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Summary 
The composition of the inoculant, containing different elements, as well as inoculant amount 

have been shown to play an important role in solidification of cast iron. Three different 

inoculant amounts and different pouring temperatures were used on a commercial casting. 

From the results of the ocular inspection of the castings, the eutectic cell size and distribution 

measurements, it can be concluded that nucleation of the eutectic cells plays an important role 

in formation of the expansion penetration. The castings show two different types of surface 

defects; namely, bulb and metal expansion penetration. The mechanisms of bulb and 

formation metal expansion penetration seems to be related. 

 

The influence of the melt casting temperatures showed the following results; by using a lower 

temperature the degree of metal penetration was reduced but the bulb formation is unchanged. 

This is applies to experiments using 0.15 % and 0.30 % inoculant. 

 

The amount of inoculant added shows a clear effect on the degree of metal penetration. The 

expansion penetration disappeared at 0.05 % addition at the two highest pouring temperatures 

although at the lowest temperature some penetration did occur. The low temperature did not 

show any tendency to form white solidification in this casting components. 

 

The pouring temperature seems to have a large influence in combination with high additions 

of inoculants. A low pouring temperature seems to increase the formation of bulbs caused by 

excess material at solidification. 
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The mechanism of bulb formation is proposed to depend on formation of a thin solidified 

layer when the metal has filled the mould. The shell is thin, and a later expansion of the metal, 

during solidification pushes the shell outward and forms a bulb, instead of bursting and metal 

penetration of the sand mould. 

 

 

Key words: Grey cast iron, metal expansion penetration, inoculant, inoculation, casting 

temperature. 

 

 

 

 

Introduction 

It is well known that the characteristics of grey cast iron can be markedly affected by 

inoculation prior to solidification. The inoculant, containing different elements, as well as the 

inoculant amount, could play an important role in the solidification process. Inoculation of 

grey cast iron is done primarily to nucleate graphite, to obtain a graphitic eutectic structure 

free from white solidification, or other defects. One important type of defect is caused by 

metal penetration into the sand mould. The general definition for metal penetration, accepted 

by the foundry industry, as proposed by Draper and Gaindar1, is the condition in which liquid 

metal has entered the intergranular space of the moulding material, up to and beyond the first 

layer of sand grains. 

 

The metal penetration during solidification of cast iron occurs for a certain group of castings, 

where the late solidifying melt is in contact with the sand. The cost of the problem is huge for 

the whole world in the casting shop, but this problem also causes bad working conditions. 

One common solution of the problem is to change the design of the casting. In earlier papers2-

3 it has been shown that inoculation can remove the problem. Two factors which influence the 

degree of penetration are the amount of inoculant and the pouring temperature. The 

experiments reported in this paper are a continuation of the earlier experiments2-3 on the 

component “Styrklo”. 
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Materials and experimental procedures 
The experiments were carried out at the foundry of ITT Flygt AB with a Seiatsu production 

line. The inoculants were tested by using a commercial casting component. The casting 

component studied was a “Styrklo” (the same component is used in an earlier investigation3) 

and eight castings were mounted on the pattern plate. The geometry is shown in figure 1. The 

weight of each component is 7.8 kg and the total weight is 78 kg. The castings were made in 

green sand moulding with a sand analysis; 6.5% bentonite, 3.5 % coal, 2.8 % water content 

and permeability of 110-120. The mould hardness was measured in the two critical places3, 

where metal penetration often occurs (see figure 1). The mould hardness close to the casting 

no. 5 was 50 to 70 GF and at other places 80 to 85 GF. 

 

 
Figure 1. The geometry of the casting components – lower and upper part. The arrows show 

the areas where mould hardness are measured. Numbers in the left-hand diagram identify the 

castings. 

 

The melting was done in high frequency furnaces with a charge composition of 40 % recycled 

metal, 20 % pig iron and 40 % steel. After melting, the melt is transported to a 35 ton holding 

furnace having a temperature of about 1465 °C. From the holding furnace the metal is 

transported in a 1 ton pouring ladle to a production line. The chemical composition of the 

base melt is shown in  table 1. 
  

Table 1. Composition of the base melt. Cequ = % C + % Si / 4. 

Element C Si Mn P S Cr Cu Cequ 

Wt % 3.30  1.97 0.80 0.101 0.085 0.05 0.31 3.7925
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The choice of inoculant used in grey cast iron production today is probably one of the most 

important parameters in obtaining the good quality castings. In an earlier investigation2, ten 

different inoculants were tested and studied by quick cup casting as well as in a commercial 

casting. Five of these inoculants were chosen and tested3 using a commercial casting 

component. One of these inoculants was chosen for this study; inoculant H, containing Al and 

Zr (the same denomination as in2-3), which gave the best results regarding the metal 

penetration3. The chemical composition is shown in table 2. 

 

Table 2. The chemical composition of the inoculant tested. 

Inoculant % Si % Ca % Al % Zr Particle size in mm 

H 47±3 3±0.5 1 1.75±0.25 0.4-3.0 

 

The inoculation was made in the stream when pouring the melt from the holding furnace to 

the pouring ladle. The amounts of inoculant added were 0.05 %, 0.15 % and 0.30 %. For each 

of the three different amounts of inoculant, four flasks were moulded and, cast except one 

experiment with three flasks using 0.05 % of the inoculant and a casting temperature of 1440 

°C. The desired casting temperature was achieved by cooling the melt in the pouring ladle. 

The casting temperatures and denomination for each flask are shown in table 3. This yields a 

total 35 flasks, and consequently 280 castings, thereby providing a sound statistical basis for 

evaluation of the effect of inoculant amount and casting temperatures on the metal expansion 

penetration. 

 

 

Table 3. The casting temperatures and denomination for the flasks. 

Pouring  

ladle no. 

Inoculant 

amount in % 

Casting temperatures 

Flask domination  

1 0.05 1440°C 

A; 1, 2, 3 

1410°C 

B; 4, 5, 6, 7 

1390°C 

C; 8, 9, 10, 11 

2 0.15 1420°C 

D; 1, 2, 3, 4 

1390°C 

E; 5, 6, 7, 8 

1370°C 

H; 9, 10, 11, 12 

3 0.30 1420°C 

I; 1, 2, 3, 4 

1400°C 

K; 5, 6, 7, 8 

1370°C 

M; 9, 10, 11, 12 

 



   5  
 

Experimental results 
After blasting, all castings were investigated by an ocular inspection. The metal penetration 

severity is measured as “length * width” (in mm2 ) in a penetration area. The metal 

penetration often occurs at two places on the casting. Those are shown in figure 2 and the 

places are called “side” and “beneath” respectively. 

 

                      
Figure 2. The casting detail – “Styrklo”. The arrows show the areas where surface defects 

usually occurs.  

 

On most of the castings, another type of surface defect had been formed; e.g. a bulb. The bulb 

is shown in figure 2. The bulb often occurs in the same places as metal penetration. The 

surface of the bulbs are smooth as the casting but gives a little excess material on the surface.  

 

The following parameters have been calculated by manual methods on the castings using 

different amounts of inoculant and different casting temperatures: average area of metal  

penetration in mm2, percentage of casting having metal penetration defects, average area of 

bulb in mm2 and percentage of casting having bulb defects in any place. The average area of 

metal penetration in mm2 is calculated as the total area of the metal penetration defects in the 

two critical places divided by the total number of castings examined. The experiments also 

shows no surface shrinkage defects. These results are summarised in table 4. 

 

 

 

 

”Side”  
(bulb)               ”Beneath” 
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Table 4. The results of casting defects in the experiments.   

The amount of inoculant and casting temperature 

0.05 % 0.15 % 0.30 % 

 

Casting 

defects 1440°C

A 

1410°C 

B 

1390°C

C 

1420°C

D 

1390°C

E 

1370°C

H 

1420°C 

I 

1400°C 

K 

1370°C 

M 

Metal penetra- 

tion (mm2) 

0 0 0.81 23.16 5.50 1.16 81.12 4.40 0 

Metal penetra- 

tion (%) 

0 0 3.25 34.37 10.00 3.22 75.00 6.67 0 

Bulb  

(mm2) 

0 0 9.84 9.06 12.50 8.06 6.25 22.50 11.72 

Bulb  

(%) 

0 0 35.48 31.25 46.66 32.26 25.00 66.67 40.62 

Shrinkage  

(%) 

0 0 0 0 0 0 0 0 0 

 

Analysis of the microstructure metallographically and eutectic cell size 

The penetration areas were analysed in an optical microscope. The etching was performed in 

“Steads etching solution” (10 g copper chloride, 40 g magnesium chloride, 20 ml 

hydrochloric acid and 1000 ml 95 % ethyl alcohol). The etching time was 5 min at room 

temperature. After etching, the samples were rinsed in ammonium hydroxide to remove the 

precipitated copper. In figures 3 to 11, micrographs are shown of the microstructure and 

eutectic cell size close to the metal penetration area. 

 

      
Figure 3. The microstructure close to the           Figure 4. The microstructure close to the 

metal penetration area, flask A.            metal penetration area, flask B. 

           0.5 mm            0.5 mm
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Figure 5. The microstructure close to the           Figure 6. The microstructure close to the 

metal penetration area, flask C.            metal penetration area, flask D. 

 

      
Figure 7. The microstructure close to the           Figure 8. The microstructure close to the 

metal penetration area, flask E.            metal penetration area, flask H. 

 

      
Figure 9. The microstructure close to the           Figure 10. The microstructure close to the 

metal penetration area, flask I.            metal penetration area, flask K. 

 

           0.5 mm            0.5 mm

           0.5 mm            0.5 mm

           0.5 mm            0.5 mm
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Figure 11. The microstructure close to the            

metal penetration area, flask M.             

 

 

Discussion 

The composition of the inoculant, containing different elements, as well as inoculant amount 

have been shown to play an important role in solidification of cast iron. Three different 

inoculant amounts and different pouring temperatures were used on a commercial casting. 

From the results of the ocular inspection of the components, the eutectic cell size and 

distribution measurements, it can be concluded that nucleation of the eutectic cells plays an 

important role in the formation of expansion penetration. The castings show two different 

types of surface defects; namely, bulb and metal expansion penetration. The bulb formation 

and metal expansion penetration seem to be related. 

 

For cast irons, the metal will expand during eutectic solidification due the graphite expansion. 

This creates an internal pressure in the liquid, which may cause a movement of the mould 

wall, at the same time as some earlier porosities formed may decrease in size or possibly even 

disappear depending on the gas content. The results of earlier investigations,2-3 show that a 

potent inoculant gives nucleation at the beginning of the eutectic solidification, and as the 

cooling rate increases after the recalescence temperature is reached, new eutectic cells are 

formed which start to grow. This increased number of cells, seen as small cells between the 

larger eutectic cells, gives a larger solidifiying surface and graphite precipitation 

overcompensates for the shrinkage of the melt.  

 

 

           0.5 mm
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The inoculant investigated contain silicon, aluminium and zirconium. The experiments did 

not  show any surface sink defects. In an earlier investigation3 the same inoculant amount of 

0.15 % gave rise to a large tendency to sink formation. 

 

The influence of the casting temperatures showed the following results; by using a lower 

temperature the metal penetration was reduced but the bulb formation is unchanged. This is 

applies to experiments using 0.15 % and 0.30 % inoculant. 

 

The influence the amount of inoculant showed on the metal penetration indicate a clear 

dependence. The expansion penetration disappeared at 0.05 % addition at the two highest 

pouring temperature although at the lowest temperature some penetration did occur. The low 

temperature did not show any tendency to form white solidification 

 

The pouring temperature seems to have a large influence in combination with high additions 

of inoculant. A low pouring temperature seems to increase the formation of bulbs caused by 

excess material at solidification. 

 

Considering both penetration and bulb formation, these are believed to have the same origin. 

The experiments with the two higher amounts of inoculant shows that the metal expansion 

will decrease with lowering the pouring temperature. 

 

The mechanism of bulb formation is proposed to depend on formation of a thin solidified 

layer when the metal has filled the mould. This shell is thin, and a later expansion of the 

metal, during solidification pushes the shell outward and forms a bulb, instead of bursting and 

metal penetration of the sand mould. 

 

 

Conclusions 

The best inoculant found in an earlier experiment series, containing silicon, aluminium and 

zirconium was selected. Experiments were made with different amounts of inoculants, on a 

casting which has had severe penetration problems. A clear coupling between a low amount 

of inoculant and castings free from penetration can be observed. In the commercial casting, 

too much inoculant and sub-optimal composition has been used. A tendency of adding extra 
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inoculant as a security cannot be recommended. At inoculation additions of 0.15 % and 0.30 

%, the penetration decreased with reduced the pouring temperature. From the microstructure 

analysis it is clear that the penetration is associated with a mixture of large and small eutectic 

cells. 

 

The best results were obtained using low inoculant additions of 0.05 %, using pouring 

temperature above 1390 °C. No penetrations, bulb formations or shrinkage could be found on 

the castings. 
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