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Abstract

The article presents results of studies of silicon - molybdenum cast iron crystallization process. This material
is use to work in high temperatures. The study included experimental melting (estimated chemical composition
was: 4.5 %Si; 2.5 %Mo; 2.5 %C) and analysis of crystallization process. For examination the TDA equipment
was used for registration of temperature changes in time and for calculation of derivative curve. The analysis
of chemical composition of obtained samples using spectrometer GDS500A and Leco analyser was
conducted. Metallographic examination of cast alloys was carried out on Phenom Pro-X scanning microscope.
In order to determine the phase composition, X-ray diffraction studies of analyzed samples were performed.
This studies were carried on the Panalytical X'Pert PRO diffraction system, using filtered radiation from the
lamp with copper anode and PlXcel 3D detector on the diffracted beam axis. Obtained results allowed to
described the crystallization process of ductile silicon - molybdenum cast iron (SiMo) designed to work in high
temperatures. It was also possible to identify the elements of microstructure.
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1. INTRODUCTION

The most important advantages of cast iron containing from 4-6 % silicon and molybdenum is low price, good
oxidation resistance, dimensional stability, high resistance to high operating temperatures, thermal shock and
temperature cycling resistance [1-3]. For most applications, the Mo content in the range of 0.5 to 1 % provides
the appropriate strength in elevated temperature and creep resistance. Higher additions of molybdenum are
used, when it is necessary to maximize strength at higher temperature. High molybdenum addition, more than
1 % causes the formation of interdendritic type Mo2C [4] carbides which are stable even after annealing and
decrease the strength and ductility of the alloy in room temperature [5].

The content of molybdenum in SiMo cast iron defines the specific application of alloy:

° 0.0-0.5 % for applications with large and fast cycling temperatures,
° 0.5-1.0 % for applications with creep (long time in high temperature),
° 1.5-2.0 % for applications that require a high strength in high temperature (creep resistance or very high

temperature) [5].

The main applications of SiMo cast iron are: exhaust manifolds for combustion engines, gas turbine
components, moulds for casting of zinc, titanium and brass alloys, stands, holders for heat treatment (cyclic
temperature changes), the elements of furnaces for heat treatment etc.

The material with nodular graphite has a stable ferrite structure (> 80 %), a small amount of molybdenum
carbides (< 5 % for a molybdenum addition up to 2.5 %) and possibly some pearlite. When there is more than
6.5 % silicon present, several silicon products that cause brittleness, are formed (silicides).

In the temperature range between 600 °C and the Ac1-temperature, generally pearlite, bainite and martensite
will transform into ferrite and graphite. This transformation causes a loss of strength and an increase in volume,
which mostly causes small cracks. Therefore the percentage of pearlite of the material in service must be
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limited. If there is too much pearlite in the as cast condition, this must be corrected by a heat treatment. The
higher the service temperature, the lower the maximum allowed pearlite content has to be. This is because
pearlite will transform faster, with increasing temperature, into ferrite and graphite, which is not preferred [6].

The addition of silicon for SiMo cast iron should be between 4 and 6 %. The following rule can be noticed: the
higher the silicon content, the greater is the resistance of the alloy to oxidation. Keep in mind that as the Si
content increases, the tensile strength increases as well while the plasticity is decreasing. Too high Si content
results in the formation of silicon compounds with iron [7] which increase the brittleness of the alloy.
Molybdenum counteracts graphitization during eutectic crystallization, but significantly less than chromium.
The eutectic carbide (Fe, Mo0)23Cs appears, when the Mo content is over 1 % for ductile iron and for the cast
iron with flake graphite over about 2 % of Mo. Due to the high Mo content, those carbides do not decompose
even during long-term heat treatment, they can only be nodularized. Molybdenum is also present in the cast
iron as a cementite and M7Cs and M2C carbides [8].

An increasing molybdenum content will increase the pearlite content. Therefore it is preferred, for high
molybdenum contents, to do a heat treatment [6].

Manganese promotes pearlite formation and therefore the level must be limited. The maximum value is
0.5 %. The disadvantage is that the presence of manganese sulfides decrease strength at higher
temperatures.

2. RESEARCH DESCRIPTION AND RESULTS DISCUSSION
2.1. Methodology

Experimental melts were conducted in the induction furnace with medium frequency and the capacity of 25 kg
[9-12]. The charge consisted of steel scrap with low sulphur content [13-14]. Other ingredients added during
the melting was ferrosilicon FeSi75, Ranco carburizer and FeMo65 rich alloy. Magnesium rich alloy used in
the studies was FeSiMg5RE. The spheroidization process of cast iron was conducted in the bottom of the
ladle. The TDA analysis was conducted using Crystaldigraph NT-2T converter with the Electronite cup-shaped
tester with shell mould that contained NiCr-Ni thermocouple (K-type) [10]. During melting the temperature of
liquid metal in the furnace was controlled by immersion thermocouple (type S). Samples for chemical analysis
were taken from the ladle after the spheroidization of cast iron. Metallographic examinations were carried out
using SEM technology (Phenom Pro-X Scanning Electron Microscope with EDS). The analyzed microsections
were etched with 5 % nital and not etched. Chemical composition analysis was performed on a Leco GDS500A
spectrometer. Additionally, the content of carbon and sulfur was determined on the C and S Leco analyzer
(CS125 Carbon-Sulfur Determinator). In order to determine the phase composition, X-ray diffraction studies of
analyzed samples were performed. This studies were carried on the Panalytical X'Pert PRO diffraction system,
using filtered radiation from the lamp with copper anode and PlXcel 3D detector on the diffracted beam axis
[15]. Measurement was made by step method using cobalt Ka radiation coupling continuous scanning in 26
range of 20-120° with current flow 1.7909 A, step space 0.026° and scanning time per step 100 s.

2.2. Chemical composition

The results of the chemical composition analysis for the analyzed melt were presented in Table 1. The results
for C and S were corrected based on the results of C and S analysis with Leco Carbon-Sulfur Determinator
CS125.

Table 1 Chemical composition of tested cast iron

*C (%) Si (%) Mo (%) Mn (%) P (%) *S (%) Mg (%)
2.48 4.42 2.59 0.83 0.022 0.0097 0.034

*Corrected result based on carbon and sulfur analysis on CS125 Carbon -Sulfur Determinator from Leco
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2.3. TDA analysis

Figure 1 shows a graph of temperature changes over time with the calculated first temperature derivative over
time for the analyzed alloy. The thermal effect corresponding to the liquidus temperature is clearly seen. The
liquidus temperature for tested alloy is 1188 °C. Another thermal effect from eutectic crystallization is visible
for the time interval 111 and 163 s, in the temperature range 1111 °C and 1104 °C. At 1054 °C there is the
maximum heat generated by the crystallization of the Mo2C carbide phase. Between temperatures 1000 °C
and 800 °C minor thermal effects are visible on the temperature derivative curve, which are caused by the
crystallization of silicide phases, for example MnSi. In the range of temperatures between 796 °C - 695 °C the
eutectoid transition was recorded.
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Figure 1 TDA curves for SiMo ductile iron

2.4. Metallographic analysis

The results of metallographic examinations were presented in Figure 2. Dark graphite precipitates can be
clearly seen in the metal matrix consisted of light precipitates of carbide phase enritched with molibdenum
(Figure 2b) and pearlite (dark areas). Lokaly, around the graphite precipitates the ferrite matrix was noticed.
The degenerated graphite precipitates were also observed analyzed metallographic section which are visible
in Figure 2a.

Figure 2 Microstructure of SiMo ductile iron, SEM

2.5. EDS analysis

Figure 3 shows the selected place of microstructure of experimental alloy, where the line scan was conducted.
The results of linear EDS analysis for the examined areas of microsection were presented below.
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Figure 3 SiMo ductile iron EDS analysis. a) linea scan of spheroidal graphite, b) linea scan of molybdenum
carbide phase

Figure 4 presents the map analisis of alloy matrix. The light molibdenum carbides and dark pearlite phase are
visible in the metal matrix. Conducted map analysis of this place confirmed that the analyzed light areas in
Figure 4 are enriched with molibdenum (marked with blue). There can be also seen the Fe distribution (marked
with yellow) and Si (marked with green).

Figure 4 SiMo ductile iron EDS analysis. a) iron map, b) silicon map, ¢) molybdenum map

2.6. X-ray diffraction analysis

The X-ray diffraction allowed to identify phases forming the alloy. The results of this analysis were presented
in Figure 5. The carbide phase with high amount of molibdenum were defined as Mo2C molibdenum carbide.
In analyzed alloy there is also cementite (FesC) as the component of pearlite. The silicide phase is also present
in the sample as MnSi silicide [16].
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Figure 5 SiMo ductile iron X-ray diffraction analysis

3. CONCLUSION

The conducted studies allowed to record the characteristic temperatures of phase transitions [17] during the
crystallization of tested alloy. The thermal effect corresponding to the liquidus temperature is clearly seen on
TDA graph. The liquidus temperature for tested alloy is 1188 °C. Another thermal effect from eutectic
crystallization is visible for the time interval 111 and 163 s, in the temperature range 1111 °C and 1104 °C. At
1054 °C there is the maximum heat generated by the crystallization of the Mo2C carbide phase. Between
temperatures 1000 °C and 800 °C minor thermal effects are visible on the temperature derivative curve, which
are caused by the crystallization of silicide phases, for example MnSi. In the range of temperatures between
796 °C-695 °C the eutectoid transition was recorded. Basing on obtained results all the phases appearing in
the alloy were identified. The analyzed SiMo cast iron microstructure consists of nodular graphite with a small
amount of degenerated graphite with a distribution similar to interdendritic. Another component of
microstructure is the molybdenum carbide (Mo2C), clearly visible in the form of bright precipitates. There is
also perlite and ferrite in the matrix of the tested cast iron. In this case, the presence of perlite in the alloy which
will be working in high temperature conditions is harmful due to the possibility of small crack formation during
cyclic temperature changes where the alloy should operate. Therefore, it is proposed to remove pearlite by
applying heat treatment (ferritic annealing) and reduce the Mn content in the metal charge. In the analyzed
case, silicide phase MnSi is also present in the cast iron matrix. Those phases decrease the tensile strength
at high temperature conditions so therefore they should be eliminated by decreasing the Mn content in the
charge material.
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