
Effect of inoculation, cooling rate and charge composition on gray iron microstructure 

 
Hirs Ana-Marija1, Glavas Zoran1, Strkalj Anita1 

University of Zagreb, Faculty of Metallurgy, Sisak, Croatia 1 

E-mail: am.zamaria@gmail.com, glavaszo@simet.unizg.hr, strkalj@simet.unizg.hr 

Abstract: This paper analyses the effect of different charge compositions for melt production, cooling rate (i.e. casting wall thickness) and 

inoculation on the gray iron microstructure. In this study, three gray iron melts were produced that had almost the same chemical 

composition. The proportions of steel scrap (SS), pig iron (PI), gray iron return (GIR) and SiC in charge were as follows: melt 1 (10 % SS, 

39.4 % PI, 49.2 % GIR, 0.6 % SiC), melt 2 (38.8 % SS, 9.9 % PI, 47.9 % GIR, 1.6 % SiC) and melt 3 (0 % SS, 0 % PI, 99.2 % GIR, 0.06 % 

SiC). One uninoculated and one inoculated stepped test casting with walls thicknesses of 5, 10, 20, 45 and 65 mm was casted from each melt. 

The inoculant was added in the melt stream during pouring in the mould in an amount of 0.23 wt.%. The type, size and distribution of 

graphite flakes in the analysed walls did not significantly depend on the charge compositions. The structure of the metal matrix, carbides 

precipitation and type, size and distribution of graphite flakes were largely dependent on the wall thickness. As the wall thickness increased, 

the cooling rate decreased and the type of graphite flakes changed, from D and E through B to A type. Carbide formation has occurred in the 

edge region of the 5 mm thick walls. With the decrease of the cooling rate and increasing the proportion of D and E type graphite flakes, the 

ferrite content in the metal matrix increased. The carbide content in the edge region of the 5 mm thick walls was significantly reduced by 

inoculation. Inoculation increased the proportion of A type graphite flakes in the middle of 5 mm thick wall and in walls with a thickness 

from 10 to 65 mm. In addition, inoculation significantly reduced the proportion of B, D and E type graphite flakes or were completely 

eliminated. Wall thickness has affected this effect. 
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1. Introduction 

Gray iron belongs to the group of cast irons in which carbon 

precipitates in the form of graphite [1 - 3]. Due to the flake shape of 

the graphite particles, gray iron has low tensile strength, hardness, 

toughness, elongation and modulus of elasticity and increased 

section sensitivity. The positive characteristics of gray iron are good 

machinability, very good damping of vibration, resistance to heat 

shocks, good castability and high compressive strength. It is widely 

used in various fields, such as machine building, production of 

castings for stoves and furnaces, process industry and energetics, 

motor vehicle industry, various constructions and decorative 

castings, and in many other areas. 

The properties of gray iron depend on its microstructure. 

Through changes in the microstructure, different properties can be 

achieved. Numerous factors influence the microstructure of the gray 

iron, but the most important are: the chemical composition, the 

cooling rate of the casting in the mould during and after 

solidification (i.e., casting section thickness), raw materials for melt 

production, preconditioning and inoculation [4 - 20]. 

This article analyses the effect of different charge compositions 

for melt production, casting wall thickness and inoculation on the 

microstructure of gray iron. 

 

2. Experimental 

Three gray iron melts were produced in a medium-frequency 

induction furnace. The shares of the components in the charge are 

shown in Table 1. The chemical composition of the charge 

components is shown in Table 2. 

 
Table 1: Shares of components in charge. 

Component 
Share in charge, wt.% 

Melt 1 Melt 2 Melt 3 

Pig iron (PI) 39.4 9.9 0 

Steel scrap (SS) 10 38.8 0 

Gray iron return (GIR) 49.2 47.9 99.2 

SiC 0.6 1.6 0.06 

FeP 0.7 0.6 0.06 

FeS 0 0.1 0.08 

Recarburizer 0.2 1.1 0.6 

 

 

 

 

 

Table 2: Chemical composition of charge components. 

 
Share, wt.% 

PI SS GIR SiC FeP FeS Recarburizer 

C 4.41 0.09 3.56 2.90 0.1 0.3 min. 98 

Si 1.25 0.13 2.05 - 1.86 0.96 - 

Mn 0.13 0.71 0.43 - 1.91 - - 

P 0.08 0.024 0.32 - 25.72 0.01 - 

S 0.02 0.014 0.091 0.05 0.04 49.37 max. 1.2 

Cu 0.01 0.03 0.19 - - - - 

Cr 0.01 0.027 0.071 - - - - 

Al - - - 0.06 - 0.01 - 

Ti - - - - 1.2 - - 

SiC - - - 90.04 - - - 

SiO2 - - - 2.8 - - - 

Fe bal. bal. bal. 0.4 bal. bal. - 

 

Two stepped test castings (STC) containing 5, 10, 20, 45 and 65 

mm thick walls were cast from each melt. One STC was cast 

without and the other with the addition of inoculant in the melt 

stream during pouring in the mould. The addition of inoculant was 

0.23 wt.%. The inoculant of the following chemical composition 

was used: 73 - 78 wt.% Si, 0.1 wt.% Ca, 0.6 - 1 wt.% Sr, 0.5 wt.% 

Al, and the rest is Fe. It follows from the above that the STC 1, 3 

and 5 are uninoculated and STC 2, 4 and 6 are inoculated. 

Samples for metallographic analysis were cut from the middle 

of each wall in the STC. In addition, samples were taken from the 

edge of the wall thickness of 5 mm from all STC. Microstructure 

was analysed using light metallographic microscope with a digital 

camera. Samples were etched with 5 % natal.  

 

3. Results and discussion 

The chemical composition of the gray iron melts is shown in 

Table 3. It can be seen that the melts have a very similar chemical 

composition. This eliminates the influence of differences in 

chemical composition on the microstructure. 
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Table 3: Chemical composition of gray iron melts. 

 
Chemical composition, wt.%  

C Si Mn P S Cu Cr CE 

Melt 1 

(STC 1 
and 2) 

3.5 2.1 0.46 0.33 0.084 0.15 0.07 4.31 

Melt 2 

(STC 3 

and 4) 

3.53 2.12 0.4 0.36 0.1 0.18 0.07 4.36 

Melt 3 

(STC 5 

and 6) 

3.57 2.08 0.45 0.32 0.1 0.19 0.1 4.37 

 

Figures 1 and 2 show the microstructure of STC in unetched 

condition at 100x magnification. 

 

 

Fig. 1 Microstructures of uninoculated STC (unetched). 

 

Figure 1 shows that small graphite flakes D and E type and a 

high proportion of carbides are present in the microstructure of the 

edge of 5 mm thick wall in uninoculated STC 1, 3 and 5. The 

highest proportion of carbides and the smallest proportion of 

graphite particles is present in STC 1, which was cast from the melt 

produced from the charge with the highest proportion of pig iron. 

The high solidification rate of the edge zone caused a large 

undercooling of the melt, which, in combination with inadequate 

nucleation and graphitization potential (originating from a low 

content of silicon), resulted in the formation of carbides. In 

addition, rapid solidification and greater undercooling of the melt 

favour the creation of D and E type graphite flakes. Inoculation 

improves the nucleation potential of the melt, which is why the 5 

mm thick wall from STC 2, 4 and 6 contains a higher proportion of 

graphite phase and a smaller proportion of carbides, which are 

almost completely eliminated in STC 6 (Figure 2). Graphite flakes 

are still D and E type. 

 

 

Fig. 2 Microstructures of inoculated STC (unetched). 

 

In the microstructure of the middle part of the 5 mm thick wall 

from STC 1, D type graphite flakes predominate, with a smaller 

proportion of E type graphite flakes (Figure 1). STC 3 and 5 also 

contain D type graphite flakes, but their proportion is smaller than 

in STC 1 (Figure 1). In addition, their microstructure contains a 

certain proportion of A and B type graphite flakes. The presence of 

graphite flakes A and B type indicates a more favourable nucleation 

potential and less undercooling of the melt (especially in the case of 

A type graphite flakes). In the middle of the wall thickness of 5 mm 

from STC 1, 3 and 5 carbides are not present, although they are not 

inoculated. Slower solidification of the central part relative to the 

edge of the wall with a thickness of 5 mm prevented the formation 

of carbides. Figure 2 shows that the improvement of nucleation 

potential by inoculation favourably affected the morphology of 

graphite flakes. STC 2 contains a smaller proportion of D type 

graphite flakes compared to STC 1. STC 4 contains graphite flakes 

A and B type, not graphite flakes D type as STC 3, which was cast 

from the same melt but without the addition of inoculant. STC 6 

also contains A and B type graphite flakes and a very small 

proportion of D type graphite flakes (significantly smaller than in 

STC 5). 

The wall thickness of 10 mm from STC 1 contains A and B type 

graphite flakes and a smaller proportion of D type graphite flakes 

(Figure 1). Inoculation eliminated D type graphite flakes and 

increased the proportion of A type graphite flakes (STC 2, Figure 

2). The slower solidification of the wall thickness of 10 mm 

compared to the wall thickness of 5 mm resulted in a lower 

undercooling of the melt. This favours the formation of B type 

graphite flakes, but also the formation of A type graphite flakes if 

the undercooling is low and the nucleation potential of the melt is 

favourable. STC 3 and 5 contain A and B type graphite flakes, and a 

smaller proportion of C type graphite flakes, which appear due 

hypereutectic composition of the melt (Figure 1). Inoculation 

increased the proportion of A type graphite flakes and decreased the 

proportion of B type graphite flakes (STC 4 and 6, Figure 2). 

Type A graphite flakes are present in the microstructure of a 20 

mm thick wall from STC 1, 3 and 5 (Figure 1). In addition, the STC 

5 also contains a certain proportion of B type graphite flakes 

(Figure 1). This indicates a favourable nucleation potential and 
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slower solidification. Improving nucleating potential by inoculation 

increased the proportion of A type graphite flakes and eliminated B 

type graphite flakes (Figure 2).  

Figure 1 shows that the wall thickness of 45 mm in all STC 

contains A type graphite flakes and a smaller proportion of C type 

graphite flakes. The slower cooling and sufficiently suitable 

nucleation potential of the melt favoured the formation of A type 

graphite flakes. Inoculation further increased the proportion of A 

type graphite flakes and reduced their size to some extent (Figure 

2).  

Figure 1 shows that the wall thickness of 65 mm in all STC 

contains A and C type graphite flakes. Similar effects as in a 45 mm 

thick wall were achieved by inoculation. 

Comparing the microstructures shown in Figures 1 and 2, it can 

be seen that increasing the wall thickness results in a change in the 

type of graphite flakes - from D and E through B to A type. 

Increasing the wall thickness decreases the cooling rate and the 

undercooling of the melt. This creates favourable conditions for the 

formation of A type graphite flakes, which are also the most 

suitable. In addition, it can be seen that the number of A and C type 

graphite flakes decreases and their size increases with increasing 

wall thickness, which is the result of slower solidification. 

STC 1 and 2 which are casted from the melt produced from the 

charge with 39.4 wt.% of pig iron did not prove superior in terms of 

the morphology of the graphite flakes in comparison to other STC 

that are made from melts without or with very low content of pig 

iron in the charge. It should be taken into consideration that the 

charge for making melt 2 contained the highest proportion of steel 

scrap, but also the highest proportion of SiC. The strong 

preconditioning of the melt with SiC had a beneficial effect on its 

nucleation potential, which ultimately affected the type, size and 

distribution of graphite flakes and carbide formation. 

Figures 3 and 4 show the microstructure of STC in etched 

condition at 100x magnification. 

 

 

Fig. 3 Microstructures of uninoculated STC (etched). 

 

 

Fig. 4 Microstructures of inoculated STC (etched). 

 

Figure 3 shows that in STC 1, 3 and 5 the edge of the wall 

thickness of 5 mm has a pearlitic metal matrix, while in STC 2, 4 

and 6 the metal matrix is ferritic-pearlitic (Figure 4). Pearlite 

content is much higher than ferrite content due to high solidification 

rate. Ferrite is present in areas where D type graphite flakes are 

found. Because they are extremely small and branched flakes, the 

carbon diffusion paths from austenite are significantly shortened. 

This facilitates the reduction of the carbon content in austenite and 

its transformation into ferrite. In addition to the constituents 

mentioned above, carbides and a phosphide eutectic network were 

found in the microstructure. The increased phosphorus content in 

melts resulted in the formation of a phosphide eutectic. 

The middle of the wall thickness of 5 mm in all STC 

(inoculated and uninoculated) has a pearlitic-ferritic metal matrix 

(Figures 3 and 4). As well as on the edge, the pearlite content is 

greater than the ferrite content, which is found around the D type 

graphite flakes. The phosphide eutectic network can be clearly seen 

in all samples. Carbides are not present in the middle of this wall, 

but not in other thicker walls because of slower cooling. 

The metal matrix of the wall thickness of 10 mm in all STC 

contains a high proportion of pearlite (Figures 3 and 4). Ferrite is 

present in a smaller proportion, mainly in areas where small flakes 

of graphite are found (B and D type), and to a lesser extent around 

A type graphite flakes. As in the previous wall, a phosphide 

eutectic, which is located along the grain boundaries, is also present 

in this wall. 

The wall thickness of 20 mm in all STC has a pearlitic-ferritic 

metal matrix with a high content of pearlite (Figures 3 and 4). 

Ferrite is located around graphite flakes. A phosphide eutectic is 

also present in the microstructure. It is surrounded by pearlite, as in 

the previously mentioned walls. 

The 45 and 65 mm thick walls in all STC also have a pearlitic-

ferritic metal matrix and contain a phosphide eutectic (Figures 3 and 

4). The ferrite content is higher than in the previous walls due to the 

slower cooling, which is a result of the greater thickness of the 

walls. 
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4. Conclusion 

Based on the results of research of the influence of different 

charge compositions for melt production, casting wall thickness and 

inoculation on the gray iron microstructure, the following can be 

concluded: 

 the type, size and distribution of graphite flakes in the analysed 

wall thicknesses of 5, 10, 20, 45 and 65 mm did not 

significantly depend on the content of pig iron, steel scrap and 

gray iron return in the charge, 

 preconditioning with SiC improves the nucleation potential of 

the gray iron melt, which is especially evident in the melt made 

from the charge containing a relatively high proportion of steel 

scrap (~ 40 %), 

 solidification rate, i.e. the wall thickness, greatly influences the 

type, size and distribution of graphite flakes, carbide formation 

and the structure of the metal matrix, 

 in thin walls (5 mm), due to the high solidification rate, a large 

undercooling of the melt is produced, which ultimately results 

in the formation of D and E type graphite flakes, 

 with increasing wall thickness (from 10 to 65 mm), i.e. with 

decreasing solidification rate, the conditions for the formation 

of A and B type graphite flakes are created, 

 in thin walls (5 mm), the presence of carbides can be expected, 

especially in the edge region where the solidification rate is 

greatest, 

 with decreasing cooling rate and increasing the proportion of D 

and E type graphite flakes increases the proportion of ferrite in 

the metal matrix of gray iron, 

 inoculation significantly affects the microstructure of gray iron 

because it improves the nucleation potential of the melt, 

 corresponding addition of inoculant reduces or almost 

completely eliminates the formation of carbides in thin walls, 

decreases the proportion of B, D and E type graphite flakes, and 

increases the proportion of A type graphite flakes, 

 phosphorus content > 0.3 wt.% results in the formation of 

phosphide eutectic in wall thicknesses of 5, 10, 20, 45 and 65 

mm. 
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