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Abstract 
In high-temperature applications of ferrous materials, as in the case of exhaust 

manifolds, high thermal and mechanical stability are required. Stainless steels and Ni-

resist alloys having austenitic matrices are good candidates to meet these requirements 

at elevated temperatures; however, they are expensive materials and present difficulties 

in casting. Ferritic ductile cast irons, like the commercial SiMo alloy, are comparatively 

cheaper materials with better castability, but they cannot be used above approximately 

800 °C. Thus, to meet the requirements with low-cost materials having improved high-

temperature properties, new alloys must be developed by ferrite forming elements 

having the potential to increase equilibrium temperature. In this study, initially, a novel 

ductile cast iron matrix was designed using 1 W and 0-4 Al wt.-% and their phases stable 

at room temperature, transformation temperatures, solidification sequences and thermal 

expansivity values were determined using thermodynamic calculations with Thermo-

Calc software. Computational studies revealed that (i) designed alloy matrices had 

graphite and M6C type carbides embedded in a ferritic matrix at room temperature as 

expected, (ii) A1 temperature increased as aluminum content increased. The obtained 

values were all above that of commercial SiMo alloy, (iii) the detrimental effect of 

increased aluminum addition on graphite content, and thermal expansivity was observed. 

Secondly, microstructural and thermal characterizations of cast alloys were performed 

for validation – the obtained data were in good agreement with the thermodynamic 

calculations. 
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Introduction 
Exhaust manifolds deliver hot and oxidative exhaust gases from the combustion 

chamber to the atmosphere [1, 2]. Initial exhaust manifolds were manufactured using 

unalloyed high carbon grey cast irons that could be used at operating temperatures up to 

540 °C [3]. Due to the increase in the power density of new engines, manufacturers are 

in search of new materials for exhaust manifolds that can withstand temperatures above 

950 °C [4-8]. Such materials must have high thermal conductivity, high oxidation 

resistance, low thermal expansion coefficient and mechanical stability at elevated 

temperatures [3]. Austenitic stainless steels and austenitic ductile cast irons (Ni-resist 

alloys) are good candidates to meet these requirements [6-8]. However, they are 

expensive materials and present difficulties in casting due to high solidification 

temperatures [9]. The SiMo cast irons having a ferritic matrix are comparatively cheaper 

materials with better castability [4, 10]. Besides, the ferritic matrix provides higher 

thermal conductivity and lower thermal expansion coefficient compared to the austenitic 

one [3]. High thermal conductivity provides fast cooling; thus, the material is subjected 

to high temperatures for shorter periods [11, 12]. Low thermal expansion coefficient is 

vital for long service life avoiding cracks that may form due to thermal fatigue [4, 13].  

Despite all the mentioned qualities, ferritic ductile cast irons cannot be used above their 

transformation temperature from austenite to ferrite (A1) which limits their use above 

approximately 800 °C [14]. Thus, it will be beneficial to increase A1 temperature by using 

modification elements like Si, Nb, W, Al, Cr etc. [15].  On the other hand, it is essential 

to consider the effect of alloying elements on graphite distribution and morphology since 

it directly affects the mechanical and thermal properties. Despite providing the best 

mechanical properties, spheroidal graphite exhibits lower conductivity than vermicular 

and flake graphite [11-13, 16-18]. According to the literature, Si and Al promote the 

graphite formation and increase nodule count as well as stabilize ferrite due to their high 

solubility in that phase [19-21]. Alloying elements like Al [22], Ti [23], and Nb [24] affect 

the graphite morphology by changing it from spheroidal to vermicular. Mechanical 

properties are also affected by the addition of alloying elements. Some carbide forming 

elements (such as Mo, W, and Nb) can be added in small quantities (up to 1 wt.-%) to 

improve mechanical properties since these elements provide precipitation strengthening 

by carbides and also prevent grain boundary motion and refine grain size [8, 24-26]. In 

this study, a novel ductile cast iron composition 3.5C, 4Si, 1W wt.-% was selected as the 

main composition. In order to obtain a hypereutectic composition which is useful for 

casting and solidification, carbon and silicon amounts determining the carbon equivalent 

were selected as 3.5 and 4 wt.-%, respectively. In the designed matrix, tungsten was used 

instead of molybdenum, since tungsten is both ferrite and carbide forming element and 

provides oxidation resistance. In order to increase the A1 temperature, aluminum 

additions up to 4 wt.-% were made to the main composition since higher aluminum levels 

are known to affect the graphite morphology adversely [22], and therefore thermal 

properties [16-18]. Thermodynamic calculations on these compositions were carried out 

employing Thermo-Calc software and the results were validated by experimental studies 

to investigate the possibility of their use in place of commercial ferritic ductile cast irons 

at more demanding working conditions. 
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Experimental work 

Thermodynamic calculations for the composition of 3.5 C, 4 Si, 1 W, 0-4 Al (wt.-

%) were carried out with Thermo-Calc software. The TCFE6 database was used in order 

to determine Al temperatures of the studied compositions, the mole fraction of graphite, 

phases stable at room temperature (RT), and thermal expansivity of ferrite. Solidification 

sequences of the compositions were studied using the Scheil module. 

After calculations, in order to validate to computed values, 3.5C-4Si-1W-xAl 

alloys (wt.-%) were produced as Y block by sand mold casting, according to ASTM A 

536-84 standard. For this process, 5 kg charge was prepared with nodular pig iron (MMM 

International Trading Co., 4.30C-0.7Si-0.06Mn-0.05P-0.018S wt.-%), ferrosilicon 

(MMM International Trading Co., 72Si-1.50Al-0.10C-0.02S-0.024P wt.-%), 

ferrotungsten (70W-0.5Mn-1Si-0.06S-0.25C wt.-%) and DIN 1020 steel. The used 

materials for the charge were all commercial materials. The charge was melted in the 35 

kW Inductotherm induction furnace with a capacity of 25 kg. Just before the melting 

process was completed, pure aluminum was added according to the chosen composition. 

The melting process was completed at 1560 °C, followed by spheroidization process 

which was carried out in a SiC crucible. For spheroidization process, the nucleation agent 

(FerroPem, 75Si-0.94Ca-1.68Ce-0.89Al wt.-%) and magnesium-rich alloy FeSiMg 

(Snam Alloys Pvt. Ltd., 45Si-7Mg-0.56Al-1.15Ca-1.18R wt.-%, R: rare earth) for 

spheroidization were put at the bottom of the crucible before pouring the charge. A sample 

from the molten alloy, after spheroidization, was taken by pouring it into a copper mold, 

in order to verify the chemical composition by optical emission spectrometer (OES, 

Foundry Master) and then the rest of the molten metal was cast into the sand mold. In 

order to specify the cast alloys, systematic coding is preferred. In the coding system, the 

main composition (3.5C, 4Si, 1W wt.-%) is coded as specimen 0Al and the others are 

coded as 1Al, 2Al, 3Al and 4Al for 1, 2, 3 and 4 wt.-% Al additions, respectively. 

Both microstructural examinations and thermal analyses were applied to the cast 

alloys in order to validate the computational results in terms of (i) formation of the phases 

during solidification, (ii) critical temperatures, and (iii) phases stable at RT. For 

microscopic examinations, as-cast alloys were prepared by metallographic methods. 

Microstructural characterization was carried out using both light microscope (LM, 

Olympus BX41M-LED), scanning electron microscope (SEM, Jeol JSM 6060) and 

energy dispersive spectrometer (EDS, IXRF). Phases present were also identified by x-

ray diffraction (XRD, Rigaku Ultima+). XRD studies were carried out with Cu-Kα 

radiation and a scanning speed of 1.0 °/min. The determined phases were quantified 

according to ISO 945-2, by an image analyzer (IA, Leica Las V4.12). Thermal analysis 

was carried out by using a differential thermal analyzer (DTA, Netzsch STA 409 PG 

Luxx). The DTA tests were carried out under vacuum, Al2O3 crucibles were used and a 

calibration was performed as follows: (i) heating to 1460 °C at a rate of 5 °C. min -1, (ii) 

holding at that temperature for 5 min, (iii) cooling to RT at a rate of 5 °C.min -1. The 

samples were tested under these conditions and an empty crucible was used as reference 

material. 
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Results and discussion 

Thermodynamic modeling 

Carbon isopleth concerning a constant 4Si1W composition (0Al) is given in Figure 

1a, confirming the composition containing 3.5% C is hypereutectic. Since some of the 

phase areas are very narrow in this isopleth, expanded drawings are also illustrated in the 

same figure. Solidification starts with graphite (G) precipitation from the liquid phase (L) 

and finishes after austenite (A) transformation. M6C carbide starts precipitating at 978 

°C. Ferrite (F) transformation from austenite starts at 907 °C and finishes at 853 °C. The 

stable phases at room temperature appear to be ferrite, graphite and M6C. In order to 

understand the effect of aluminum addition on austenite to ferrite phase transformation, 

aluminum isopleth of 3.5C4Si1W constant composition is given in Figure 1b.  According 

to this isopleth, the phase transformation sequence remains the same up to 2.7 Al wt.-%. 

At higher aluminum additions above this composition, ferrite formation from austenite 

occurs rather than M6C precipitation. However, the final microstructure at RT does not 

change and consists of ferrite, graphite and M6C up to the studied highest aluminum 

addition. On the other hand, all the transformation temperatures except for the 

precipitation of M6C are increased by increasing aluminum content.  

 

(a) 
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(b) 

Fig. 1. (a) C isopleth for 0Al alloy and (b) Al isopleth sections. 

Thermo-Calc software also provides the amounts of phases for the studied 

compositions as a function of temperature, and the data for 1Al and 4Al are presented in 

Figure 2 in order to reveal the effect of aluminum addition on amounts of austenite, ferrite, 

carbide and graphite. It is important to understand the effect of aluminum addition on A1 

temperature in order to determine the maximum service temperature of the compositions. 

Figure 3 shows the variation of A1 temperature as a function of aluminum content and the 

curve clearly indicates that aluminum addition increases the A1 temperature.  While A1 

temperature of an alloy having no aluminum (0Al) is 853 °C, it is increased to 960 °C by 

the addition of 4 Al wt.-%. This effect is also reported in dilatometric data of 3.4C-3Si-

0.45Mo and 3.1C-3.1Si-0.55Mo-3Al (wt.-%) alloys studied by Ibrahim et al. and they 

concluded that A1 temperature was raised by 110 °C and reached to 960 °C due to the 

solubility of aluminum within the ferrite lattice [25]. 

In calculations, the variation of graphite content as a function of aluminum addition 

is also studied, and the obtained data is given in Figure 4. The diagram clearly shows that 

aluminum has a decreasing effect on graphite content. In solidified cast irons, not only 

segregation but also the accumulation of aluminum atoms around the graphite phases 

causes nonhomogeneous diffusion of carbon results in a change in the morphology of 

graphite and its content [25]. Thermal expansivity is another design criterion for the 

materials used in high-temperature applications and it must be kept low. However, 

calculations indicated that the thermal expansivity of ferrite at RT increases with 

aluminum addition (Figure 5).  
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(a) 

 

(b) 

Fig. 2. Variation of the weight fraction of phases as a function of temperature; 

(a) 1Al and (b) 4Al.  
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Fig. 3. Change in A1 temperature as a function of aluminum addition. 

 

Fig. 4. Change of graphite content as a function of aluminum addition. 
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Fig. 5. Change in thermal expansivity of ferrite at RT with aluminum addition.  

Solidification sequences of the studied compositions are given in Figure 6. 

Solidification starts with graphite precipitation and is completed by austenite 

transformation. Figure 6 also denotes that the solidification temperature changes from 

1292 °C to 1450 °C with aluminum additions from 0 to 4 wt.-%. 

 

Fig. 6. Solidification paths of 3.5C-4Si-1W-xAl alloys.  
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All transformation temperatures of the alloys, calculated by Thermo-Calc studies, 

are given in Table 1. The notations for the temperatures are as follows: TG indicates the 

start temperature of graphite precipitation from the liquid phase that also denotes the start 

of solidification, TAS indicates the start temperature of austenite formation from the liquid 

phase, TAF indicates the finish temperature of austenite formation also denoting the 

completion of solidification, TF indicates the start temperature of ferrite, and TM6C 

indicates the start temperature M6C carbide precipitation. The calculated values indicate 

that all transformation temperatures shift to higher values by aluminum addition.  

Table 1. Critical temperatures of cast irons calculated by Thermo-Calc studies (°C).  

Alloy TG TAS TAF TF TM6C A1 

0Al 1292 1161 1085 907 978 853 

1Al 1338 1199 1077 950 988 889 

2Al 1379 1223 1070 985 998 917 

3Al 1416 1239 1137 1017 1002 939 

4Al 1450 1250 1170 1048 997 960 

 

Microstructural characterization 

Before microstructural characterization, the chemical compositions of fully 

solidified cast alloys were determined by OES. Table 2 shows the chemical compositions 

of the cast alloys and they are in the required range as designed. The LM images of the 

polished cast samples are given in Figure 7 to investigate the graphite content and 

morphology. The quantified data by image analysis are given in Figure 8 and Table 3. 

According to Figure 8, as aluminum content increases, graphite content (area %) 

decreases and similar results were obtained by Thermo-Calc calculations. The graphite 

morphology changes from spheroidal (VI) to irregular spheroidal (V) and vermicular (III) 

as aluminum content increases (Table 3).   These results are in agreement with the current 

literature in terms of the aluminum effect on the graphite morphology in ductile cast irons 

[22].  Ibrahim et al. presented that the addition of 3 wt.-% Al to SiMo ductile cast iron 

decreased the nodularity of graphite. Due to non-homogeneous and irregular 

accumulation of aluminum around the graphite nodules, a non-uniform diffusion of 

carbon is revealed resulting in deformed graphite morphology [25]. Lithium also 

emphasizes this effect and the reported data suggested that the deterioration effect of 

aluminum could be decreased by using a nodularizer combining magnesium with rare 

earth metals in the melt treatment [27]. 

Table 2. Chemical compositions of the cast alloys obtained by OES (wt.-%). 

Alloy C Si W Al Mg Mn P S 

0Al 3.57 4.04 0.96 0.02 0.074 0.231 0.0579 0.0282 

1Al 3.46 3.96 0.97 0.97 0.082 0.235 0.0597 0.0285 

2Al 3.47 3.99 1.03  2.03  0.078 0.245 0.0572 0.0321 

3Al 3.52 4.07 1.02  3.05  0.081 0.225  0.0581 0.0287 

4Al 3.54 4.05 1.04  4.03  0.079 0.228 0.0558 0.0355 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

Fig. 7. LM images showing the graphite morphology in polished cast irons (a) 0Al,  

(b) 1Al, (c) 2Al, (d) 3Al and (e) 4Al.  

  



G. A. Çelik et al. - Matrix Design of a Novel Ductile Cast Iron Modified … 25 

 
Table 3. Image analysis results for graphite morphology as determined by DIN EN ISO 

945-2 (area %).  

Alloy 

III 

 

V  

 

VI 

 

Others 

0Al 6.0 49.6 40.7 3.7 

1Al 8.6 40.3 46.5 4.6 

2Al 15.0 45.3 32.1 7.6 

3Al 15.1 41.7 36.6 6.6 

4Al 20.7 41.3 25.5 12.5 

 

Fig. 8. Change of the graphite content by aluminum addition.  

The microstructures of 0Al and 4Al are given in Figure 9. The microstructural 

features of the studied alloys consist of graphite, pearlite, coarse and skeleton-like 

carbides embedded in the ferritic matrix. In order to clarify the details of the pearlite 

region and coarse carbides within the matrix of 0Al, an SEM image at higher 

magnification is inserted in Figure 9a. Such pearlitic formations can be seen in cast irons 

like SiMo ductile cast alloys [25, 28, 29] having similar C and Si contents as 0Al. 

However, since aluminum addition prohibits the formation of pearlite [25], not only the 

amount of pearlite decrease but also its lamellar morphology changes to a structure having 
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dispersed cementite. This effect was observed in the microstructure of 4Al as seen in 

Figure 9b. EDS analyses of coarse carbides revealed the composition as 61.2W-17.9C-

17.3Fe-3.6Si wt.-% indicating that they were W6C carbides.  In order to confirm the 

phases, XRD studies were carried out and the data for 0Al and 4Al are given in Figure 10 

and XRD spectra validate all phases present in the microstructure. 

 

(a) 

 

(b) 

Fig. 9. SEM images showing the microstructure of the cast alloys; (a) 0Al and (b) 4Al. 

 

Fig. 10. XRD patterns 0Al and 4Al cast irons. 
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Evaluation of phase transformations by DTA 

The DTA data indicating the transformation temperatures for the heating condition 

is given in Figure 11 and resulting data are tabulated in Table 4. In the DTA thermogram, 

the results only for the specimens 0Al, 2Al and 4Al are given for clarity and the others 

show similar behavior. The notations for temperatures given in Table 4 are the same as 

the ones in Table 2. The DTA results indicate that all transformation temperatures shift 

towards higher temperatures and A1 temperature reaches as high as 981 °C for the highest 

aluminum addition. Thermo-Calc data (Table 2) indicated the same trend as DTA results 

(Table 4) and the calculated temperatures (CT) were close to those observed by thermal 

analysis. The small discrepancy between the calculated and measured temperatures could 

be since actual compositions of the cast alloys include Mn, Mg, P, S, and other trace 

elements that do not exist in the Thermo-Calc calculations.  

 

Fig. 11. Thermogram of the cast irons upon heating for 0Al, 2Al, 4Al. 

Table 4. Critical temperatures of cast irons identified by calculations and DTA analyses 

(°C). 

Alloy 
TG TAS TAF TF TM6C A1 

CT DTA CT DTA CT DTA CT DTA CT DTA CT DTA 

0Al 1292 1247 1161 1195 1085 1180 907 908 978 1053 853 863 

1Al 1338 1343 1199 1206 1077 1187 950 946 988 1050 889 905 

2Al 1379 1333 1223 1221 1070 1185 985 964 998 1071 917 931 

3Al 1416 1350 1239 1224 1137 1196 1017 974 1002 1056 939 940 

4Al 1450 1402 1250 1237 1170 1209 1048 1114 997 1053 960 981 
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Conclusion 

In this study, thermodynamic calculations with Thermo-Calc software on novel 

ductile cast iron compositions 3.5C-4Si-1W-xAl where x varies between 0 – 4 (wt. %) 

were carried out and results were validated by experimental studies on cast samples to 

reveal the possibility of its use in place of commercial ferritic ductile cast irons at more 

demanding working conditions. Thermo-Calc calculations revealed that; (i) the stable 

phases at RT were ferrite, graphite and M6C carbide for all compositions, (ii) with 

increasing aluminum additions, A1 temperature increased, graphite content decreased and 

thermal expansivity increased, (iii) according to the solidification sequence, solidification 

started with graphite precipitation for all compositions however it is completed by 

austenite transformation for 0, 1, 2 wt. % Al, whereas by ferrite transformation for 3 and 

4 wt. % Al. Experimental studies showed that; (i) the stable phases at RT were ferrite, 

graphite and W6C carbide for all aluminum added compositions as indicated by Thermo-

Calc, (ii) graphite content decreased by aluminum addition as indicated by calculations 

and its morphology changed from spheroidal to vermicular and (iii) A1 temperatures 

increased as aluminum increased in heating thermograms and they were very close to 

those calculated by Thermo-Calc. 
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