in the growth of the disturbance with a 
low curvature. On the other part, perturbations with a high curva-
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boundary [42]. 

3.1.	�Model description and solution 
method

3.	�CA method
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Fig. 19. Scheme of the iron-carbon binary phase diagram. 
 

The results of it are known morphological changes of the 
growing grains boundary shapes with the changes of growth 
velocity: plain, cellular, dendritic, seaweed, and fractal. The com-
puter modelling of the heat and mass diffusion processes together 
with the growing grain shape simulation by cellular automata 
method make possible to predict the structure evolution of metal-
lic alloy during the solidification. 

For the heat flow in the analyzed domain the numerical solu-
tion of nonlinear Fourier equation was used: 

coolT qqTTc  (14) 

where: T is the temperature, τ is the time, λ is the thermal con-
ductivity, c is the volumetric specific heat. Two source terms are 
used: qcool is the intensity of the external cooling, and qT is a latent 
heat generation rate as a consequence of phase transformation. 

The solute diffusion in the domains of every phase was cal-
culated like the temperature distribution, by the numerical solu-
tion of diffusion equation with a source term in the solidification 
front: 

CqCDC
 (15) 

where D is the solute diffusion coefficient, C is the solute con-
centration in this phase, qC is a source term as a consequence of 
the carbon redistribution between the phases.  

Carbon concentration in the graphite is always equal to 1. For 
the "austenite-liquid" interface: 

LkCC  (16) 

where k is the solute partition coefficient, Cγ, CL are the carbon 
concentration in the austenite and liquid. 

The Eqs. (14) and (15) were solved by Finite Differences 
Method. The implicit scheme was used. The solution of Eq. (15) 
was obtained on the dense lattice with the same spatial step with 
the lattice of CA (overlapped mesh.) Maximum time step of im-
plicit scheme for Eq. (14) solution for the temperature field for 
this lattice is about 104 times shorter. That is why the another 
lattice (the sparse one) was used with a multiple spatial step and 
the same time discretization. The temperature of the interface 
cells was calculated by linear interpolation from the nodes of 
sparse lattice. 

Both source functions are equal to zero outside the interface 
cells. In the interface cells the value of the heat and mass sources 
for the finite-difference scheme are: 

f
LqT  (17) 

f
CCqC  (18) 

where Lα→β is the volumetric latent heat of α→β transformation, 
Cα and Cβ are the carbon concentration in the vanishing and grow-
ing phases, and Δfβ is the growth of the new phase volume frac-
tion during the time step Δτ. 

The source function (17) calculated for the elements of the 
dense mesh was integrated over the area of the elements of sparse 
one. 

The normal direction of grain boundary in the interface cells 
was determined by the approach of F-vector [43]. The angle θ 
between the growth direction (normal to the grain boundary) and 
positive X-axis direction was calculated as follow: 

ji
jiji

ji
jiji fxfy

,
,,

,
,,arctan  (19) 

where: fi,j is the volume fraction of the phase in the cell (i,j) xi,j, yi,j 
are the relative coordinates of adjacent cells. The summation in 
(19) over the 20 neighbour cells gives the best results of normal 
direction estimation [44]. 

The liquidus lines in the binary Fe-C thermodynamic diagram 
were approximated by linear function using the data from [45]. 

 
 

3.2. Nucleation modelling 
 
The number of active substrates in the domain V of the melt 

with an undercooling ΔT below the liquidus may be calculated on 
the basis of the cumulative distribution function F(ΔT): 

VTFNN max  (20) 

where: Nmax is the maximum specific number of substrates for 
nucleation. 

 

3.2.	�Nucleation modelling

When one substrate position doesn't have any influence on 
another substrate’s positions, the random variable calculated as 
the number of substrates in any random domain V will have the 
Poisson statistical distribution with the mean value ν = NmaxV. For 
this statistical distribution the probability density function is 

!kekP k
r  (21) 

where: e is the Euler-Mascheroni constant, and k is the estimated 
number of substrates. 

The method of nucleation modelling for a CA lattice is 
known [46]. According to this method the undercooling values 
randomly generated with a statistical distribution curve are attrib-
uted to randomly chosen cells. If a cell is chosen several times 
(i.e., if it contains more than one nucleation site), only the smaller 
nucleation undercooling is used.  

If the CA cell is too high/large in size, the calculated grain 
density will be underestimated. A modified version of this algo-
rithm was used in this paper.  

First of all, the advisable relation between a cell’s volume 
(or surface for 2D) υ and the substrate density must be estimated. 
The probability of the lack of a nucleus in the cell (k = 0) accord-
ing to Poisson's statistic is equal to: 

ekPr 0  (22) 

The probability of one substrate (k = 1) in the cell is represented 
by the following equation: 

ekPr 1  (23) 

The probability of more than one substrates in one cell may 
be calculated as: 

111 ekPr  (24) 

For the small ν e–ν ≈ 1–ν, we will hereby use the following 
equation: 

21kPr  (25) 

The mean number of cells in a CA lattice with MCA cells 
where more than one substrate is located is equal to MCA ν2. Be-
cause ν = Nmax , the next criterion may be proposed for an esti-
mation of the correct nucleation model using: 

KNM max
2

CA  (26) 

When the above inequality is true, the mean number of cells 
in a CA lattice where more than one substrate is present will be 
less than K. 

The next way of substrate placement and the undercooling of 
nucleation selection is proposed based on the mean number of 
active substrates in one cell: 

TFNmax  (27) 

For each of the cells in the CA a random number p should be 
generated with an equiprobability distribution in the (0..1] range. 
The condition of the substrate present in the cell is the following 
inequality: 

TFNp max  (28) 

The nucleation undercooling in this case should be estimated 
on the basis of the inverse function of the above-mentioned cumu-
lative distribution curve (fractile): 

pFT 1  (29) 

The solid grain will begin to grow when the undercooling 
exceeds the above level. The substrates are present (and nuclea-
tion is possible) only in cells with a positive ΔT value. 

The Weibull statistical distribution was used in this paper for 
nucleation modeling. The specific number of active substrates is 
given by [33] 

TbNn expmax  (30) 

where b is a nucleation coefficient. 
The undercooling of nucleation can be calculated as 

max

ln
N
pbT  (31) 

The values for Nmax and b used in the present work for the 
modelling of graphite and austenite grains nucleation are listed in 
Table 4. 

 
Table 4.  
Nucleation parameters 

 Austenite Graphite 
b, K 300 5 

Nmax, m-2 1.5 107 1.0 109 
 
3.3. Results of CA computations 

 
Computations were carried out on a grid of 640×640 cells. 

The length of the side of a cell was 1 µm. A uniform starting 
distribution of the carbon concentration in the binary Fe-C 
liquid was assumed, equal to 0.0425 part of the mass fraction. 
Basing on [45], as an equilibrium coefficient of carbon distri-
bution between the liquid phase and austenite, kC = 0.4941 was 
adopted. Other thermophysical parameters that were used in 
the modelling are shown in the Table 5. 

For the thermal and carbon concentration fields the peri-
odic boundary conditions were used described in [39]. The 
intensity of the external cooling rate was equal 10 K/s  
(if qT = 0). 

The results of modelling are presented in the Fig.20. All 
graphite grains in this figure are black. 
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Fig. 19. Scheme of the iron-carbon binary phase diagram. 
 

The results of it are known morphological changes of the 
growing grains boundary shapes with the changes of growth 
velocity: plain, cellular, dendritic, seaweed, and fractal. The com-
puter modelling of the heat and mass diffusion processes together 
with the growing grain shape simulation by cellular automata 
method make possible to predict the structure evolution of metal-
lic alloy during the solidification. 

For the heat flow in the analyzed domain the numerical solu-
tion of nonlinear Fourier equation was used: 

coolT qqTTc  (14) 

where: T is the temperature, τ is the time, λ is the thermal con-
ductivity, c is the volumetric specific heat. Two source terms are 
used: qcool is the intensity of the external cooling, and qT is a latent 
heat generation rate as a consequence of phase transformation. 

The solute diffusion in the domains of every phase was cal-
culated like the temperature distribution, by the numerical solu-
tion of diffusion equation with a source term in the solidification 
front: 

CqCDC
 (15) 

where D is the solute diffusion coefficient, C is the solute con-
centration in this phase, qC is a source term as a consequence of 
the carbon redistribution between the phases.  

Carbon concentration in the graphite is always equal to 1. For 
the "austenite-liquid" interface: 

LkCC  (16) 

where k is the solute partition coefficient, Cγ, CL are the carbon 
concentration in the austenite and liquid. 

The Eqs. (14) and (15) were solved by Finite Differences 
Method. The implicit scheme was used. The solution of Eq. (15) 
was obtained on the dense lattice with the same spatial step with 
the lattice of CA (overlapped mesh.) Maximum time step of im-
plicit scheme for Eq. (14) solution for the temperature field for 
this lattice is about 104 times shorter. That is why the another 
lattice (the sparse one) was used with a multiple spatial step and 
the same time discretization. The temperature of the interface 
cells was calculated by linear interpolation from the nodes of 
sparse lattice. 

Both source functions are equal to zero outside the interface 
cells. In the interface cells the value of the heat and mass sources 
for the finite-difference scheme are: 

f
LqT  (17) 

f
CCqC  (18) 

where Lα→β is the volumetric latent heat of α→β transformation, 
Cα and Cβ are the carbon concentration in the vanishing and grow-
ing phases, and Δfβ is the growth of the new phase volume frac-
tion during the time step Δτ. 

The source function (17) calculated for the elements of the 
dense mesh was integrated over the area of the elements of sparse 
one. 

The normal direction of grain boundary in the interface cells 
was determined by the approach of F-vector [43]. The angle θ 
between the growth direction (normal to the grain boundary) and 
positive X-axis direction was calculated as follow: 

ji
jiji

ji
jiji fxfy

,
,,

,
,,arctan  (19) 

where: fi,j is the volume fraction of the phase in the cell (i,j) xi,j, yi,j 
are the relative coordinates of adjacent cells. The summation in 
(19) over the 20 neighbour cells gives the best results of normal 
direction estimation [44]. 

The liquidus lines in the binary Fe-C thermodynamic diagram 
were approximated by linear function using the data from [45]. 

 
 

3.2. Nucleation modelling 
 
The number of active substrates in the domain V of the melt 

with an undercooling ΔT below the liquidus may be calculated on 
the basis of the cumulative distribution function F(ΔT): 

VTFNN max  (20) 

where: Nmax is the maximum specific number of substrates for 
nucleation. 

 

When one substrate position doesn't have any influence on 
another substrate’s positions, the random variable calculated as 
the number of substrates in any random domain V will have the 
Poisson statistical distribution with the mean value ν = NmaxV. For 
this statistical distribution the probability density function is 

!kekP k
r  (21) 

where: e is the Euler-Mascheroni constant, and k is the estimated 
number of substrates. 

The method of nucleation modelling for a CA lattice is 
known [46]. According to this method the undercooling values 
randomly generated with a statistical distribution curve are attrib-
uted to randomly chosen cells. If a cell is chosen several times 
(i.e., if it contains more than one nucleation site), only the smaller 
nucleation undercooling is used.  

If the CA cell is too high/large in size, the calculated grain 
density will be underestimated. A modified version of this algo-
rithm was used in this paper.  

First of all, the advisable relation between a cell’s volume 
(or surface for 2D) υ and the substrate density must be estimated. 
The probability of the lack of a nucleus in the cell (k = 0) accord-
ing to Poisson's statistic is equal to: 

ekPr 0  (22) 

The probability of one substrate (k = 1) in the cell is represented 
by the following equation: 

ekPr 1  (23) 

The probability of more than one substrates in one cell may 
be calculated as: 

111 ekPr  (24) 

For the small ν e–ν ≈ 1–ν, we will hereby use the following 
equation: 

21kPr  (25) 

The mean number of cells in a CA lattice with MCA cells 
where more than one substrate is located is equal to MCA ν2. Be-
cause ν = Nmax , the next criterion may be proposed for an esti-
mation of the correct nucleation model using: 

KNM max
2

CA  (26) 

When the above inequality is true, the mean number of cells 
in a CA lattice where more than one substrate is present will be 
less than K. 

The next way of substrate placement and the undercooling of 
nucleation selection is proposed based on the mean number of 
active substrates in one cell: 

TFNmax  (27) 

For each of the cells in the CA a random number p should be 
generated with an equiprobability distribution in the (0..1] range. 
The condition of the substrate present in the cell is the following 
inequality: 

TFNp max  (28) 

The nucleation undercooling in this case should be estimated 
on the basis of the inverse function of the above-mentioned cumu-
lative distribution curve (fractile): 

pFT 1  (29) 

The solid grain will begin to grow when the undercooling 
exceeds the above level. The substrates are present (and nuclea-
tion is possible) only in cells with a positive ΔT value. 

The Weibull statistical distribution was used in this paper for 
nucleation modeling. The specific number of active substrates is 
given by [33] 

TbNn expmax  (30) 

where b is a nucleation coefficient. 
The undercooling of nucleation can be calculated as 

max

ln
N
pbT  (31) 

The values for Nmax and b used in the present work for the 
modelling of graphite and austenite grains nucleation are listed in 
Table 4. 

 
Table 4.  
Nucleation parameters 

 Austenite Graphite 
b, K 300 5 

Nmax, m-2 1.5 107 1.0 109 
 
3.3. Results of CA computations 

 
Computations were carried out on a grid of 640×640 cells. 

The length of the side of a cell was 1 µm. A uniform starting 
distribution of the carbon concentration in the binary Fe-C 
liquid was assumed, equal to 0.0425 part of the mass fraction. 
Basing on [45], as an equilibrium coefficient of carbon distri-
bution between the liquid phase and austenite, kC = 0.4941 was 
adopted. Other thermophysical parameters that were used in 
the modelling are shown in the Table 5. 

For the thermal and carbon concentration fields the peri-
odic boundary conditions were used described in [39]. The 
intensity of the external cooling rate was equal 10 K/s  
(if qT = 0). 

The results of modelling are presented in the Fig.20. All 
graphite grains in this figure are black. 

3.3.	�Results of CA computations
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Fig. 20. The stages of DI microstructure formation (modelling); time, s: a) 5.1; b) 17.7; c) 33.0; d) 47.8 and isolines of the carbon concen-
tration in the austenite (scale A) and liquid (scale L) – right side (cont.) 

  

The austenite grains have different colour level (constant 
for each grain). Right side of the pictures shows the concentra-
tion map. 

As graphite nodules, as austenite dendrites nucleate from 
the liquid. During crystallization from the liquid phase ahead 
of the austenite growth front, a liquid zone rich in carbon is 
formed. The solubility of carbon in the growing solid phase is 
lower than in the disappearing liquid phase. A reverse situa-
tion occurs in the liquid ahead of the front of graphite growth. 
In places where the distance between the growing phases is 
not large enough, a soft collision occurs, and due to this effect 
the concentration fields start acting on the growing grains, 
destroying the symmetry of their growth. If this collision 
occurs in the case of two identical grains (austenite-austenite 
or graphite-graphite), their growth will be arrested in the di-
rection of the collision.  
 
Table 5. 
Thermophysical parameters used in the modelling. 

  Liquid Austenite Graphite 
Heat conduc-

tivity, λ W/(m K) 30 20 40 

Specific heat, c J/(m3 K) 5.6 106 5.84 106 1.78 106 
Density, ρ kg/m3 7000 7300 2230 

Carbon diffu-
sivity, D m2/s 1.25 10-9 5.0 10-10 0 

  Austenite-
liquid 

Graphite-
liquid 

Austenite-
graphite 

Latent heat J/m3 19.7 108 16.2 105 8.8 105 
Gibbs-

Thomson 
coefficient 

m K 1.9 10-7 7.0 10-6 9.5 10-6 

Growth coeffi-
cient m/(s K) 10-4 10-7 10-7 

 
The soft collision of the grains of different phases (providing 

a phase rich in carbon, e.g. graphite, appears near the growing 
austenite grain) increases the carbon diffusion flow in direction 
between the phases. In this case, carbon concentration decreases 
ahead of the austenite grain growth front, and increases ahead of 
the graphite growth front. The concentration gradient of the dis-
solved constituent increases, resulting in accelerated diffusion 
mass transport. At the same time, with the above mentioned 
changes of concentration profile in the liquid phase, the under-
cooling increases at both solidification fronts. 

The thermodynamic driving force of the crystallisation of 
both phases increases, resulting in accelerated migration of the 
grain boundaries towards each other. The scheme of the carbon 
distribution in the liquid between the austenite and graphite grains 
(with a non-equilibrium border concentration on both interfaces) 
is shown in the top part of the Fig. 19. 

As it follow from the Fig. 21, each austenite grain can cover-
age several graphite nodules. This results are in the good correla-
tion with the experimental investigation of solidification structure 
of DI [47,48]. Fig. 21 shows changes of the dendrite surface shape 
with a time step equal to 2 s. Final shape of the border between 
the two dendrites is visible as a border of different colours.  

Cooling curve obtained in the CA modelling is shown in 
Fig. 22. The shape of this cooling curve with recalescence is typical 
for DI. It is similar to the further results obtained by FDM method. 

Conclusions 
 
In the developed model of nodular graphite iron casting so-

lidification, the correctness of the mathematical model has been 
experimentally verified in the range of the most significant fac-
tors, which include temperature field, the value of maximum 
undercooling, and the graphite nodule count interrelated with the 
casting cross-section. Literature offers practically no data on so 
confronted process model and simulation program. 

It has been showed, that in eutectic cast iron (CE =1) the nu-
cleation and growth of austenite grains are of great importance. 
The cooling curves of modelling with excluding and including the 
possibility of austenite nucleation are quite different and the ex-
perimental curve is close to the case with austenite. 

Undoubtedly, an experimental verification of other results ob-
tained by simulation is recommended, especially as regards the 
content of austenite and eutectic on the casting cross-section, and 
the segregation of constituents on the grain section under given 
process conditions. It also seems advisable to allow in mathemati-
cal model for deviations from the Scheil model, i.e. taking into 
account the diffusion in liquid phase with possible partial mixing, 
and for diffusion in the solid phase.  

 

 
 

Fig. 21. Sample of the solidification front position in the different 
time of solidification (modelling) 

 
It has been proved in CA modelling that the rate of growth 

of the austenite dendrite branches can increase during simula-
tion if a grain of graphite is placed nearby. After enclosing of 
the graphite nodules by the austenite, further growth of graph-
ite is possible because the carbon diffuses from liquid solution 
to the nodules surface through the solid solution layer. It was 
shown, that each austenite grain can coverage several graphite 
nodules. These results are in the good correlation with the 
experimental investigation. 

FDM modeling gives the possibility of statistical descrip-
tion of microstructure (number and size of grains, volume 
fraction of structure component, diversity of chemical compo-
sition in cross of grains but the geometrical shape of grains 
(both single or multiphase) is assumed a priori. In CA model-
ing the grain shape is not assumed, but is the result of  
modeling. 
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Fig. 20. The stages of DI microstructure formation (modelling); time, s: a) 5.1; b) 17.7; c) 33.0; d) 47.8 and isolines of the carbon concen-
tration in the austenite (scale A) and liquid (scale L) – right side (cont.) 

  

The austenite grains have different colour level (constant 
for each grain). Right side of the pictures shows the concentra-
tion map. 

As graphite nodules, as austenite dendrites nucleate from 
the liquid. During crystallization from the liquid phase ahead 
of the austenite growth front, a liquid zone rich in carbon is 
formed. The solubility of carbon in the growing solid phase is 
lower than in the disappearing liquid phase. A reverse situa-
tion occurs in the liquid ahead of the front of graphite growth. 
In places where the distance between the growing phases is 
not large enough, a soft collision occurs, and due to this effect 
the concentration fields start acting on the growing grains, 
destroying the symmetry of their growth. If this collision 
occurs in the case of two identical grains (austenite-austenite 
or graphite-graphite), their growth will be arrested in the di-
rection of the collision.  
 
Table 5. 
Thermophysical parameters used in the modelling. 

  Liquid Austenite Graphite 
Heat conduc-

tivity, λ W/(m K) 30 20 40 

Specific heat, c J/(m3 K) 5.6 106 5.84 106 1.78 106 
Density, ρ kg/m3 7000 7300 2230 

Carbon diffu-
sivity, D m2/s 1.25 10-9 5.0 10-10 0 

  Austenite-
liquid 

Graphite-
liquid 

Austenite-
graphite 

Latent heat J/m3 19.7 108 16.2 105 8.8 105 
Gibbs-

Thomson 
coefficient 

m K 1.9 10-7 7.0 10-6 9.5 10-6 

Growth coeffi-
cient m/(s K) 10-4 10-7 10-7 

 
The soft collision of the grains of different phases (providing 

a phase rich in carbon, e.g. graphite, appears near the growing 
austenite grain) increases the carbon diffusion flow in direction 
between the phases. In this case, carbon concentration decreases 
ahead of the austenite grain growth front, and increases ahead of 
the graphite growth front. The concentration gradient of the dis-
solved constituent increases, resulting in accelerated diffusion 
mass transport. At the same time, with the above mentioned 
changes of concentration profile in the liquid phase, the under-
cooling increases at both solidification fronts. 

The thermodynamic driving force of the crystallisation of 
both phases increases, resulting in accelerated migration of the 
grain boundaries towards each other. The scheme of the carbon 
distribution in the liquid between the austenite and graphite grains 
(with a non-equilibrium border concentration on both interfaces) 
is shown in the top part of the Fig. 19. 

As it follow from the Fig. 21, each austenite grain can cover-
age several graphite nodules. This results are in the good correla-
tion with the experimental investigation of solidification structure 
of DI [47,48]. Fig. 21 shows changes of the dendrite surface shape 
with a time step equal to 2 s. Final shape of the border between 
the two dendrites is visible as a border of different colours.  

Cooling curve obtained in the CA modelling is shown in 
Fig. 22. The shape of this cooling curve with recalescence is typical 
for DI. It is similar to the further results obtained by FDM method. 

Conclusions 
 
In the developed model of nodular graphite iron casting so-

lidification, the correctness of the mathematical model has been 
experimentally verified in the range of the most significant fac-
tors, which include temperature field, the value of maximum 
undercooling, and the graphite nodule count interrelated with the 
casting cross-section. Literature offers practically no data on so 
confronted process model and simulation program. 

It has been showed, that in eutectic cast iron (CE =1) the nu-
cleation and growth of austenite grains are of great importance. 
The cooling curves of modelling with excluding and including the 
possibility of austenite nucleation are quite different and the ex-
perimental curve is close to the case with austenite. 

Undoubtedly, an experimental verification of other results ob-
tained by simulation is recommended, especially as regards the 
content of austenite and eutectic on the casting cross-section, and 
the segregation of constituents on the grain section under given 
process conditions. It also seems advisable to allow in mathemati-
cal model for deviations from the Scheil model, i.e. taking into 
account the diffusion in liquid phase with possible partial mixing, 
and for diffusion in the solid phase.  

 

 
 

Fig. 21. Sample of the solidification front position in the different 
time of solidification (modelling) 

 
It has been proved in CA modelling that the rate of growth 

of the austenite dendrite branches can increase during simula-
tion if a grain of graphite is placed nearby. After enclosing of 
the graphite nodules by the austenite, further growth of graph-
ite is possible because the carbon diffuses from liquid solution 
to the nodules surface through the solid solution layer. It was 
shown, that each austenite grain can coverage several graphite 
nodules. These results are in the good correlation with the 
experimental investigation. 

FDM modeling gives the possibility of statistical descrip-
tion of microstructure (number and size of grains, volume 
fraction of structure component, diversity of chemical compo-
sition in cross of grains but the geometrical shape of grains 
(both single or multiphase) is assumed a priori. In CA model-
ing the grain shape is not assumed, but is the result of  
modeling. 

4.	�Conclusions
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Fig. 22. Cooling curve obtained in the CA modelling 

 
Using of FDM gives the results quantitatively comparable 

with the process in real casting, particularly according to 
temperature fields and number of graphite spheroids. The CA 
method gives on the present stage the credible qualitative 
results but this method is more perspective for good reproduc-
ing of the real process of solidification.  
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Fig. 22. Cooling curve obtained in the CA modelling 

 
Using of FDM gives the results quantitatively comparable 

with the process in real casting, particularly according to 
temperature fields and number of graphite spheroids. The CA 
method gives on the present stage the credible qualitative 
results but this method is more perspective for good reproduc-
ing of the real process of solidification.  
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