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Abstract
The article presents results of studies of silicon – molybdenum cast iron (4.42% Si, 2.59% Mo and 2.48% C wt.-%)
crystallization process. Metallographic analysis was carried out using SEM-scanning electron microscopy with the EDS
system. In order to determine the phase composition, X-ray diffraction studies were performed. Thermo-Calc, a computer
simulation program, was used to simulate the crystallization process. . The obtained data allowed to describe the effect of
some elements on the crystallization process. The silicon phase of MnSi could not be identified during metallographic
studies. Also, computer simulation of the crystallization process did not answer the question at which point the silicon phase
of MnSi crystallizes in the tested alloy. Therefore, not all results obtained were linked to the registered crystallization
process (TDA process). The EDS analysis revealed an unusual distribution of molybdenum in the microstructure of the
sample, where it is clearly visible that the area enriched with this element is also the separation of spheroidal graphite. The
possibility of occurrence of Mo-rich micro-areas found in graphite is considered. The case is debatable and difficult to
resolve at this stage. Perhaps, at such a high concentration of molybdenum (2.59% Mo) in the alloy, conditions are created
for simultaneously crystallization of graphite and molybdenum phases.
Keywords: Theory of Crystallization, Metallography, Molybdenum Carbide, Thermal Derivative Analysis, SiMo

1. Introduction
The growing ecological requirements have increased interest
in the special. Particularly it comes to work at high temperature
for cyclic temperature changes. These working condition are in
the new generation of fuel engines are these working conditions.
Today's smaller engines are running at higher compression rate
and temperature [1]. Castings made of SiMo ductile iron are able
to perform and maintain dimensions for many thousands of cycles
at elevated temperature [1]. Silicon molybdenum cast iron (SiMo)
is suitable for the production of exhaust manifolds, turbines and
furnace applications.
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The increase in demand for this material causes increased
interest in the detailed analysis of its quality, description of the
crystallization process parameters and production optimization.
Literature provides data on the crystallization phases in the
analyzed alloy, however, the data described are not always
unambiguous or there is no confirmation of the obtained results
by other researchers. In paper [2], rich phases in Mo were
classified as Fe2MoC-M6C type carbide phase. Work [3] found
the carbides of type M6C (M = Mo, Si, and Fe).
Mo is found to partly segregate and solidify in intercellular
regions, promoting carbides while during the solid state
transformation molybdenum particles are precipitated around the
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grain boundaries, where small precipitates of Fe2MoC and in
smaller amounts two-phase aggregates of Fe2MoC/M6C [4].
Add indentation conditions described in paper [4], Mg was found
to segregate to cell boundaries and form MgSiN2 for diesel as
well as petrol. In work [5], Mg compounds have been shown that
have the ability to segregate at the grain boundaries of the Morich carbide phase, but the phase composition of the Mg rich
phase has not been determined. However, in paper [6], carbide
phases are described by the authors as "rich molybdenum
carbide". Based on the above data, an attempt was made to
describe crystallization phases in SiMo cast iron.
SiMo cast iron is also associated with other types of problems
that accompany the processes of solidification and crystallization
and are associated with the chemical composition of the alloy,
mainly the carbon content. The carbon content is lower than in
regular ductile iron, i.e., 2.5% - 3.4%. Usually, high carbon
content contributes to reducing shrinkage tendency; however, if
the carbon equivalent is too high, the iron becomes less fluid and
defects looking like cold shuts may be seen [1]. Therefore,
common disadvantages of castings of this type of cast iron are,
among others, all kinds of shrinkage defects and porosities. An
example of a shrinkage porosity for SiMo cast iron is shown in
Figure 1.

2.59% Mo; 2.48% C; 0.39% Mn; 0.022% P; 0.0097% S; 0.034%
Mg.

2.1. Crystallization process analysis
Figure 2 shows the recorded graph of temperature change
over time with the calculated first derivative. The thermal effect
corresponding to the liquidus temperature is clearly visible. The
liquidus temperature value for the tested alloy is 1188 °C.
Another thermal effect from crystallization of eutectic is visible
for the time interval 111 - 163s, in the temperature range 1111 °C
– 1104 °C. At a temperature of 1054 °C, the maximum heat due to
the crystallization of Mo-rich carbide phases appears.
T, °C

dT/dt, K/s

t, s
Fig. 2. TDA analysis for SiMo alloy with 2.59% Mo content
Based on the registered TDA course, it can be seen that the
leading phase in the crystallization process is austenite. Then,
graphite eutectics appear. The next crystallizing phase is the
carbide phase or phases (rich in Mo). Obtained results from TDA
analysis were confirmed with the results obtained based on
computer simulation of the crystallization process (Thermo-Calc).
The results of this simulation are presented graphically in
Figure 3.
T, °C

Fig. 1. SiMo cast iron shrinkage porosity. SEM

2. Work methodology and research
results
Experimental melts for SiMo iron were performed in the work
in accordance with the procedure presented in the works [5, 7].
Experimental melts were conducted in the induction furnace with
medium frequency. The charge consisted of steel scrap with low
sulphur content. Other ingredients added during the melting was
Ranco carburizer, ferrosilicon FeSi75, and FeMo65 rich alloy.
The spheroidization process of cast iron was conducted in the
bottom of the ladle, after covering the nodulizing agent by pieces
of steel scrap. Magnesium rich alloy used in the studies was
FeSiMg5RE. Liquid alloy was poured into hot foundry ladle and
then poured into shell moulds [5, 7].
In addition, samples were made for microscopic examination
using the probe described in the paper [8]. The chemical
composition of the tested cast iron was as follows:4.42% Si;

%C, weight
Fig. 3. Computer simulation of the crystallization process.
FCC_A1 - austenite. BCC_A2 - ferrite. HCP_A3 # 2, MC_SHPcarbide phases
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2.2. X-ray diffraction analysis process

Intensity (counts)

The X-ray diffraction allowed to identify phases forming the
alloy. The carbide phases with high amount of molybdenum were
defined as Mo2C molybdenum carbide [9] and phase Fe22Mo12C10
(second chemical formula: Mo12Fe22C10) as dodecamolybdenum

docosairon decacarbide [10]. In analyzed alloy there is also
cementite Fe3C [11] as the component of pearlite. The silicide
phase is also present in the sample as MnSi manganese silicide
[12]. The results of this analysis were presented in Figures 4-5a,
5b.

Intensity (counts)

Fig. 4. SiMo ductile iron X-ray diffraction analysis

a)

2Theta(*)

2Theta(*)

b)

2Theta(*)

Fig. 5. SiMo ductile iron X-ray diffraction analysis: “a” case for 43 to 52 2Theta(*) angles, “b” case for 53 to 69 2Theta(*) angles
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2.3. Metallographic examination
In order to confirm the results obtained from TDA analysis,
Thermo-Calc calculations and the X-ray diffraction analysis,
metallographic examination were performed using scanning
electron microscopy SEM with EDS analysis.

Fig. 9. SiMo ductile iron EDS analysis. Iron map

Fig. 6. SiMo alloy with 2.59%Mo addition. SEM
Fig. 10. SiMo ductile iron EDS analysis. Silicon map

Fig. 11. SiMo ductile iron EDS analysis. Molybdenum map

Fig. 7. SiMo alloy with 2.59% Mo addition - map area
from EDS system

Fig. 8. SiMo ductile iron EDS analysis. Carbon map

Figure 6 shows the image of the microstructure of the
examined cast iron, while the selected fragment of the
microstructure has been enlarged and shown in Figure 7. There is
a dark separation of spheroidal graphite, a bright carbide phase
(rich in Mo), perlite and ferrite, which surrounds graphite
separation.
The EDS analysis (maps of the distribution of elements in
Figures 8-11) confirmed the distribution of elements for the
studied area. The only exception is the distribution of
molybdenum in Figure 11, where it is clearly visible that the area
enriched with this element is also the separation of spheroidal
graphite. In work [13] the author suggests the possibility of
occurrence of Mo-rich micro-areas, which are found in graphite.
The case is debatable, at this stage difficult to resolve. In the next
step, a breakthrough is achieved by separating the graphite and
examining whether the theory of the occurrence of areas rich in
Mo is right. It is possible that this high concentration of Mo in the
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alloy creates the conditions for simultaneously crystallization of
graphite and molybdenum phases

3. Conclusions
Experimental research based on TDA analysis allowed to
determine the temperature range corresponding to the
crystallization of rich phases in Mo. These results were confirmed
based on the simulation of the coagulation and crystallization of
the analyzed alloy in the Thermo-Calc program. It was not
possible to identify the place of crystallization of the silicon phase
MnSi based on computer simulations of the solidification and
crystallization process. The X-ray diffraction allowed to identify
phases forming the alloy. The carbide phases with high amount of
molybdenum were defined as Mo2C molybdenum carbide [9] and
phase Fe22Mo12C10 (second chemical formula: Mo12Fe22C10) as
dodecamolybdenum docosairon decacarbide [10]. In analyzed
alloy there is also cementite Fe3C [11] as the component of
pearlite. The silicide phase is also present in the sample as MnSi
manganese silicide [12].
Metallographic examinations confirmed the obtained results.
However, it was not possible to find the MnSi phase (manganese
silicide), on the analyzed samples, although the spectra from this
phase are clearly visible on the test results X-ray diffraction.
EDS analysis revealed an unusual distribution of molybdenum
(Figure 11), where it is clearly visible that the area enriched with
this element is also the separation of spheroidal graphite. In work
[13] the author suggests the possibility of occurrence of Mo rich
micro-areas, which are found in graphite. The case is debatable, at
this stage difficult to resolve. Perhaps, at such a high
concentration of molybdenum (2.59% Mo) in the alloy, conditions
are created for simultaneously crystallization of graphite and
molybdenum phases. .
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