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1. Introduction

Since the appearance of metallog-
raphy in 1863, the information obtained
from viewing images of the polished and
etched cross-sections of metals led to the
development of metallurgical engineer-
ing. The observation of these two dimen-
sional microstructural images allowed
to correlate the microstructure with the
manufacturing and materials properties.
Additionally, it allowed the investiga-
tions of the mechanisms of nucleation
and growth during phase transformation
and the properties of the material, in spite
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of the limitations of the metallographic
technique, due to the three-dimensional
aspect of the microstructures (Kral et
al., 2000, Tewari and Gokhale, 2001,
Singh and Gokhale, 2005, Holm and
Duxbury, 2006, Spowart, 2006, Denis et
al.,2008, Azevedo and Marques, 2010).
Hillert (1962), developed the technique
of serial sectioning to investigate a single
colony of pearlite. He produced 242
metallographic sections through serial
polishing and etching and produced a
moving picture film to understand the
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three-dimensional morphology of the
pearlite. He concluded that the forma-
tion of pearlite colonies was the result
of the interlacing of ferrite and cement-
ite single crystals, contrary to a theory
proposed by Hull and Mehl (1942) that
the pearlite was formed by the succes-
sive nucleation of lamellae of cementite
and ferrite. De Hoff, 1983, assessed the
state of the art of the serial sectioning
technique to investigate 3D microstruc-
tures, highlighting the importance of
this technique to obtain more detailed
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information on the morphology of pre-
cipitates. Hull ez al. (1991) studied the
volumetric distribution of the former (3
grain in near-o IMI 629 titanium alloy
using a serial sectioning technique as-
sociated with a computational method
to reconstruct the microstructure in 3 D.
The results showed the  grain surfaces
with a step-like morphology, indicating
that 3D reconstruction required a higher
resolution in terms of numbers of metal-
lographic sections and more sophisti-
cated software for the reconstruction of
3D microstructure.

Mangan et al. (1997) obtained 3D
images of cementite Widmanstétten plate-
lets of a Fe-12.3%Mn-0.8%C steel. These
results were coupled with electron back-
scatter diffraction (EBSD) results in order
to get a 3D microstructural reconstruc-
tion with crystallographic orientation-
relationship information. The authors
were able to conclude that the cementite
platelets established a Pitsch orientation-
relationship with the austenitic matrix.
Kral and Spanos (1999) showed that
the pro-eutectoid cementite of steels did
not nucleate inside the austenitic grains,
but along the previous austenitic grain
boundaries. They also observed that
the sub-grains acted as barriers to the
growth of pro-eutectoid cementite rather
than potential nucleation sites. Between
2002 and 2008, more investigators used
serial metallography to reconstruct 3D
microstructures (Hung et al., 2002,
Kuijpers et al., 2002, Wu. 2006, Sidhu
and Chawla, 2003, Dinnis et al., 20035,

2. Materials and methods

A vermicular cast iron with pearl-
itic matrix was analyzed. The metallo-
graphic sections were prepared according
to standard procedures (silicon carbide
abrasive paper grinding, diamond grit
polishing and unetched samples). Final
polishing was performed using 0.06
pm colloidal silica mixed with a small
quantity of 0.3 pym alumina gel. The
polished surfaces were not etched to
observe the morphologies of graphite.
The images were obtained using an
Olympus light microscope under 2 dif-
ferent magnifications (100 x and 200
x). The average spacing between each
serial image defines the resolution of the
three-dimensional virtual object. For ex-
ample, Kral ez al. (2000) obtained more
than 200 sections (images) for the 3D
reconstruction of cementite during the
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Dudek and Chawla, 2008). Graef et al.
(2006) reviewed the results of Hillert
(1962) using more modern techniques for
3D reconstruction. They observed more
clearly the branching of the cementite
single crystal and the resulting formation
of cementite lamellae in a single pearlite
colony. In Brazil, Contieri et al. (2008)
used the serial sectioning technique asso-
ciated with scanning electron microscopy
to investigate the 3D morphology of the
ternary eutectic of an Nb-Al-Ni alloy. In
conventional metallography, the ternary
eutectic (AL Nb+Nb2Al+AINbNi) seemed
to be semi-continuous, but the three-
dimensional reconstruction made it clear
that these phases were continuous.
However, the manual serial sec-
tioning technique requires considerable
effort for sample preparation. In this
sense, the serial sectioning via dual-
beam focused ion beam-scanning elec-
tron microscope (FIB-SEM) was able to
more efficiently and accurately perform
the documentation of the various me-
tallographic plans. Besides, it allowed
obtaining high-resolution images asso-
ciated with other analytical results, such
as crystallographic orientation (EBSD)
and chemical microanalysis (Rowen-
horst et al., 2006, Lewis and Geltm-
acher, 2006, Lasagni et al, 2007, Lee
et al., 2007, Zaefferer, 2007). Velichko
et al. (Velichko et al., 2007) used serial
sectioning via FIB-SEM to investigate
the various morphologies of graphite
in cast irons. They demonstrated after
3D reconstruction of the microstructure

decomposition of austenite. The align-
ment of these images in translational and
rotational terms was obtained by using a
pair of Vickers microhardness indenta-
tion marks (Zwick & Co microhardness
testing machine) as references. The thick-
ness of the material in each step of the
serial sectioning was calculated by mea-
suring the variation in the dimensions
of the indentations marks. The metal-
lographic procedure conditions must be
reproducible to well define the contours
of the graphite, without the presence of
any metallographic artifacts. The present
work used 96 metallographic sections for
the three-dimensional reconstruction of
the microstructure with an average spac-
ing between each serial image around 0.8
p. Image acquisition was performed in
an Olympus BX60M optical microscope
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the role of second phase particles and
non-metallic inclusions on the nucle-
ation of graphite. Wang et al. (2010)
used the serial sectioning via FIB-SEM
technique to investigate the mechanism
of pearlite spheroidization. The authors
stated that only the 3D reconstruction
allowed a better visualization of the
microstructural and crystallographic
evolution of the cementite spheroidiza-
tion. When compared to the deep etch-
ing technique for SEM analysis, the 3D
reconstruction technique allowed the
3D visualization of each one of the vari-
ous micro-constituents, permitting the
rotation of each one of these elements
for better morphological examination.
Additionally, the reconstructed 3D
microstructures can be exported to a
finite element analysis (FEA) software
to simulate the mechanical and physical
properties of 3D microstructures. Lee
et al. (2006) used a 3D high-resolution
reconstruction to investigate the in-
terconnectivity of microporosity in a
magnesium alloy. They applied finite
element analysis on the resulting 3D
microstructure to calculate the stress
concentration factors in the matrix ad-
jacent to the microporosities, allowing
the identification of stress concentrators
in the microstructure.

The objective of the present work
is to investigate the morphology of
compacted graphite in vermicular cast
iron using manual serial sectioning
and the three-dimensional reconstruc-
tion technique.

coupled with 3.2 megapixels Micromet-
rics 318CU digital a camera. Micromet-
rics Premium SE version 2.8 software
was used to capture images, with the
dimensions of 2048 x 1536 pixels, 96
dpi resolution (in both dimensions) in
colored bitmap mode with intensity of
24 bits. The various metallographic sec-
tions were assumed to be parallel. The
metallographic images were treated with
Java Image J free version 1.40 software.
3D reconstruction was performed using
Reconstruct 1.1.0.0 free software (de-
veloped by Neural Systems Laboratory
at Boston University). The Boissonnat
surface was chosen for 3D reconstruction
of the surfaces of the graphite particles.
The microhardness indentation marks
were used to align the images before
stacking them (see figure 1).



Figure 1:

Scheme showing

the alignment of parallel images

using a pair of Vickers indentations marks

3. Results

Figures 2a to 2b shows the
reconstructed 3D morphology of
the compacted graphite. The differ-
ent colors are used to show units of

Figure 2
3D reconstruction
of the compacted graphite (100X).

The 3D reconstruction provides
more accurate information on the mor-
phologies of graphite when compared to
conventional metallography (see Figures
3a to 3d). Some of the graphite nodules
on conventional metallography were seen
after 3D reconstruction to be intercon-
nected, forming compacted graphite (see
Figures 3a and 3c). Even a perfect nodule
on conventional metallography (see Fig-
ure 3b) shows after 3D reconstruction a
characteristic bulge, typical of <a> direc-

Primary alignment
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Stacked parallel images

interconnected graphite within the
reconstructed volume. The results
show that there is a wide variation in
the morphology of graphite, with the

tion growth of the hexagonal crystal (see
Figure 3d). Another feature of the 3D
reconstruction is to show that units of
graphite apparently disconnected in the
conventional metallographic examination
can be interconnected in the space, form-
ing a single crystal of graphite. A metal-
lographic section of Figure 4a distant and
isolated vermicular graphite structures in
purple, but the 3D reconstruction showed
that these purple units are interconnected
in the space, forming a single crystal (see
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presence of few graphite nodules and
also other morphologies presenting a
transition from nodular to compacted
graphite.

Figure 4b). In the same picture (figure
A), relatively nearby graphite structures
were not connected in the reconstructed
volume. It is likely that some intercon-
nectivity of the graphite structures might
happen outside the reconstructed volume.
Finally, it was also possible to observe
the presence of small "star-shaped" non-
metallic inclusions (see Figures 5-a and
5-b). This morphology inclusion would
hardly be observed in the conventional
metallographic examination.
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(a)

(b)
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Figure 3

Comparison of conventional
metallography results of the same area
(a) and (b) with the 3D reconstruction
technique results in terms of graphite

morphology (c) and (d) (200X).

Figure 4

Comparison of

conventional metallography results
(a) with the 3D

reconstruction technique results

(b) in terms of graphite
interconnectivity morphology (100x).

Figure 5
Presence of small "star-shaped"
non-metallic inclusions (a) and (b).



4. Discussion

The 3D reconstruction of graphite
in vermicular cast iron confirms the con-
nectivity of the graphite phase in a greater
scale than observed in the metallographic
tests (see Figures 2 to 4). However, this
graphite continuity does not come in the
form of plates, as in gray cast irons. The
morphology of compacted graphite in
vermicular cast iron can be approximated
to the form of a hand with the thick plates
of graphite in the form of a palm con-
nected to the cylindrical graphite shapes
resembling fingers. This continuous mi-
crostructure of the graphite is similar to
what occurs in gray cast iron, in which the
growth of the eutectic cell takes place by
the partial cooperative growth with the
austenite phase. This morphology of com-
pacted graphite has profound implications
in the physical and mechanical properties
of vermicular cast iron: the crack growth
in the vermicular cast iron also requires
a rupture of the austenite matrix located
between the "fingers-shaped" graphite, so

5. Conclusions

e The 3D reconstruction is a more
efficient tool to investigate the continuity

6. References

that the crack growth within the eutectic
cell in vermicular cast iron requires higher
energy consumption than in the fracture
of the gray cast iron. As a consequence,
the fractographic observation of grey cast
iron shows a predominance of plate-like
graphite fracture, while in vermicular
cast iron, an appreciable amount of fer-
rous matrix ductile fracture is observed.
Vermicular cast iron has been replacing
the grey cast irons in applications with
requirements of greater mechanical
strength and ductility without significant
loss in thermal conductivity (Guesser,
2002). The presence of graphite nodules
in microstructure of vermicular cast irons
has always been much discussed (Fuoco,
1989, Fuoco et al., 1989, Fuoco, 2013,).
Samples with a deep attack along with the
conventional metallographic observation
suggest the presence of graphite nodules,
but 3D reconstructions allowing the ob-
servation of graphite nodules presenting
lamellar ramification can be observed,

of the compacted graphite microstructure.
e The 3D reconstruction showed
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suggesting the early growth of compact
graphite. The 3D viewing confirmed — for
the observed volume - that nodules of
graphite and compacted graphite might be
in some cases part of the same hexagonal
graphite crystal, with growths along the
<c> direction (nodule formation) and
along the <a> direction (lamella forma-
tion) (see Figure 3¢). In addition, in Figure
3d a graphite nodule with an interrupted
growth along the <a> direction is ob-
served. Additionally 3 D microstructural
reconstruction is more efficient in dealing
with the interconnectivity of the graphite
microstructure (see Figures 4a and 4b).
Finally, an interesting result of the 3D re-
construction was the identification of the
"star-shaped" non-metallic inclusions in
the material (see Figure 5-b), whose obser-
vation is rare in literature (Fuoco, 2013).
Further work will simulate the thermal
conductivity of the vermicular cast iron
using 3D reconstruction microstructure
coupled with FEA.

the presence of “star-shaped non-metallic
inclusions”.
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