International Journal of Minerals, Metallurgy and Materials
Volume 19, Number 10, Oct 2012, Page 908
DOI: 10.1007/s12613-012-0646-7

Numerical modeling and experimental validation of microstructure
in gray cast iron

Masoud Jabbari 1), Parviz Davamiz), and Naser Varahram®

1) Department of Mechanical Engineering, Technical University of Denmark, Kgs. Lyngby 2800, Denmark
2) Department of Materials Science and Engineering, Sharif University of Technology, Tehran 11365, Iran
(Received: 2 August 2011; revised: 26 September 2011; accepted: 11 October 2011)

Abstract: To predict the amount of different phases in gray cast iron by a finite difference model (FDM) on the basis of cooling rate (R), the
volume fractions of total y phase, graphite, and cementite were calculated. The results of phase composition were evaluated to find a proper cor-
relation with cooling rate. More trials were carried out to find a good correlation between the hardness and phase composition. New proposed
formulas show that the hardness of gray cast iron decreases as the amount of graphite phase increases, and increases as the amount of cementite
increases. These formulas are developed to correlate the phase volume fraction to hardness. The results are compared with experimental data and

show reasonable agreement.
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1. Introduction

Cast iron (CI) remains the most important casting materi-
als with over 70% of the total world tonnage [1]. Based on
the shape of graphite, cast iron can be divided into lamellar
(flake) and spheroidal (nodular) graphite iron. In recent
years, the numerical simulation and computer aided model-
ing of casting solidification are developed. Compared with
the traditional experimental based design of casting [2], the
numerical simulation has a great quantity of potential in in-
creasing the productivity of the metal casting industry by
shortening time. The microstructure of CI is characterized
by graphite lamellas, which disperse into the ferrous matrix.
Foundry can influence the nucleation and growth of graphite
flakes, and the size and type of graphite flakes enhance the
desired properties. The amount of graphite and the size,
morphology, and distribution of graphite lamellas are criti-
cal in determining the mechanical behavior of CI [3-5].

There is an extensive and increasing effort on the nu-
merical simulation of different processes, including solidifi-
cation, heating-cooling, and a variety of casting processes
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[6]. To determine the condition and the optimum values, the
simulation of solidification processes is done by computer
software or database programming. The program output
provides details on determining high stress points [6], po-
rosity distribution and microsegregation, cooling curves,
flow rate, module mapping, and solidification processes.
Prediction of microstructure evolution in solidification is a
key factor in controlling the solidification microstructures,
properties, and quality of final casting products [7-9].

The first coupled heat transfer and solidification kinetics
in modeling was used in 1985 by Su et al. [10] with a finite
difference method (FDM). After that, many papers have
been published on the micro-modeling of cast iron solidifi-
cation. However, most of these were in the case of ductile
iron. Since the solidification of gray cast iron is affected by
the different thermal condition and graphite is in different
shapes, modeling of microstructure evolution in this case is
somehow complicated.

The data program was written in visual FORTRAN90 in
this paper. In the approached program, the macroscopic heat
transfer equations were solved in the cast and mold domain
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with a finite difference method and then coupled with a mi-
cro-model to simulate the solidification behavior. The heat
capacity (c,) effective method was used to calculate the la-
tent heat equation. The volume fraction of total y phase
(primary y and secondary y in the form of pearlite), graphite,
and cementite were all calculated. Finally, this information
was connected with the mechanical properties to develop a
new equation between the microstructure and the mechani-
cal properties.

2. Macro-modeling

Most metallic materials are produced by melting and so-
lidification, which are generally referred to phase transfor-
mations or boundary migration. In solidification of different
alloys, three important phenomena should be considered.
First, most metals and alloys shrink in the solidification
process, which causes shrinkage defects. Second, the latent
heat of fusion is released at the solid/liquid interface, which
affects the solidification velocity and dependent microstruc-
tures. Third, the solute is rejected or absorbed in liquid at the
solid/liquid interface during the solidification of alloys,
which causes micro- and macro-segregation.

The differential energy balance equation, involving the
liberation of latent heat of freezing, is given by

or o,
—=V(AAT )+ pH
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where is the energy generation term, p the

density, ¢ the time, A the thermal conductivity of molten
metal, Hr the latent heat of freezing, and f; the volume frac-
tion of solidified metal. By rearranging the energy genera-
tion terms, Eq. (2) is shown as
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Using Eq. (2) in Eq. (1), Eq. (3) is obtained as
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To solve the above equation, the variation of solid volume
fraction should be defined as a function of temperature.

The relation between solid volume fraction and tempera-
ture may be evaluated from the phase diagrams, except for
the congruent solidification in pure metals, eutectic reaction,
or peritectic reaction. The solid volume fraction between the
liquidus (71) to the solidus (75) in the mushy zone varies
from O to 1. In a binary alloy system, the liquidus tempera-

ture (77 ) is a function of solute concentration in liquid
(CL.), which depends upon the solute redistribution models
[11] as the following equation:

T =T +m-Cy “

where 71 is the liquidus temperature for pure metal, m the
slope of the liquidus line in the phase diagram, and Cf is
the concentration in which the liquidus temperatures is
aimed to be found.

Because of simplicity, the linear distribution model
(LDM) was used in this work to define the variation of solid
fraction, shown as the following equation:

_T.-T
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3. Micro-modeling

In the case of micro-modeling, nucleation and different
transformations were considered to predict the solidified
phases. One of the most important parameters in determin-
ing the characteristics of microstructure evolution is the
condition of nucleation in solidification. The solidification
of commercial alloys is generally considered as heteroge-
neous nucleation on the mold surface and in the bulk. Other
important parameter in the solidification of gray cast iron is
the cooling rate used as a critical parameter in this paper.
The amount of gray or white iron is dependent on the iso-
therms stable temperature (7, °C) and metastable tempera-
ture (T, °C). These two temperatures are calculated by the
chemical composition of the melt and the cooling condition.
In this work, for simplicity in calculations, it is assumed that
these two temperatures are related to chemical composition,
as shown in the following equation [8]:

Ty and T,y = A+(%Si) B+(%Mn)C +(%P)D (6)

where A, B, C, and D are the constants; %Si, %Mn, and %P
are the concentration percentage of silicon, manganese, and
phosphorus in the melt, respectively. Since there are two
different solidification manners, the macro-model equation
is separated into two related parts, and the rearranged equa-
tion is shown as

ot L )=pato( %] vowin(%) ™)

where the subscripts G and W are related to gray and white
solidification, respectively.

In this paper, the simple mode of Oldfield's nucleation
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model is used, in which nucleation sites are already present
in the melt or intentionally added to the melt.

N=A+B-R ®)

where N is the amount of nucleation per unit face, R the
cooling rate, and 4 and B the nucleation constants. For gray
iron, 4 and B are 10° and 3.36x10", respectively [12]; and
for the white one, it is assumed that 4 and B are 0 and 10°,
respectively.

In this way, the solid volume fraction is calculated as
((Zf;j — A 2N AT (1~ f,) ©)

where 7 represents the actual grain radius, N the nucleation
sites, and g the growth coefficient. The growth coefficient
of gray and white eutectic iron is given by Ref. [13].

The simple level rule is used to calculate the different
phases. However, since there are two different types of so-
lidification, the calculations for gray iron are obtained from
the stable diagram and for the white one from the metastable
diagram.

4. Mechanical properties

By modeling the room-temperature microstructure, the
final mechanical properties of castings can be predicted. For
example, the tensile strength of gray cast iron is affected by
graphite flake length, which is related to carbon equivalent,
cooling rate, alloying element, and fineness of pearlite.
Goodrich et al. [14] developed an equation to calculate the
ultimate tensile strength (UTS) of gray cast iron, shown as

UTS (ksi) =[ 4+ B(CE%)+C/(cast bar radius) |~ (10)

where %CE is the amount of equivalent carbon, while A4, B,
and C are the constants that can be calculated from the ex-
periment. Note that 4 makes the effect on the alloying ele-
ments that are present in the cast.

In 1950, Schneidewind and McElwee [15] developed a
method based on the chemical composition of gray iron,
which can be expressed as

o (psi)=10*[b—(2x%CE)]- fi- f2 -+ fi (11)

where o is the tensile strength, » a constant depending on
section size, and f the alloy factors. However, the later
works show that the section size is not a good symbol for
cooling rate, and the alloy factors are not always appropriate,
since they are affected by many metallurgical phenomena.
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Furthermore, Serrallach et al. [16] performed a statistical
analysis to predict the mechanical properties of nodular iron
on the basis of the square root of cooling rate, structural
features, and alloy composition. However, their work was
about nodular solidification, the phase amounts were calcu-
lated from the chemical composition, and the solidification
behavior (or cooling rate) was not considered.

5. Experimental procedure

A thermal analysis system was conducted for measuring
the temperature and related cooling rates. The database was
established experimentally for gray iron. The first field of
database was a cooling curve. It was really a segment of the
cooling curve during the freezing stage from the liquidus
temperature (7 and Thg) to the end of eutectic solidification,
which was determined by the solidification procedure and
related to the solidified microstructure of the sample melt.
To study the different solidification behavior on the base of
cooling rate, a casting model is designed in the form of steps
(S1 to S5), as illustrated in Fig. 1. Full details about the ex-
periment are explained elsewhere by the authors [17].

Fig. 1. Model used for casting [17].

6. Results and discussion

The first output of sample modeling is the thermal distri-
bution and cooling rates. The thermal distribution of the
sample for the proposed model is illustrated in Fig. 2(a). It is
clear that the middle point of step S1 is the last one to solid-
ify in comparison to other sections. Note that in the case of
cooling rates, it is assumed that the results are for the geo-
metric center of each section in the modeling; and also in the
experiment, the tips of thermocouples are in the same place.
Cooling rate data are obtained from the modeling and ex-
periment, respectively, as summarized in Table 1.
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Fig. 2. Contour of modeling: (a) thermal distribution; (b) volume fraction of graphite; (c) volume fraction of cementite; (d) volume

fraction of austenite.

Table 1. Cooling rate obtained from modeling and experi-

ment °C-s™
Step S5 S4 S3 S2 S1
Modeling 1585 1207 721 2.93 1.18
Experimental 17.67  13.53 8.87 3.14 1.90

Fig. 2(b) shows the contour of graphite distribution in the
sample. For the thick section with high module, the volume
fraction of graphite is the most. Because of low cooling rate
in this section, carbon has enough time to diffuse and forms
graphite. The contour of volume fraction for cementite
phase distribution is shown in Fig. 2(c). Clearly, for the thin
sections with little geometric module, the cementite content
is higher. For these sections, the high cooling rates contrib-
ute to the high amount of unstable phase (here, cementite
phase). The volume fraction distribution of austenite phase
is illustrated in Fig. 2(d). The amount of austenite for the
thick section with low cooling rate is more than the other
sections. Note that in this paper, the amount of austenite was
the sum of primary and secondary austenite. Because of this

assumption, the volume fraction of austenite contained a
fraction of pearlite. Primary austenite is decomposed during
the eutectic transformation. When the melt passes the eu-
tectoid line in the phase diagram, the secondary austenite
starts to nucleate. Depending on cooling manners and cool-
ing rate, the secondary austenite can be nucleated in the
form of reneged austenite or pearlite (ferrite and cementite
lamellas). In this paper, the proposed model calculated the
amount of whole austenite. Therefore, the thick section had
the high amount of austenite in the form of pearlite; for the
thin sections, the amount of austenite contained the reneged
austenite (ferrite).

Compared the modeling data with the experimental, the
image analysis was carried out on different metallographic
pictures for each step at the tips of thermocouples. The re-
sults are illustrated in Figs. 3-5 graphically. The variation
trend of modeling and experiment are the same in all these
three phases, but there is a sensible difference between the
modeling and experimental results for the amount of austen-
ite phase, and the difference is the most in that of graphite
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phase. This may happen since the image analysis tools are
on the basis of two phases, the dark and bright phases.
Therefore, the image analysis of graphite phase not only
contains graphite itself but also cementite (dark phase) in the
matrix. Consequently, the amount of graphite phase meas-
ured in experiment is higher than that of modeling, and the
amount of cementite phase is lower.
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Fig. 3. Comparison of graphite volume fraction obtained
from the modeling and experiment data.
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Fig. 4. Comparison of cementite volume fraction obtained
from the modeling and experiment data.

The relation between hardness (Brinell hardness, HB)
and graphite phase is shown in Fig. 6. As it seen from the
figure, the trend of the two curves is the same, except for a
small shift forward for the experimental data. This result
showed that increasing the graphite fraction causes in a de-
crease in hardness. This is reasonable that the graphite phase
acts as a hole in the metal matrix. Even by increasing the
fraction more, the graphite flotation happens, which may
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Fig. 5. Comparison of austenite volume fraction obtained
from the modeling and experimental data.
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Fig. 6. Relation between the hardness and volume fraction of
graphite phase.

cause the start of surface cracks. The smooth increase of
hardness could be trade of the behavior of increasing the
other phases._The benefit of such a diagram is that, in the
same condition of gray cast iron products (on the basis of
cooling rate), the amount of graphite phase can be estimated
by the hardness value. To approach a good correlation be-
tween the hardness and the volume fraction of graphite, a
curve is fitted in the range between the modeling and ex-
periment. Moreover, to get better fitting, the axis is changed.
The final correlation between graphite phase and hardness is
shown as

fe =0.004HB? —1.6609HB +174.39 (12)

where f, is the volume fraction of graphite phase, and HB is
the Brinell hardness.
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Note that in this equation, it is assumed that the hardness
decreases continuously by increasing the volume fraction of
graphite phase.

The effect of the volume fraction of cementite on the
hardness is illustrated in Fig. 7, in which the hardness in-
creases with the increase in amount of cementite phase. This
phenomenon can be expected by the increase in amount of
hard phase. It is known that the increased amount of car-
bides makes the material more brittle, but the hardness
property is exactly related to the amount of hard phase. Be-
sides, during solidification, the amount of total austenite
(primary y and pearlite) increases, which makes the material
harder, since a mixture of iron carbide and pearlite is con-
siderably harder than gray iron [17]. Eq. (13) correlates the
hardness to the volume fraction of cementite as

HB=0.01197> —0.8636 £ +20.981/, +11.905  (13)

where f; stands for the volume fraction of cementite.
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Fig. 7. Relation between the hardness and volume fraction of
cementite phase.

The proposed formula on the basis of modeling shows a
good agreement with the experimental data. This equation
shows the effect of the volume fraction of cementite on the
hardness. The inverse mode of this equation can be used for
estimating the volume fraction of cementite on the basis of
hardness measurement. The proposed formulas can be easily
used in the industrial range that was calculated by the au-
thors in the previous work [17]. The good point is that,
hardness measurement is the simplest test to carry out.
Therefore, by using this kind of mechanical test, the amount
of microstructural phases can be measured easily.

7. Conclusions

The solidification behavior of gray cast iron was evalu-

ated numerically. The nucleation and growth theory was
used, and cooling rate was implemented as a key factor in
the solidified phases. The amount of different phases was
calculated using the level rule.

(1) The amount of graphite, cementite, and total austenite
can be modeled by an FDM model on the basis of cooling
rate and the level rule. As the cooling rate increases, the un-
stable phases increase. It is notified that increasing the cool-
ing rate results in the increase of cementite phase and the
decrease of graphite and austenite phases.

(2) The hardness of gray cast iron decreases as the vol-
ume fraction of graphite going up. Increasing the amount of
cementite phase results in the improvement in hardness of
gray cast iron. The fraction volume of graphite phase can be
calculated directly by the following equation on the basis of
hardness measurement.

HB=0.011972—0.8636 /2 +20.981f, +11.905 .
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