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Abstract 

In this article, the formation of abrasion pores during the transition of metals from a liquid 

state to a solid state, and the effect of their formation on the quality of the casting is studied. 

Shrinkage pores, when the metal goes into a liquid state, there are several analyzes of the 

formation of shrinkage pores due to the fact that the volume of the metal in the liquid state is 

larger than the volume of the metal in the solid state, and it shrinks again during the cooling 

process. 

 

Keywords: steel, alloy, porosity, liquid metal, furnace, liquation, shrinkage, ProCAST 

program. 
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INTRODUCTION  

During the transition of steel from a liquid state to a solid state, it is combined due to a 

decrease in volume due to an increase in density with a decrease in temperature. This volume 

reduction can be compensated by filling with liquid steel. If the fill is sufficient, porosity will 

not occur. At the end of solidification of the liquid metal, the resistance to flow increases, 

which leads to a decrease in high pressure and therefore to the formation of shrinkage pores. 

The purpose of this research paper is to compare experimental studies on shrinkage porosity 

with numerical results. Therefore, samples with different geometries were cast and cut along 

the longitudinal axis of the sample to determine the shrinkage porosity. Numerical simulation 

of castings was carried out using ProCAST software. Various porosity criteria and their 

corresponding porosity models have been used to predict the formation of shrinkage porosity 

in castings. Comparisons are made between various numerical and experimental results. 

 

Materials and methods 

Theoretical foundations of the formation of pores 

The formation of porosity can be divided into two main categories: gas porosity and 

shrinkage porosity. The mechanism of formation and the shape of the porosity of both types 

of porosity showed significant differences. 

Examination of gas porosity showed that the shape of this type of porosity is mostly spherical 

or sometimes elliptical. The formation of gas porosity is based on the decrease in saturation 

temperature for important gases [H], [N] and [O] (formation of CO) in liquid steel, which is 

illustrated in Figure 1. It also draws heat out of the mold along with the gas, which in turn 

lowers the temperature of the liquid steel and causes the enrichment of gaseous elements 

between the former or dendrite formations. The reason for the formation of gas porosity is 

related to the gas exceeding the saturation point. The spherical shape of this type of porosity 

is assumed to occur in the liquid state of formation or in the initial stage of solidification. 

Finally, it should be noted that the formation of gas porosity is not homogeneous, because 

the internal pore pressure is very high. Therefore, heterogeneous nucleation is preferred and 

therefore inclusions or uneven surfaces have been used as nucleation sites [1], [2], [3]. 

 
Figure 1. Schematic representation of gas concentration Wl

g increasing in the 

unhardened region based on gas microsegregation and decrease of solubility limit 

Wl*
g (T, pl) [4], [5]. 
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Figure 2. Schematic representation of fluid pressure drop in the unhardened region 

based on solidification shrinkage [6], [7]. 

 

Result and analysis 

Unlike gas pores, shrinkage pores are highly tortuous in shape and are dendritic hardening 

alloys bounded by primary dendrites and dendrite arms. Shrinkage porosity occurs at the end 

of the solidification interval and therefore this type of shape is fixed by the remaining space 

between the dendrites. The shrinkage effect of the steel due to the decrease in temperature 

can be compensated by filling the liquid steel in the not yet fully solidified zone. This can be 

a problem for a wide range of underhardened zones, as the fluid flow of the liquid steel must 

be sufficient to reach the root of the dendrite. In the under – solidified zone, the restriction of 

fluid flow leads to a pressure drop, as shown in Fig. 2. Inadequate development of 

interdendritic flow reduces the pressure to a certain limit, which leads to the formation of 

shrinkage pores due to insufficient filling. Thus, the formation of this type of porosity can 

occur at the end of the solidification interval and, furthermore, the shape can occur in the 

remaining cavity of the dendrites. Finally, a 2D metallographic image shows only a small 

part of this type of porosity (around a few tens of micrometers in size) because it is usually 

intricately interconnected and only a 3D image can capture the full extent [8], [9] ], [10]. 

 

Analysis of shrinkage porosity formation 

By now, there are many ways to predict the occurrence of shrinkage porosity. These methods 

range from very simple methods that use only material properties or solidification parameters 

to very complex methods that are essentially self – programmed and attempt to explain the 

formation. Niyama’s criterion and ProCAST’s porosity algorithm were used in this work to 

calculate shrinkage porosity for casting. These methods are described in detail below. 

 

Porosity criterion 

[11] established a criterion for determining the appearance of shrinkage pores by Niyama et 

al. Therefore, they considered various easily calculated porosity criteria and compared these 

values with experimental results. As a result, a porosity criterion, now widely used and 

known as the Niyama criterion, was studied. The criterion can be calculated by the following 

equation (1). 
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T

=  (1) 

where G – is the thermal gradient and T – is the cooling rate. For steel, the critical value is 

around 1.0 [(K min)0.5/cm]. A Niyama value lower than this critical value resulted in the 

formation of shrinkage porosity. The advantage of this criterion is the independence of the 

casting geometry. However, the critical value depends on the respective casting material and 

must be determined for each casting material [12], [13], [14], [15]. 

The Niyama criterion was further developed by Carlson et al. [16]. The purpose of this 

refinement was to estimate not only the state of shrinkage porosity within the cast, but also 

the amount of pore volume. The extended Niyama criterion is also called the dimensionless 

Niyama criterion and can be calculated according to Equation (2). 

2 2*
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l fl f
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Ny Ny I g
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where λ2 – secondary dendrite arm space, ΔPcr – critical pressure drop; µl – dynamic viscosity 

of liquid; β = (ρh – ρl)/ρl – reduction in hardening; ΔTf = Tliquid – Tsolid cooling range and I(gl, 

cr) is integral, and depends on the solid – temperature curve. For simple curves, the integral 

can be calculated analytically by equation (3). 

,
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where Ɵ = (T – Tsolid)/ΔTf – dimensionless temperature. More details on the dimensionless 

Niyama criterion can be found in [17]. Carlson et al use the dimensionless Niyama criterion 

to understand the formation of shrinkage porosity for aluminum alloy, magnesium alloy and 

steel. Additional verification was performed using steel casting experience. 

 

ProCAST’s porosity model 

ESI Group implemented a shrinkage porosity prediction model in ProCAST. Two important 

parameters are needed to calculate porosity. The first parameter is MacroFs, which 

corresponds to the solid fraction and defines the starting point for the porosity calculation. 

The second parameter is called FeedLen and can be viewed as the interdendritic fill length. 

Porosity calculations were performed for areas with a solids fraction between MacroFs and 

1. There are two possible situations for these regions: 

1. In the liquid metal – filled unsolidified zone, there are regions with a solid fraction lower 

than MacroFs. In this case, the distance between the solidus temperature isotherm and the 

MacroFs isotherm was calculated. The distance between these isotherms must be greater than 

FeedLen for porosity to occur. Therefore, a higher temperature gradient led to a smaller 

distance and vice versa, schematically shown in Figure 3. In region A, the temperature 

gradient is low and therefore the distance between the two isotherms is greater than FeedLen. 

Porosity has formed in this area. In zone B, the distance is smaller because the gradient is 

much higher and as a result no porosity is formed [18]. 
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2. The solid fraction of all elements in the liquid metal – filled unsolidified zone is greater 

than or equal to MakroF. The contraction that occurs between the macroF and the solidus 

temperature is compensated by the formation of porosity throughout the region [19]. 

 

 
Figure 3. Schematic representation of internal shrinkage porosity calculation from 

ProCAST [20]. 

 

Development of experimental pouring tests 

Casting tests were carried out in the melting shop at the “Foundry Shop”. Thus, the mold 

geometries were varied to determine whether they had an effect on porosity formation. 

 

Discussion 

A filler allowance is placed at the top of the casting to influence the solidification behavior 

in this region. It should also be noted that the mold is not completely filled with liquid steel. 

The liquid steel should be approximately 30 mm below the top edge of the mold. So the 

dimensions of the casting are 100mm x 100mm x 370mm and the weight is around 27 kg. 

For better separation, the inner surface of the mold is coated with release agents. The mold 

is set in sand for better stability. Three experimental tests were conducted with variable taper 

angles varying from 0° to 5° and 10° for a thin-walled mold wall only. The wider mold side 

is parallel, and the mold is not preheated before casting. At the end of the casting experiment, 

the upper part of the sample is covered with insulating powder. The steel is cast into a mold 

using the overhead casting method. 

The formation of shrinkage pores depends on the material. A material with a wide liquid 

metal under-solidification zone tends to form porosity as a material with a narrow under – 

solidification zone. Thus, high – carbon steel was used as the casting material. The 

composition of cast steel is shown in Table 1. General structural steel was used for the 

formwork. 

Table 1 Cast steel composition 

 C, % Si, % Mn, % Al, % 

Cast material 0.85 0.30 1.00 0.04 
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An important part of metallographic investigations is the determination of shrinkage porosity. 

For this purpose, a 10 mm piece was cut from the center of the casting. A macroscopic image 

was taken to identify the porosity in the center of the ingot. 

The primary structure of cast samples with a mold taper of 0°, 5° and 10° is shown in Fig. 4. 

Shrinkage pores are highlighted in green in this image. 

 

 
Figure 4. Experimental results of cast samples (a: 0° taper; b: 5° taper; c: 10° taper). 

 

Conclusion 

On the left is a cast without a taper. As can be seen from the figure, a shrinkage cavity appears 

in the center of the casting and the casting height extends from 11 cm to 20 cm. A small hole 

of 17 cm is determined for a 5° taper casting. A 10° taper casting was obtained without 

shrinkage porosity. It is also clear to see how the tube geometry changes with the die taper. 

Compared to a non – conical casting, the pipe has formed a very deep hole. However, this 

has changed to a flatter and wider tube with a higher angle of the die. 
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