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Abstract

Ductile cast irons (DCls) are characterized by very interesting properties, with a good castability (typical of cast irons) and a very
interesting mechanical behaviour, that is comparable to low alloyed steels. From the point of view of the microstructure, these
alloys can be considered as natural composites, with graphite nodules embedded in a metal matrix. Their mechanical properties
are influenced both by the matrix microstructure (e.g., ferrite, pearlite, ferrite-pearlite, austenite, etc.) and by the morphological
peculiarities of the graphite elements (nodularity, element distribution, dimensions etc.). In this work, an experimental and
numerical procedure has been optimized in order to obtain a 3D representation of a ferritic DCI considering the effective
distribution of the graphite elements. Starting from this 3D representation, the behavior of the investigated DCI has been
simulated by means of finite elements approach.
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1. Introduction

Discovered in 1948, Ductile Cast Irons (DCIs) can be considered as ternary Fe-C-Si alloys, characterized by C
and Si contents that range between 3.5-3.9% and 1.8-2.8%, respectively. Graphite elements are characterized by a
nodule-like shape and their nucleation and growth are influenced by many parameters, like the alloy purity level and
the spheroidizing elements addition, like Mg, Ca or rare earth, like Ce or La [1]. Graphite elements can nucleate
corresponding to different nucleation sites like gas bubbles or some inclusions (e.g., MgS, CaS, SrS, MgO) [2, 3],
and they growth by means of a carbon solid state diffusion mechanism, through the austenite shields around the
graphite spherulite. As final result of the solidification and cooling process, DCIs can be considered as a sort of
“natural composite” with graphite nodules embedded in a metal matrix. Microstructure strongly influences the DCIs
mechanical properties, both considering the graphite nodules morphological peculiarities (e.g., nodularity,
dimension, distribution) and considering the matrix phases: ferritic, pearlitic, ferritic-pearlitic, martensitic, austenitic
austempered DCIs can be obtained controlling the chemical composition and/or the manufacturing process and/or
optimizing heat treatment processes. Damaging micromechanisms are strongly influenced by the loading conditions
(e.g., static or quasi static or cyclic or dynamic stress) and by the DCI microstructure [4-9], considering both the
matrix phases and the graphite nodules morphological peculiarities. Focussing on ferritic DCI, graphite nodules are
often considered as voids embedded in a ductile matrix [4], but more recent analysis [5-9] showed that ferritic
matrix-graphite nodules debonding is not the most important damaging micromechanism: due to the presence of a
mechanical properties gradient inside the graphite nodules, the initiation and propagation of cracks inside graphite
nodules is more often observed (so called “onion like mechanism”).

In this work an experimental and numerical procedure was optimized in order to obtain a 3D representation of a
ferritic DCI with the effective graphite nodules shape and distribution. A nodule 3D-model was reconstructed by
stacking all the collected images. The idea of considering the 3D modelization to better characterize the internal
structure of an object (in material science, medicine and so on) has been implemented in the last years due to the
development of image processing techniques and software for the 3D reconstruction. Particular attention has been
devoted to the reconstruction of complex 3D pore morphologies [10, 11]. The knowledge of the material
microstructure and of the spatial distribution of the pores allowed the evaluation of titanium alloy’s properties by
using section microscopy [12]. The reconstructed 3D microstructure could be useful for a finite element analysis of
mechanical response [11]. The mechanical behavior and properties, the Young’s modulus, and the stress-strain
behavior, of heterogeneous materials could be predicted by the 3D modeling [14]; 2D images were acquired by
serial sectioning method and used to reconstruct the 3D microstructure of the material for the finite element analysis.
The approach that will be used in this paper is similar to the one just discussed.

The result of this analysis was used to simulate the mechanical behaviour of the investigated DCI considering the
effective graphite nodule shape and the presence of an internal gradient of mechanical properties.

2. Investigated material and experimental procedure
2.1. Investigated material

Investigated DCI (GJS 350-22) was characterized by a fully ferritic matrix and by a high graphite elements
nodularity (higher than 85%, with a graphite elements volume fraction of about 9-10% and 132 nodules per mm?;
chemical composition is shown in Tab. 1).

Table 1. Investigated ferritic DCI chemical composition.

C Si Mn S P Cu Cr Mg Sn

3.62 2.72 0.19 0.011 0.021 0.019 0.041 0.047 0.011
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2.2. Experimental procedure

In order to investigate the contours of nodules on the slides pictures, the experimental activity was performed
according to the following procedure:
1. Metallographic preparation (up to 1pum diamond powder);
2. Perform one Vickers microhardness indentation and measure the indentation diagonals;
3. Identification of the area to be analyzed by means of a digital microscope (and take a picture of this area);
4. New (light) metallographic preparation (only with 1um diamond powder), in order to remove a thickness
between 1 and 1.5 um;
5. Perform a measurement of the indentation diagonals: knowing the indenter geometry it is possible to
calculate the removed DCI thickness;
6. Observe the same area of stage 3 by means of the digital microscope (and take a picture of this area)
7. Repeat stages 4-6.
According to this procedure, 100 observations were performed of the same area at different level, obtaining 100
slices of the same area to be used in the assembling procedure.

In Fig.1 the images of three slices are presented:
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Fig.1. Three different slices.

2.2.1 The binarization step

Images in Fig. 1 were obtained by successively and uniformly removing slices of the material; the images were
available at a spacing of about 1 pum, thus allowing an accurate description of the nodules.

In each image the nodules are recognizable, represented by the darkest elements; nevertheless since also scratches
and dust were present, a binarization procedure was adopted to clearly identify just the principal nodules present in
each image. The simplest binarization method requires the choice of a threshold; if the histogram of the image
presents two distinct peaks representing the objects and the background, the choice of the threshold may be assumed
as the separating element between the two peaks. This situation is not very common when dealing with real data,
therefore sophisticated methods have been proposed to adequately chose the threshold. Depending on the specific
kind of image at hand different techniques were proposed. In Sauvola et al. [15], a survey on documents binarization
methods was presented, along with the presentation of an adaptive binarization one. Using automatic double-
threshold, common deficiencies of image binarization methods were overcome by using information from the Canny
edge detector to obtain high and low threshold [16]. More recently a locally adaptive thresholding technique was
proposed in [17]; it is based on the calculus of local mean. If the image presents uniform contrast distribution global
thresholding is appropriate. The images considered in this paper were all caught at the same uniform illumination
conditions, therefore the well-known Otsu method was adopted [18]; the idea was to find the optimal threshold to
separate the dark objects (the nodules) from the background by minimizing a suitable cost index. More precisely,
referring to one image, it was assumed that its pixels could be represented by L gray levels, [1,2,...,L] ; moreover
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the set of the pixels was assumed as divided by a threshold at level k£ in two classes [18]. The pixels with levels
[L,2,...,k] belonged to the background C, and the pixels with levels [k +1,...,L] to the objects set C,, or vice

versa.
The total number N of pixels could be expressed as

N = zL:n,.
i=1

where n, was the number of pixels with gray level equal to i ; it is useful to consider the probability distribution:

n, L
=—L>0 =1
P=5 Zl P
The probabilities of class occurrence were given by:

k
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It has been possible to deduce expressions for the class variances:
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To determine the optimal threshold cost indices that evaluate the quality of the threshold at level & were introduced:
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that is the between class variance; and
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that is the total variance of levels.
Another equivalent criteria was introduced to evaluate the separability capability of the threshold &
__
T+,

The optimal threshold should provide the best separation of the two classes C, and C,. The discriminant criteria

J;

herein recalled were equivalent one another. The Otsu method could be also extended for multi-threshold problems.
In Fig.2 the binarization of the images of Fig.1 are reported.
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a) b) <)
Fig.2. Binarization of the original data of Fig.1 obtained by the Otsu method.

2.2.2 The 3D model

The 3D model of investigated nodule was imported in a commercial FEM software in order to simulate the
behavior of graphite in the ferritic matrix. According to previous authors results [7, 9, 19], the nodule was
implemented on the FEM as an assembly of two graphite components:

1) The first component of assembly is the nodule outer shield (due to a carbon solid diffusion mechanism);

2) The second component is the nodule core (obtained directly from the melt during the solidification process).
The component core was obtained by means of a scaling procedure of the 3D model (80%), and the nodule shield
was obtained as a difference between the 3D model and the nodule core. Finally, the nodule was surrounded by a
box of ferritic matrix characterize by dimensions of 3 times the diameter of nodule (about 300 um).

An isotropic hardening tangent data model was used to characterize the stress strain behavior of matrix, whereas a
simply fully elastic behavior with an elastic module of 80 GPa was used to investigate the mechanical behavior of
both skin and core of graphite nodule as shown in Tab. 2.

Table 2. Investigated ferritic DCI chemical composition.

Phase E [GPa] Eriso [GPa] o, [MPa v
Ferrite 190 80 380 0.3
Graphite 80 -—- - 0.2

The mesh was generated by using free tetrahedral elements characterized by minimum size of about 2 pum.

3. Results
3.1. Assembling procedure

In Fig. 3b the result of the binarization obtained by applying the Otsu method is shown considering the slice of Fig.
3a). A simple morphological operations based on area filtering allowed to eliminate some small objects, not related
to the nodules, that might be present after the binarization:

Once all the images were binarized according to the procedure recalled in subsection 2.2.1, the contours of the
nodules were extracted; see Fig.4 in which the contours of the nodules present in image of Fig.3b were shown.

3D wired model was obtained by using a simple VB code which put the numerical coordinates of contours on a
traditional CAD software, as shown in Fig. 5.

Considering the main nodule observed during the experimental procedure, in order to simplify the model, the
surrounding nodules were cancelled, obtaining the solid 3D model to be exported in the FEM software (Figs. 6 a and
b).
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Fig. 3. Beginning image processing steps: a) source metallography, b) binarized and filtered result.

Fig.5. Wired 3D slices reconstruction.

b)

Fig. 6: investigated solid 3D model nodule: a) wire representation, b) rendering.

3.2. FEM results

The analysis were performed considering two different conditions:

1) A simply ferritic matrix volume with a hole inside (with the same shape of the 3D nodule);

2) A more realistic microstructure, with a graphite nodule (characterized by the presence of a shield and of a
core) embedded in a ferritic matrix; in this case, two interfaces are present: matrix — graphite shield and
graphite shield — graphite core; interfaces were modeled as a continuum contacts.
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In both investigated conditions, an uniaxial 350MPa load was remotely applied (30 MPa less than the ferrite yield
stress).

In the first simulation, the maximum von Mises stress obtained was about 563 MPa; this value is higher than the
ferrite yield stress: as a consequence, the presence of hole increases the local stress due to well known stress
intensity factor phenomenon (Fig. 7).
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Fig. 7. Von Mises stresses [MPa] around a slice of hole.
Considering the graphite nodule embedded in the ferritic matrix (Fig 8), the maximum von Mises stress value

decreases from about 563 MPa to about 471 MPa (always higher than the ferrite yield strength). The graphite
nodules presence reduces the maximum stress, due to the interaction between graphite and ferritic matrix.
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Fig. 8. Von Mises stresses [MPa] around a slice of graphite nodule.
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Considering the displacement field on the investigated slice (Fig. 9), an internal debonding at the interface
graphite shield - graphite core is observed, although the simulation was performed under the hypothesis of an
identical graphite mechanical behavior in the shield and in the core. This behavior agrees with the observed
damaging micromechanism (so called “onion-like”). Anyway, preliminary experimental results [7, 9, 19] confirm
the presence of an internal mechanical properties gradient inside the graphite nodules. Further analysis will allow to
quantitatively define this mechanical properties gradient. New simulations will allow to describe more precisely the
phenomenon.

Fig. 9. Displacement field around the investigated nodule slice.

4. Conclusion

In this work a numerical procedure based on image analysis was proposed and applied to generate a 3D model of

a nodule embedded in a ferritic DCI. Using a commercial FEM code, the 3D model of the graphite nodule was used
to investigate the mechanical effect of graphite in the DCI matrix. Considering the observed damaging
miromechanism (internal debonding in graphite elements), the graphite element behavior was simulated hypotizing
the presence of an internal interface (between a nodule core, obtained directly from the melt, and a nodule shield,
obtained by means of carbon solid diffusion mechanism) and of an “external” surface (between the nodule and the
ferritic matrix). According the FEM simulation results, the following conclusions can be summarized:

1) Image analysis allows to obtain a realistic 3D model of the graphite elements in a DCL

2) Comparing the results obtained with a ferritic matrix with embedded holes and a ferritic matrix with embedded
graphite nodules, and applying the same load, the presence of graphite nodules decreases the stress
intensification near the graphite elements. As a consequence, ferritic DCI microstructure cannot be considered
as a ferritic ductile matrix with embedded holes.

3) The hypothesis of an internal interface inside the graphite elements due to the solidification process allows to
describe the observed “onion-like” damaging micromechanism, although in the present simulation no
mechanical properties gradient was considered. A further development of this work will consider also this
gradient.
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