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Abstract

A simulation model was developed to predict the microstructural evolution during the
solidification and the subsequent solid state transformation of nodular cast iron in Fe-C-Si
ternary system for an automobile crankshaft by the croning process. In the simulation of the
solidification process of nodular cast iron it is assumed that eutectic grains are formed under the
eutectic temperature and the growth rate of these eutectic grains are controlled by carbon
diffusion through the austenite shell. Carbon and silicon concentrations at any interfaces are
calculated from the Fe-C-Si phase diagram obtained from the thermodynamic phase
equilibrium calculation tool, ChemAppm. The ferrite growth from the austenitic matrix under
the eutectoid temperature was described by modeling carbon diffusion through the ferrite. The
corresponding change in carbon solubility in the austenite was considered by using the above
mentioned thermodynamic tool. The distribution of temperature, nodule counts, nodule sizes
and phase fractions in the casting were calculated. The simulation was compared with
experimental results obtained from the croning process.
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Introduction

The casting alloys’ mechanical properties depend mainly on the structure of the matrix in the
as-cast condition or after heat treatment. In spheroidal graphite cast iron the nodularity of the
graphite phase is also very important for the material characteristics. If the microstructural
evolution and the phase transformation of the nodular cast iron can be determined by numerical
simulation, the mechanical properties of the final material can be predicted. Moreover the
calculation of the volume change between the different phases allows the calculation of the
residual stresses of castings during the casting process.

After the early work of Oldfield [1] and Wetterfall et al. [2], much work has been carried out
on the modeling of the solidification and solid state transformation of nodular cast iron [3-5].
Recently the microsegregation of silicon during solidification has been taken into account [6,7],
The solidification of nodular cast iron can be calculated by nucleation and growth of grains in
terms of carbon diffusion through austenite shells [2-4,10,11]. The eutectoid transformation of
nodular cast iron consists of the transformation of austenite matrix into ferrite and pearlite. Tt
can be predicted on the assumption that the formation rate of ferrite is controlled by the
diffusion rate of carbon through the ferrite shell under steady state [4,8-11]. The fraction of
pearlite formed in ductile iron can be calculated by a modified Avrami equation [12,13]. The
object of this work is to simulate the microstructural evolution of nodular cast iron during the
croning process based on the present models.

Mathematical Model

The macroscopic heat transport equation is solved with an in-house FD-code, taking into
account a temperature-dependent heat-transfer coefficient between mould and metal. The
release of enthalpy due to a phase transition is described by a micro-model, both for
solidification and for the solid-state reaction. This enthalpy release is taken into account on the
macro-level by changing the temperature at the corresponding nodal point without back-
iteration. To ensure that the temperature evolution is still reliably predicted, a quite small time
step ( Ar £0.05 s) has been used. The micro-model is examined at those nodal points of the FD-
program where the temperature dropped into the corresponding temperature range.

To describe the solidification of nodular cast iron, it is assumed that eutectic grains (i.e.
graphite spheres enveloped by austenite shells) are formed as the temperature decreases below
the eutectic temperature. Thus no primary austenite and no pure graphite spheres are considered
to grow even when the concentration of the alloy is slightly off-eutectic. With a nucleation rate
which is assumed to be related to the undercooling by a power law function [3,10,11], the
numbers of graphite nodules is considered to increase at each time step until the cooling curve
has reached its minimum.

The eutectic grain is thought to start growing with an initial graphite radius of 1.0 pm and an
austenite shell of 0.2 um in thickness [3]. The growth of the graphite sphere as well as of the
austenite shell is described by the analytical expressions given in ref. [2-4,10,11]. These
expressions assume that (i) carbon diffusion is the most relevant growth mechanism, (ii) a
quasi-steady-state profile of carbon in the austenite shell is present, and (iii) the global mass
balance is assured. Both growth rates are proportional to the carbon gradient in the austenite
shell, and inversely proportional to the concentration change at the corresponding interface.
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As the concentrations at the graphite/austenite and at the austenite/liquid interfaces are
temperature-dependent, assumptions on the thermodynamics of the system had to be made.
Additionally in this work the well-known effect of Si on the eutectic and eutectoid temperature
should be taken into account. Therefore we have considered a Gulliver-Scheil-like (negative)
segregation of Si. The necessary thermodynamical information was then taken from
thermodynamic equilibrium calculations for the Fe-C-Si-system. These calculations were
performed with the commercial software tool ChemApp " [14}, which is a FORTRAN library
for calculating thermodynamic equilibria in complex systems based on the CALPHAD method.

The evolution of solid fraction was calculated locally from the product of the actual nucleation
density and the actual volume of the eutectic grains. In the event of new grains being formed
besides those already existing, an average solid fraction was calculated by averaging the
different volumes of the new and the old grains weighted by the corresponding grain density.
For solid fractions larger than 0.5 the impingement of the grains was examined by modifying

the austenite growth rate with the weighting factor ((1 - f )/0.5)2/3 [3].

From the micro-model for the solidification of nodular cast iron, the density of graphite nodules
and the volume fraction of graphite and austenite at every position in the casting were
evaluated. For comparison of the calculated graphite density with experimental results, the
volumetric value of the density was translated into an area value by using Owadano’s cquation
in ref. [15].

The eutectoid reaction is modeled by assuming that the ferrite starts growing at the
graphite/austenite interface. For the growth rate of the ferrite into the austenite and the graphite
into the ferrite, again analytical expressions from the literature [4,8-11] are used. Similar to the
case of solidification, these expressions assume that (i) carbon diffusion is the most relevant
growth mechanism, (ii) a quasi-steady-state profile of carbon in the ferrite shell is present, (iii)
the concentration gradient in the austenite has already disappeared and (iv) the global mass
balance is assured. Both growth rates are again proportional to the carbon gradient (now in the
ferrite shell), and inversely proportional to the concentration change at the corresponding
intertace.

Table 1. Thermo-physical data used in the calculation

Density, kg/m’ Latent heat, J/kg
metal: 7200 fusion: 2.1x10°
mould; 1500 formation (ferrite): 5.8 x 10
Specific heat, J/(kg K) formation (pearlite): 7.58 x 10*
metal: 415.3+0.23307-T Partition coefficient
mould: 1092 silicon: 1.09
Thermal conductivity, W/(m K) Initial temperature, K
metal: 48.68-0.02547-T melt: 1660
mould: 0.669 mould: 300

As in practice austenite is transformed not only into ferrite but also into pearlite, this reaction is

also examined. The transformed amount of pearlite from austenite is described by an Avrami

equation [12] with temperature-dependent Avrami coefficients (prefactor and exponent). These

coefficients were determined at each temperature from the “start” and “end” of

isotransformation curves on the TTT-diagram taken from ref. [17]. To calculate the phase
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change during continuous cooling, the Avrami equation was modified by applying the
additivity rule [13,18,19].

The thermo-physical data used in the simulation are listed in Table I.

Experimental Procedures

The automobile crankshaft relevant for this work is produced by the croning process. Fig. 1
shows schematically the shape of the casting. To prevent cracking of the shell mould during
form filling and solidification, the shell mould was stabilized by using green sand.
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Fig. 1 Schematic of the casting. Dimensions are given in mm.

A batch of pig iron, steel and ferro-silicon was melted in a middle-frequency induction furnace.
It was treated with 0.5 kg FeSiMg10 alloy for spheroidization. After treatment and inoculation
the melt containing 77.8 ppm Bi was poured into a shell mould with a pouring temperature of
1390°C. The chemical composition of the nodular cast iron produced is listed in Table IL. This
alloy system is chosen because it reveals only a small deviation from the Fe-C-Si ternary
system, the basis of our calculations. The addition of bismuth promotes the formation of a
pearlitic microstructure. Since bismuth is known to cause degeneration of the spheroidal
graphite formation, cerium was used to avoid this effect.

Table II. Chemical composition of the nodular cast iron (wt %)

Fe C Si Cu Ni Mn P S Cr Mg

Bal. 3.62 243 1.13 0.2 0.09 0021 0.007 0.035 0.037

To record the cooling curves, type B thermocouples (Pt-30%Rh and Pt-6%Rh) 0.2 mm in
diameter were implanted at four locations in the casting. An image analysis system was used to
determine the nodule counts, nodule sizes and the relative amounts of ferrite and pearlite in the
matrix. \

Results and Discussions
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Cooling behavior

Fig. 2 shows the experimental and calculated cooling curves at different positions (at TC2 and
TC3). In these calculations the influence of the form filling were not considered, i.e., the
temperature distribution was initially set at the constant pouring temperature. Experimentally
the melt already cools during pouring into the mould. Thus at the beginning of cooling the
calculated temperatures are higher than those measured. However, the eutectic temperature
calculated by ChemApp " agrees well with the experimental measurements.
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Fig. 2 Experimental and calculated cooling curves in the casting.
(positions TC2 and TC3 as depicted in Fig. 3)
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Fig. 3 Temperature field of the casting, 600 seconds after pouring.

The calculated cooling curves did not agree closely with the experiments during the eutectoid
transformation. The eutectoid temperature calculated by ChemAppTM deviates from the
experimental results, because the influence of copper on the eutectoid transformation was not
taken into account in the calculation. It is well known that copper is a pearlite promoter and
decreases the eutectoid temperature. The calculated temperature field 600 seconds after

475



“pouring” is shown in Fig. 3. The middle part of the casting, especially the center line, is stjj)
liquid.

Nodule counts and sizes

The microstructures of the nodular cast iron produced by the croning process consist of
graphite nodules surrounded by ferrite and pearlite as shown in Fig. 4. In nodular cast irop
nodule count is one of the most important parameters. Experimentally measured nodule countg
at two positions in the casting and calculated results are shown in Fig. 5. The nodule count near
the surface (at TC2) was 2.6x10* /em? experimentally and 1.8x10* /em® on calculation, At
position TC3 it was 2.1x10* /em? experimentally and 1.6x10* /em? on calculation. Fig. 6 shows
the comparison of the calculation and the experiment of the radii of graphite nodules at
different positions. The average radius near the surface is 12.6 | experimentally, 152 p on
calculation.

Fig. 4 Microstructure of nodular cast iron near the surface (position TC2 as shown in Fig. 3)
(a) and at the center of the casting (position TC3 as shown in Fig 3) (b) (x 200, 3% NHO;

etched).
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Fig. 5 Nodule counts by the experiment Fig. 6 Nodule sizes (radii) by the
and the calculation. experiment and the calculation.

The calculated nodule counts and nodule sizes agree well with the experimental results. The
change of the calculated mean nodule sizes at different locations of the casting and the
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corresponding nodule counts during the solidification are shown in Fig. 7. The differences of
nodule counts and nodule sizes between the middle of the casting (TC 3) and near the surface
(TC 2) were found to be small. The calculated change in graphite radii during the eutectoid

transformation was negligible.
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Fig. 7 The calculated change of nodule
counts and nodule sizes (at TC2 and TC3).
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Fig. 8 Experimental and calculated cooling
curves as in Fig. 2 with the corresponding
evolution of solid fraction.

The evolution of solid fraction during solidification at two different positions within the casting

is shown in Fig. 8.
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Fig. 9 Calculated curves of transformed

ferrite and pearlite (at TC2 and TC3)

At the position labeled with TC3 in Fig. 3,
the average fraction of graphite is 13 %,
the ferrite fraction is 21 % and the pearlite
fraction is 76 % at room temperature. The
calculated evolution of the fractions of
ferrite and pearlite at TC3 in the casting
are shown in Fig.9. The fraction of ferrite
by the calculation was about 23.0 % and
that of pearlite about 63.2 %. In the
simulation of eutectoid transformation the
influence of copper was not taken into
account, although copper decreases the
eutectoid temperature and prevents carbon
diffusion to graphite.

Conclusions

Numerical work was carried out to simulate the microstructural evolution of austenite and
spheroidal graphite during the solidification process of the Fe-C-Si system with Si inverse
segregation, and the eutectoid transformation during subsequent cooling in nodular cast irons.
In the croning process nodule counts and nodule sizes af the different locations in the casting
were very similar and the calculated results agreed well with the experimental results. When the
shape of the casting is complicated, as in the case of a crankshaft, the simulation of form filling
becomes more important for the calculation of the initial temperature field in the casting and
the early stage of the solidification. The calculation of the eutectoid transformation in this work
should be more improved by examing the effect of alloying elements such as copper and nickel

on transformation.
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