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Abstract 
 
The mathematical model of the globular eutectic solidification in 2D was designed. Proposed model is based on the Cellular Automaton 
Finite Differences (CA-FD) calculation method. Model has been used for studies of the primary austenite and of globular eutectic grains 
growth during the ductile iron solidification in the thin wall casting. Model takes into account, among other things, non-uniform 
temperature distribution in the casting wall cross-section, kinetics of the austenite and graphite grains nucleation, and non-equilibrium 
nature of the interphase boundary migration. Calculation of eutectic saturation influence (Sc = 0.9 - 1.1) on microstructure (austenite and 
graphite fraction, density of austenite and graphite grains) and temperature curves in 2 mm wall ductile iron casting has been done. 
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1. Introduction 
 

Nodular graphite cast iron, also known as ductile iron (DI), has 
major applications in critical engineering parts due to its 
mechanical properties and castability. The mechanical and 
physical properties of this material depend on the shape and num-
ber of the graphite grains and microstructure of the metallic 
matrix. 

Solidification of DI was a subject of many computer 
modelling programs described in literature [1-5], in which the 
stationary conditions of carbon diffusion in austenite is pre-
assumed. Recently, a tendency for production of thin-walled 
castings has been observed [6-8]. In this technology, the process 
of the fast solidification may be very far from equilibrium and 
steady-state conditions [9].  

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 
and diffusion fields in the thin-wall casting. 

 
 

2. Model of process 
 

The CA-FD is one of the known methods of the simulation of 
microstructure formation during the solidification [10, 11]. In the 
CA microstructure modelling the outer grain shape is the result of 
the simulation and does not superimposed beforehand. The model 
development for a one-phase microstructure evolution is a subject 
of the numerous researches [12-21]. Model of the eutectic 
solidification of DI in the uniform temperature field and 
superimposed cooling rate is known [22]. 
Presented model is based on the CA-FD technique and will 
predict solidification of DI in the non-uniform temperature field 
during the cooling of the thin-wall casting in the sand mould. 
Model takes into account the continuous nucleation of austenite 
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and graphite grains from liquid controlled by undercooling, 
separate non-equilibrium 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. A set of six cell states for microstructure modelling: 
three mono-phase states – "liquid", "austenite", and "graphite" – 
and three two-phase states were used. 

At the beginning, all of the cells in the CA lattice are in the 
"liquid" state and have initial temperature. The analysed casting 
domain is in the thermal contact with a sand mould with a normal 
initial temperature. Nucleation and growth of the solid grains are 
possible when the temperature of the liquid drops below the 
liquidus. 
 
 
2.1. Heat and mass diffusion 
 

The numerical solution of the nonlinear Fourier equation was 
used for heat flow in the analyzed domains (casting and mould): 
 

( ) TqTTc +∇λ∇=
τ∂

∂
 (1) 

 
where: T is the temperature, τ is the time, λ is the thermal 
conductivity, and c is the volumetric specific heat, qT is the latent 
heat generation rate. 

Solute diffusion in the domains of every phase was calculated 
in the same manner as temperature distribution, by the numerical 
solution of the diffusion equation with a source term at the 
interface: 

( ) CqCDC
+∇∇=

τ∂
∂

 (2) 

 
where D is the solute diffusion coefficient, and C is the solute 
concentration in this phase. 

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

τ∂
∂

= β
β→α

f
LqT  (3) 

( )
τ∂

∂
−= β

βα

f
CCqC  (4) 

 
where Lα→β is the volumetric latent heat of α→β transformation, 
Cα and Cβ are the carbon concentrations in the vanishing and 
growing phases, and Δfβ is the growth of the new phase volume 
fraction during the time step. 

For thermal and diffusion calculation in the casting region, the 
following boundary conditions were used: at the top and bottom 
of the grid – periodic boundary condition; at the left side – 
symmetry BC; at the right side – mould with an absence of mass 
flow and heat flow through the border according to Newton law: 
 
 

( )mc TThq −=  (5) 
where h is the heat transfer coefficient (value of 500 W·m-2K-1 
was assumed), and Tc and Tm are the temperature values of the 
casting and mould surfaces in the contact. 

The details of solution are described in [23]. 
 

2.2. Nucleation 
 
According to [24] undercooling of the nucleation from liquid 

during ductile iron solidification in the thin wall reaches up to 
65 K below the equilibrium temperature. Grain nucleation in 
industrial alloys has a heterogeneous nature. The substrates for the 
nucleus are randomly distributed in the bulk. Bulk distribution of 
differently-sized substrates also has a stochastic nature. The 
undercooling value of substrate activation is a function of its size. 
Functional relationship between the active substrate fraction and 
undercooling ΔT should be a feature of the probability distribu-
tion law [25]. The undercooling value of each phase should be 
calculated relative to the appropriate liquidus lines.  

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  (6) 
 
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 ν= ν−  (7) 

 
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 
[25]. According to [25] the undercooling values randomly 
generated with a statistical distribution curve are attributed 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 algorithm was used in this paper. 

The probability of the lack of a nucleus in the cell (k = 0) 
according to Poisson's statistic is equal to: 
 

( ) ν−== ekPr 0  (8) 
 
The probability of one substrate (k = 1) in the cell is 

represented by the following equation: 

( ) ν−ν== ekPr 1  (9) 
 
The probability of more than one substrates in one cell may be 

calculated as: 
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( ) ( )ν+ν−=> ν− 111 ekPr  (10) 
 
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: 
 

( )υ∆=ν TFNmax  (11) 
 
where υ is a cell’s volume (or surface for 2D). 

For each of the cells in the CA a random number p should be 
generated with an equiprobability distribution in the (0..1] range. 
For small domains when 1<<ν  this value is equal to probability 
of one substrate presence in the analyzed domain. Because for 
small cells ( ) 11or0 →== kkPr  and ( ) 01 →>kPr , the 
condition of the precise one substrate present in the cell is the 
following inequality: 
 

( )υ∆< TFNp max  (12) 
 
The nucleation undercooling in this case should be estimated 

on the basis of the inverse function of the above-mentioned 
cumulative distribution curve (fractile): 
 

( )[ ]1
max

1 −− υ=∆ NpFT  (13) 
 
The solid grain will begin to grow when the undercooling 

exceeds the above level. The substrates are present (and 
nucleation is possible) only in cells with a positive ΔT value.  

The method of continuous nucleation prediction used in 
modelling has been presented in details in the [26]. 

The Weibull statistical distribution was used in this paper for 
nucleation modelling [27]. The specific number of active 
substrates is given by:  
 

( )1
max exp −∆⋅−= TbNn  (14) 

 
where Nmax and b is a nucleation parameters. 

The undercooling of nucleation can be calculated as 
 

( )[ ]{ } 11
maxln

−−υ−=∆ NpbT  (15) 
 
where p is a random number generated with an equiprobability 
distribution in the (0..1] range. 

The values for Nmax and b used in the present work for the 
modelling of graphite and austenite grains nucleation are listed in 
the table 1. The solid grain will begin to grow when the 
undercooling exceeds the above level. The substrates are present 
(and nucleation is possible) only in cells with a positive ΔT value. 
The state of the CA cell with the active nucleus varies from 
"liquid" to "austenite" or "graphite". The states of adjacent liquid 
cells are changed to the appropriate interface. The new phase 
growth and volume fraction changes are only possible in the 
interface cells. 
 

Table 1.  
Nucleation parameters 

 Austenite Graphite 
b (K) 5 50 
Nmax (m-2) 3⋅108 1⋅109 

 
2.3. Grain growth 
 

The kinetic undercooling of the mother liquid phase is a 
thermodynamic driving force of the new grains' growth. Total 
undercooling at the solid-liquid interface, hence the difference 
between the equilibrium solidification temperature TEq (deter-
mined from the phase equilibrium diagram of carbon con-
centration obtained during simulation on the transformation front) 
and the real temperature Tr is equal to the sum of capillary 
undercooling ΔTκ and kinetic undercooling ΔTμ: 
 

µκ ∆+∆=− TTTT rEq  (16) 

 
where ΔTκ = Γκ, Γ is the Gibbs-Thomson coefficient, and κ is a 
front curvature. 

Basing on [28], it has been assumed in the computations that 
the interface migration rate u is a linear function of the local 
kinetic undercooling ΔTµ: 
 

µ∆µ= Tu  (17) 

 
where µ is the kinetic growth coefficient. 

The increment of the new phase volume fraction in the 
interface cells Δf over one time step Δτ in the square CA cells of 
size a was calculated using the equation proposed in [29]: 
 

( )[ ] 1sincos −θ+θ⋅τ∆=∆ auf  (18) 
 
where θ is the angle between the X axis and the normal direction 
of the grain interface. 

If the phase volume fraction in the interface cell increases up 
to 1, this cell varies they state from interface to appropriate one-
phase. Additionally, this cell captures all of the adjacent ones: 
their states exchange to the appropriative interface. 

The normal direction of the grain boundary in the interface 
cells was determined by the approach of the F-vector [30]. The 
angle θ between the growth direction (normal to the grain 
boundary) and the positive X-axis direction was calculated as 
follows: 
 




















⋅=θ

−

∑∑
1

,
,,

,
,,arctan

ji
jiji

ji
jiji fxfy  (19) 

where: fi,j is the volume fraction of the phase in the cell (i,j), and 
xi,j and yi,j are the relative coordinates of the adjacent cells. The 
summation in (19) concerning the 20 neighbouring cells gives the 
best results of normal direction estimation [29]. 

Another details of the used CA-FD model of a two-phase 
eutectic solidification were introduced elsewhere [31, 32]. 
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3. Parameters for modelling 
 

Computations of the diffusion field and microstructure were 
carried out on a grid of 250×1000 cells. The side of each cell was 
1 μm in length. An initial uniform carbon concentration in the 
binary Fe-C liquid for five alloys with the different eutectic 
equivalent used in the simulation are shown in the Table 2. 
 
Table 2. 
Eutectic Saturation, 

Sc 
Carbon concentration, 

% mas. 
Initial temperature, 

°C 
0.90 3.83 1254.9 
0.95 4.04 1228.9 
1.00 4.25 1203.0 
1.05 4.46 1283.5 
1.10 4.68 1364.0 

 
Equal initial superheating equal to 50 K was assumed (above 

the austenite liquidus for hypoeutectic iron and above the graphite 
liquidus for hypereutectic one). 

Parameters used in the modelling are shown in the Table 3. 
 
Table 3.  
Thermo-physical parameters used in the modelling. 

Heat conductivity (W⋅m-1⋅K-1):  
– liquid  λL 30 [16] 
– austenite λγ 20 [33] 
– graphite λgr 20 [16] 
– mould λm 0,65  
Diffusivity of carbon in (m2/s):  
– liquid DL 1.25⋅10-9 [34] 
– austenite Dγ 5⋅10-10 [16] 
Transition heat (J/m3):  
– liquid – austenite LL/γ 19.7⋅108 [33] 
– liquid – graphite LL/gr 16.2⋅105  
– austenite – graphite Lγ/gr 8.8⋅105  
Specific heat (J⋅m-3⋅K-1):  
– liquid cv,L 5.6⋅106 [33] 
– austenite cv, γ 5.84⋅106 [16] 
– graphite cv,gr 1.78⋅106 [33] 
– mould cm 1.67⋅106  
Gibbs-Thomson coefficient for interface (m⋅K):  
– austenite – liquid Γγ/L 1.9⋅10-7 [33] 
– graphite – liquid Γgr/L 7.0⋅10-6  
– graphite – austenite Γgr/γ 9.45⋅10-6  
Kinetic coefficient of the interface (m⋅s-1⋅K-1):  
– austenite – liquid µγ/L 10-3 [35] 
– graphite – liquid µgr/L 10-8  
– graphite – austenite µgr/γ 10-8  

On the long sides of this mesh the periodic boundary 
condition (BC) was used [36] and on the short sides of this mesh 
the adiabatic one was used. For the temperature field simulation 
the following BC were using: the periodic BC for long sides, the 
adiabatic one at the casting axis (left side in the figure 1) and 
Newton BC with heat transfer coefficient h = 500 W∙m-2∙K-1 
between casting and mould (right side in figure 1). 

Casting is cooled in the green sound mould. For the 
temperature field calculation in the casting the 5× 20 "rare" mesh 
was used with the spatial step equal to 50 μm. Mould initial 
temperature was equal to Tm = 298 K. On the long sides of this 
mesh the periodic BC was used. On the short outer side the 
Newton BC was assumed with h = 100 W∙m-2∙K-1. 

Simulation for every chemical compositions of the DI has 
been repeated five times. 
 

4. Results of modelling 
 
The example of the history of microstructure formation in the 

2 mm casting is presented in Figure 1 for eutectic DI.  
 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 
 ← plate axes mould wall → 

Fig. 1. Microstructure of the eutectic DI (simulation results); 
cooling time, s: a) 1.2, b) 3.0, c) 5.2; d) 7.7; e) 13.3; f) 15.9 
 
The comparison of the virtual microstructure and microstruc-

ture of the real 2 mm casting (non-etched) is shown respectively 
in figures 2a and 2b for hypereutectic DI (Sc = 1.1). The simulated 
graphite nodules size and bulk distribution are similar to the 
experimental one. 
 

 a) 
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b) 

 
 ← casting centre mould wall → 
Fig. 2. Final microstructure of the DI in the 2 mm wall: a) simula-

tion for SC = 1.1, separate austenite grains have different colour 
(results of modelling are repeated 4 times due to symmetry and 
periodic boundary conditions); b) real casting, DI with SC = 1.1 

(un-etched). 
 

Volume fraction of solidified austenite, similarly as volume 
fraction of graphite depends linearly on eutectic saturation. The 
averaged results of simulations are shown in the Figure 3 with the 
90% confident limits.  

The important factor for casting quality is density of grains. In 
Figure 4 is visible, that the maximum the grain density of the 
casting (number of grains on surface area) is placed near the 
eutectic composition (Sc = 1.0...1.05). 
 

 
Fig. 3. Influence of eutectic saturation Sc on the austenite and 

graphite volume fraction 
 

 
Fig. 4. Influence of eutectic saturation Sc on austenite and graph-

ite grain density 
 

We assume that for all cases of Sc is the same overheating, so, 
in this case were different start (pouring) temperatures and 

different shapes of cooling curves – Fig. 5 and Table 3 – as the 
result – diversity in structures (Fig. 3 and 4). 
 

 
Fig. 5. Average cooling curves for Sc = 0.90, 1.00, 1.10 

 
 

5. Conclusions 
 

The CA-FD computer model for the simulation of the DI 
solidification in thin wall was presented. The results of modelling 
were compared with the experimental microstructure. Results 
obtained in the 2 mm width casting wall confirm the model 
accuracy. 

The model is well worked for thin walled ductile iron casting 
when the solidification process is very fast. 

Volume fraction of solidified austenite, similarly as volume 
fraction of graphite depends linearly on eutectic saturation. The 
maximum the grain density (number of grains on surface area) is 
placed near the eutectic saturation (Sc = 1.0). 
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