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Summary 
The production of quality castings requires the casting surface to be clean and free from 

defects. In some grey cast iron components which are cast in sand moulds, the metal 

sometimes penetrates into the mould, producing difficulties in cleaning the components. The 

defect causes very high costs due to component rejection and increased fettling in the casting 

industry. Most of the grey iron foundries around the world have problems with metal 

penetration on applicable components. 

 

In this work the problem of metal penetration has been studied using a commercial casting 

component. Eight castings were mounted on the pattern plate and five different inoculants 

were investigated. The experiments show that the inoculation of grey cast iron will influence 

the metal penetration in areas with late solidification times and where the melt is in contact 

with the sand mould. In all experiments 0.14 % inoculant was added in the pouring ladle. 

 

The experiments show that the best results to reduce metal penetration have been obtained 

when using the inoculant which contained silicon, aluminium and zirconium. Using this 

inoculant, the average penetration area was only about 20 % of what was found using the 

worst inoculant. However, this inoculant also gave rise to a large tendency to formation sinks. 

The experiments also show two main classes of eutectic cell size. One class nucleated at the 

beginning of the eutectic solidification and one at the end of the solidification. 

 

Two other inoculants, both containing Al and Si have about the same base composition. From 

the measurements of penetration areas, one can draw the conclusion that the inoculant with 

the smallest grain size gives nuclei with the shortest lifetime. The coarser grains give a longer 

dissolution time and this promotes the survival of the nuclei. At the end of solidification, a 
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larger amount of graphite will precipitate at higher temperatures if new nuclei can be 

activated. If the hot spot is located close to the metal surface, the metal will expand into the 

mould; resulting in metal expansion penetration. 

 

The worst cases of metal penetration have been obtained using an inoculant containing 

titanium. A large number of small eutectic cells and high volume of the small cells were 

observed, which leads to severe penetration. 
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Introduction 

The production of quality castings requires the casting surface to be clean and free from 

defects. One 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 

Gaindar [1], 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. 

 

During the period of casting solidification there are changes in volume, both within the 

casting and in the mould cavity, which greatly determine the success of the casting process. 

Most metals shrink during cooling in the liquid state and again during the transition from 

liquid to solid state. One exception is grey cast iron, which may increase in volume during 

eutectic solidification due to the formation of graphite, which has a large specific volume 

relative to the solidifying iron. The expanding metal exerts a significant pressure on the 

mould walls. If the mould is rigid, and if the metal cannot be pushed back in to the riser or the 

ingating system because they have solidified, this pressure results in metal penetration. This 

type of penetration was called expansion penetration and was first identified by Levelink and 

Julien [2]. They found that there is a direct dependency between penetration and carbon 

equivalent and that inoculated cast iron is less susceptible to penetration than is uninoculated 

iron. They also demonstrated that increasing the phosphorus level up to 0.2 % dramatically 

reduces penetration. At phosphorus levels in excess of 0.2 %, high shrinkage is to be 

expected. 
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Metal penetration has been discussed by many authors[3-8] and lot of work has been done in 

the foundry to understand how to avoid metal penetration. Most of the grey iron foundries 

around the world have problems with metal penetration on applicable components, and high 

costs are associated with fettling these defects. 

 

 

Material and experimental procedures 
The experiments were carried out at the foundry of ITT Flygt AB with a Seiatsu production 

line. The inoculants were tested using a casting component. The component studied was 

named “Styrklo” and eight castings were mounted on the pattern plate. The geometry is 

shown in figure 1. The weight of each “Styrklo” is 7.8 kg and the total weight is 78 kg. The 

castings were made in green sand moulds with a typical mould hardness of 80 to 85 GF. For 

each of the five inoculants, six flasks were moulded and cast (eight flasks using inoculant A 

and seven flasks using inoculant D). This yields a total 33 flasks, and consequently 264 

castings, thereby providing a sound statistical basis for evaluation of the effect of inoculants 

on the metal expansion penetration. 

 

The metal was melted in a 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 casting temperature was 1410 °C 

with a variation of  ±10 °C. 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 % 3.35  2.06 0.80 0.101 0.071 0.05 0.27 3.8625
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Figure 1. The geometry of the casting components – lower and upper part (numbers given are 

referred to in appendix 1 and later in the text). 

 

The choice of inoculant used in grey cast iron production today is probably one of the most 

important parameters in obtaining good quality castings. In an earlier investigation[9], ten 

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

casting. Five of these inoculants were chosen for the present study. Inoculants A and B (the 

same denomination as in[9]) have about the same base composition but come from different 

suppliers. The chemical compositions are shown in table 2. 

 

Table 2. The chemical composition of the inoculants tested. 

Inoculant % Si % Ca % Al % Zr %Mn % Ba % Sr % Ti 
A 75±3 max 0.10 max 0.50    0.8±0.2   
B 73 0.09 0.48    0.82  
D 62±3 2.25±0.75 1.25±0.25  9.5±2.5 5±1   
E 53±2 1 1.15±0.15     10±1 
H 47±3 3±0.5 1 1.75±0.25     
 

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

the pouring ladle. The amount of inoculant added was 0.14 % for all experiments.  

 

Experimental results 
After blasting, all castings severity were investigated by an ocular inspection and the results 

are given in the appendix. The severity of the metal penetration is measured as a “length * 

width” (in mm2 ) in a penetration area. The metal penetration often occurs in two locations on 

the casting. Those are shown in figure 2 and the locations are called “side” and “beneath” 

respectively. 
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On most of the castings, other types of surface defects had also formed; e.g. scabs and surface 

shrinkage. 

 

The following parameters have been calculated by manual methods in the castings for each 

inoculant: average area of metal  penetration in mm2, percentage of casting having metal 

penetration defects, percentage of casting having surface shrinkage defects in any place, and 

percentage of casting having scab defects. 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. These results are shown in the table 3. 

 

                              

Figure 2. The casting component – “Styrklo”.  The arrows show the areas where surface 
defects usually occur. 
 
Table 3. The average casting defects calculated by manual method. 

Inoculants  
A B D E H 

Metal penetration in mm2 45.30 97.93 86.08 112.23 22.18 
Metal penetration in % 46.03 76.78 59.57 64.58 34.09 
Shrinkage in % 3.17 8.93 12.77 4.16 13.63 
Scabs in % 0.00 8.93 4.25 6.25 0.00 

 

Microstructure analysis and eutectic cell size 

The penetration areas were analysed  metallographically in an optical microscope. 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 

“Beneath” 
 
 
“Sides” 
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the precipitated copper. In figures 3 to 7, 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, inoculant A.            metal penetration area, inoculant B.
    

        
Figure 5. The microstructure close to the          Figure 6. The microstructure close to the 
metal penetration area, inoculant D.           metal penetration area, inoculant E. 
 

 
Figure 7. The microstructure close to the 
metal penetration area, inoculant H. 
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Casting simulation 

When examining the casting it was noticed that component no. 5 (see figure 1) consistently 

showed a larger tendency for surface defect formation (see appendix 1). In order to investigate 

if these defects are related to a different solidification path in component no. 5, a series of 

simulations were performed with the software MAGMAsoft™ using the add on module 

MAGMAiron™ , especially developed for cast iron simulation. A complete mould with 8 

components and associated gating system was modelled in the simulation. In the simulation 

the mould filling sequence as well as the solidification was considered. 

 

In figures 8 to 11 some results from the simulation are shown. The melt position when 50 % 

of the mould was filled is shown in figure 8. It can be noted that all components seem to be 

filled in a rather equal manner, and that no large differences exist between the castings. This 

is  caused by the tapered runner. In figure 9 the temperature distribution is shown when the 

mould is completely filled. The minimum temperature directly after mould filling is seen to 

be about 1328 °C (casting temperature was 1410 °C). 

 

In figure 10 the last areas to solidify are shown when 5 % liquid remains using the x-ray 

option. In figure 11 the location of porosity  is shown and the geometry is clipped in the z-

direction. These areas match perfectly the defect areas found by experiment. 

 

  
 

Figure 8. 3-D temperature result from the           Figure 9. 3-D temperature result from the  

simulation when 50 % of the mould is filled.      simulation when 100 % of the mould is filled. 

 

No. 5 No. 5 
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Figure 10. 3-D fraction liquid result from  Figure 11. 3-D porosity result from the  

the simulation when 5 % liquid in total                simulation showing location of porosities,  

remains, using x-ray option.              the geometry is clipped in z-direction. 

 

       

From the simulation no distinct difference could be observed between casting no. 5 and the 

other castings; neither considering mould filling sequence, nor the solidification path. The 

amount of porosity predicted is more or less identical for all castings. Consequently, it must 

be believed that the problem in casting no. 5 is not related to any difference in filling 

behaviour or heat flux. Therefore, it is likely that some other phenomenon is responsible for 

the severe metal penetration in casting no. 5. One feasible explanation is that the mould 

hardness close to casting no. 5 is lower than in the rest of the mould. There are at least two 

effects from a lower mould hardness. The first; and probably most important one, is that the 

volume changes differs when the mould is heated up. Secondly, the heat capacity will be 

lower, which will affect the heat flow away from the casting. This altogether could have an 

effect on the metal penetration tendency; an effect which we today not are able to predict by 

the simulation. 

 

 

Discussion 

The choice of inoculant used in grey cast iron production today is probably one of the most 

important parameters in obtaining good quality castings. Five different inoculants have been 

tested on a commercial casting component. From the microstructure in figures 3 to 7 it is 

evident that there is a large variation in cell sizes depending on the choice of inoculant. The 

variation in eutectic cell size and its distribution, have significant coupling to the variation in 

No. 5 No. 5 
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metal penetration. The castings show three different types of surface defects; namely, scabs, 

sinks and metal expansion penetration. The sinks and the metal expansion penetration have 

some relationship but they are not directly connected to each other. 

 

Sinks are formed due to the shrinkage of the metal during solidification, when this shrinkage 

cannot be compensated by feed metal. Sinks can be formed any top surface situated close to a 

hot spot. Depending on the casting geometry, and in particular the solidification morphology 

in this area, an internal shrinkage porosity or a sink (surface sinking) can be formed. At 

solidification, primarily a dendritic network grows, and for the alloy investigated, the 

simulation with MAGMAiron showed that about 25-30 % primary austenite formed. If the 

ingates freeze off, this solidification shrinkage cannot be compensated by feed metal from the 

gating system, and the area containing the residual liquid will shrink. The moulding material 

gives a certain volume change when heated up, and depending on the heating rate and mould 

hardness, this will either result in a need for extra metal or an excess of metal. 

 

For cast irons, the metal will expand during the 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 porosities formed may decrease in size or possibly even 

disappear depending on the gas content. From the current simulation one can localise areas in 

which porosities or expansion defects may form. However, today it is not possible to predict 

which one of these defects will be found in the casting. For this to be possible, it is necessary 

to model the exact volumes of the phases precipitated, taking into account the effects of 

alloying elements, from which it can be predicted if the metal expands or shrinks. 

 

The results in an earlier investigation[9], 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 late graphite 

precipitation which compensates the shrinkage of the melt when lowering the temperature.  

 

The experiments show that the best results regarding reduced metal penetration have been 

obtained when using the inoculant which contains silicon, aluminium and zirconium. For this 

inoculant, the average penetration area was only about 20 % of what was found using the 

worst inoculant. However, this inoculant also gave rise to a large tendency to form sinks. 
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Two other inoculants, containing Al and Si have about the same base composition. From the 

measurements of penetration areas, one can draw the conclusion that the inoculant with the 

smallest grain size gives nuclei with the shortest lifetime. The coarser grains give a longer 

dissolution time and this promotes the survival of the nuclei. At the end of solidification, a 

larger amount of graphite will precipitate at higher temperatures if new nuclei can be 

activated. If the hot spot is located close to the metal surface, the metal will expand into the 

mould; resulting in metal expansion penetration. 

 

The worst cases of metal penetration have been obtained using an inoculant containing Ti. A 

large number of small eutectic cells and high volume of the small cells were observed, which 

lead to large penetrations.  

 

The surface defect called “scab” results primarily from other causes (mostly mould filling 

sequence and geometry) and this is independent of inoculant. The experiments show no 

correlation between inoculant used and tendency for scab formation. 

 

 

Conclusions 

The experiments show that the inoculation of grey cast iron will influence the metal 

penetration in areas with late solidification times and where the melt is in contact with the 

sand mould. 

 

The experiments show that the best results regarding reduced metal penetration have been 

obtained when using the inoculant which contains silicon, aluminium and zirconium. For this 

inoculant, the average penetration area was only about 20 % of what was found using the 

worst inoculant. However, this inoculant gave rise to a large tendency to form sinks. 

 

The worst cases of metal penetration have been obtained using an inoculant containing Ti. A 

large number of small eutectic cells and high volume of the small cells were observed, which 

lead to large penetrations.  
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Appendix. Results from the ocular inspection of the castings. 
 
Table A. Metal penetration results. The numbers shown represents the degree of metal 
penetration, and are calculated as an average from all moulds (from 6 to 8 moulds) for each 
casting number and inoculant. The 2 numbers given represent length and width respectively in 
mm (length/width). 

Inoculant Casting 
no. 

Defects 
A B D E H 

Sides - 4.8/2.3 0.8/0.8 1.7/1.0 - 1 Penetration 
(mm) Beneath 6.7/4.1 12.3/5.6 5.0/2.5 7.8/3.3 7.5/2.2 

Sides 1.2/0.6 7.4/4.3 - 1.6/0.8 - 2 Penetration 
(mm) Beneath 3.7/3.0 9.6/5.3 13.3/6.6 9.3/4.3 3.3/1.5 

Sides - 2.4/1.6 - 0.8/0.8 0.8/0.8 3 Penetration 
(mm) Beneath 4.8/4.1 9.0/5.6 13.6/7.5 2.8/1.8 - 

Sides - - 0.8/0.8 - - 4 Penetration 
(mm) Beneath 5.1/3.4 13.7/9.0 14.1/9.0 12.6/4.6 3.3/1.3 

Sides - 2.9/1.4 0.8/0.8 - 0.8/0.8 5 Penetration 
(mm) Beneath 11.6/6.4 19.0/10.0 17.3/10.0 25.5/9.2 8.5/4.7 

Sides - 1.4/1.4 - 1.8/1.0 - 6 Penetration 
(mm) Beneath 6.7/3.8 10.2/6.3 - 14.7/6.0 3.3/1.8 

Sides - 2.3/2.1 - - - 7 Penetration 
(mm) Beneath 1.2/1.2 2.9/1.4 3.5/2.5 12.2/5.5 3.0/0.7 

Sides 1.9/1.9 1.4/0.7 - - - 8 Penetration 
(mm) Beneath - 2.9/1.1 6.5/5.0 13.3/4.7 1.0/0.8 

 
 
Table B. Sink defects. The table shows the total number of castings from all moulds, having 
sink defect for each component and inoculant. 

Inoculant Casting 
no. 

Defects 
A B D E H 

Sides - - - - 1 1 Sink 
Beneath 1 - - - - 
Sides - - - - - 2 Sink 
Beneath - - - - - 
Sides - - - - - 3 Sink 
Beneath 1 - - - - 
Sides - 1 - - - 4 Sink 
Beneath - - - - - 
Sides - 2 3 - 4 5 Sink 
Beneath - 2 1 2 1 
Sides - - - - - 6 Sink 
Beneath - - - - - 
Sides - - - - - 7 Sink 
Beneath - - - - - 
Sides - - 2 - - 8 Sink 
Beneath - - - - - 

 
 


