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Abstract: To understand the effect of low temperature heat treatment on microstructure of nodular graphite, nodular
cast irons with the same chemical composition but different microstructure were made by the heredity of raw
materials. The effects of low temperature heat treatment on the different microstructures of graphite were studied.
The results show that after the low temperature treatment, the modularization rate and level are improved observably
for as-cast graphite with lower degree of graphitization and worse effect of nodularization and the mean sphere
diameter of the graphite increases; the spot graphite arises for as-cast graphite with higher degree of graphitization
and better effect of nodularization, the mean sphere diameter of the graphite decreases, the spot and nodular graphite
distribute alternately, the spheroidization grade and nodularization rate do not change obviously.
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INTRODUCTION

With the advent of nodular graphite cast iron since
1940s, it has been widely used in mechanical
engineering and other fields due to its predominant
performance and lower production cost. Along with the
rapid development of mechanical industry, the higher
performance of nodular graphite cast irons has been put
forward. In order to improve the microstructure and
performance of nodular graphite cast iron further,
scientific researchers have not only been limited to the
research areas of casting process and material
optimization, but also the effect of heat treatment,
especially the low temperature heat treatment has
attached a lot of academic attention increasingly by
virtue of its low energy consumption and low cost
(Hao, 2004).

The principal factors those affect the
microstructure and performance of nodular graphite
cast iron are microstructure of matrix, graphite’s shape,
size, quantity, distribution and so on (Giilcan et al.,
2006; Zhao et al., 2004; Torsten and Ingvar, 2007,
Nuno et al., 2008; Hao and Yang, 2008). At present,
researches about the effect of heat treatment on matrix
of nodular graphite cast iron are comparative maturity
(Chang et al., 2006, 2008; Martinez-Madrid et al.,
2002; Putatunda and Gadicherla, 2000; Delia et al.,
1998), but the reports about the effect of heat treatment
on microstructure of graphite are less.

In order to get a comprehensive understanding of
the effect of low temperature heat treatment on
microstructure of nodular graphite, at the same time
considering reducing the energy consumption and

production cost. The effects of low temperature heat
treatment on different original graphite structures of
nodular graphite cast irons are studied in this study.

METHODOLOGY

Five samples of nodular graphite cast iron with the
same chemical composition used for heat treatment in
this study were made by the heredity of raw materials in
our previous work (Zhao and Yang, 2009). The main
chemical compositions of raw materials for nodular
graphite cast irons production are listed in Table 1.
Schemes of mixture ratio are shown in Table 2. Under
the techniques of carbureting and silicon content
regulating, samples were casting into sand molds with a
size of ®40x150 mm. The finally chemical composition
of nodular graphite cast irons is controlled as: C3.62-
3.64%, Si 2.52-2.55%, Mn 0.23-0.50%, S<0.015%,
P<0.05% (Xie and Yang, 2007). The low temperature
heat treatment process of samples is holding at 700°C
for 2 h, then taken out air cooling. The microstructures
of samples were observed by the optical microscope
and high power video microscope HK-2200. The
changes of samples’ graphite microstructures after low
temperature heat treatment were analyzed comparing
with their original microstructures.

RESULTS AND DISCUSSION

Figure 1 shows as-cast graphite forms of each
nodular graphite cast iron. As can be seen from Fig. 1
that the nodular graphite cast irons with the same
chemical composition but different schemes of mixture
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Table 1: Chemical composition of raw materials (mass fraction, %)

Composition C Si Mn S P Mg RE Ca
Q12 pig iron 4.40 1.100 0.15 0.020 0.050 - - -
Scrap steel 0.52 0.315 0.55 0.024 0.021 - - -
Nodularizer - 41.000 - - - 8.0 4.5 2.6
Table 2: Different mixture ratio of pig iron and scrap steel (mass

fraction ratio)
Samples 1 2" 3" 4" 5"
Pig iron: scrap steel 4:1 3:2 2:3 1:4 0:5
Fig. 1: As-cast graphite microstructures of nodular graphite ~ Fig.2: As  low  temperature  heat-treated  graphite

cast irons made by different mixture ratio (a) 17
sample, (b) 2 sample, (c) 3% sample, (d) 4 sample, (e)
5% sample
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ratio have different texture characteristics due to the
heredity of raw materials.

The graphitization degree and nodularization effect
are not too well for sample 1” and 4”. The proportion of
graphite is less with a 3" spheroidization grade, a 80%
nodularization rate and a 4.5 grade of graphite size.
Sample 2" and 3" are less affected by the heredity of
raw materials, so the graphitization degree and
nodularization effect are improved obviously. The
graphite are numerous and fine with a 1%-2™
spheroidization grade, a 90-95% nodularization rate and
a 5.5 grade of graphite size. Sample 5" is affected the
most by the heredity of raw materials, the graphite are
few and far between and present spherical and
vermiform with a 5" spheroidization grade, a 65%
nodularization rate and a 4 grade of graphite size.

Figure 2 shows graphite microstructures of each
nodular graphite cast iron after the low temperature heat
treatment. As can be seen from Fig. 2 that the different
original graphite microstructures of nodular graphite
cast irons are affected diversely by the low temperature
heat  treatment. @ The  nodularization  effects
(spheroidization grade and nodularization rate) of 17, 4*
and 5" are improved obviously. Especially for sample
5%, the vermicular graphite trends to nodulizing. But the
graphite of the three samples grows up obviously
comparing with its original graphite microstructure
before the low temperature heat treatment. For samples
2" and 3", there appear some spot graphite after the low
temperature heat treatment. And the average sphere
diameters of the graphite nodules decrease, but the
spheroidization grade and nodularization rate have no
obvious change.

The main reason for the above phenomenon is the
diffusion behavior of carbon atom in the low
temperature heat treatment process. One aspect is that
carbon atoms of the graphite nodule diffuse from the
outer surface of the graphite nodule to the matrix
gradually. On the other hand, carbon atoms dissolved in
the matrix diffuse from the matrix to the interfacial
zone of the graphite nodule and matrix and then
accumulate on the surface of the graphite nodule (Yao
et al., 2000).

As a result of the low heat treatment temperature
used in this study, eutectoid cementite in pearlite is
difficult to decompose and separate out graphite, which
can be found out from Fig. 3 (the matrix structure after
heat treatment) that the percentage of pearlite is almost
unchanged compared with the matrix structure before
heat treatment (Zhao and Yang, 2009).

Furthermore, it is impossible that carbon atoms
diffuse from the matrix to the interfacial zone of the
graphite nodule and matrix. So, the changes of the
graphite nodule mainly depend on carbon atoms’
diffusing from the outer surface of the graphite nodule
to the matrix and the concentration gradient of atoms is
the driving force for the diffusing of carbon atoms.
Because the graphitization degree and nodularization
effect of samples 17, 4" and 5" before the low
temperature heat treatment are not satisfied, as shown

Fig. 3: As low temperature heat-treated matrix structures of
nodular graphite cast irons made by different mixture
ratio (a) 1% sample, (b) 2* sample, (c) 3% sample, (d) 4
sample, (e) 5* sample

in Fig. 1a to e, therefore, the carbon atom content in the
matrix is relatively high. The less concentration
gradient of carbon atom between the matrix and
graphite nodule results in a slow diffusing from the
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outer surface of the graphite nodule to the matrix.
Especially, the cooling rate is comparatively fast when
the air cooling is used, most of the carbon atoms cannot
diffuse to the matrix far away from the graphite nodule
and form a carbon-rich zone near the original graphite,
which results in the sphere diameter of the graphite
increasing. Simultaneously, to reduce the surface free
energy in the diffusing process of carbon atoms, the
base level outward spherical crystal comes into being.
Therefore, the nodularization effects are improved
obviously comparing with those before heat treatment.

Roundness of the nodular graphite is improved,
lumpish graphite transform into sphere, vermicular
graphite trends to nodulizing, as shown in Fig. 2a, d
and e. The spheroidization grade and nodularization
rate of sample 2" and 3" are very good before the heat
treatment. The graphite nodules are numerous and fine,
therefore, the carbon atom content in the matrix is very
low, which results in a comparatively large
concentration gradient of carbon atom between the
matrix and graphite nodule. This makes a portion of
carbon atoms potentially get away from the graphite
nodule and diffuse far away from the graphite to the
matrix. When abundant carbon atoms of some graphite
nodules diffused to the matrix, the carbon atom
concentration gradient of the nearby matrix reduces
certainly and prevents other surface carbon atoms of
graphite nodules from diffusing. As a result of the fast
diffusing of carbon atoms, the spot graphite partially
arises from sample 2” and 3" after the low temperature
heat treatment. On the whole, the mean sphere diameter
of the graphite decreases, the spot and nodular graphite
distribute alternately. At the same time, to get the lower
surface free energy, the graphite still keeps spherical
after the atomic diffusing process. Therefore, the
spheroidization grade and efficiency do not change
obviously before and after the low temperature heat
treatment.

CONCLUSION

e The effects of low temperature heat treatment on
the different original graphite microstructures of
nodular graphite cast irons are diverse.

e For as-cast graphite with lower degree of
graphitization and worse effect of nodularization,
the nodularization rate and spheroidization grade
are improved observably after the low temperature
treatment. Lumpish graphite transforms into
sphere, vermicular graphite trends to nodulizing,
but the mean sphere diameter of the graphite
increases.

e For as-cast graphite with higher degree of
graphitization and better effect of nodularization,
the spheroidization grade and nodularization rate
do not change obviously after the low temperature
treatment. But the spot graphite arises, the mean
sphere diameter of the graphite decreases and the
spot and nodular graphite distribute alternately.
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