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CHAPTER 1 

LITERATURE SURVEY  

This chapter presents general knowledge about solidification, microstructure and shrinkage 

formation in different cast irons with higher focus on compacted graphite iron. 

 

1.1 GRAPHITE MORPHOLOGY AND CHARACTERIZATION IN CAST IRONS 

Cast iron identifies enormous group of ferrous alloys solidifying with a eutectic and typically 

contains 2 to 4% carbon and relatively high silicon content and higher impurities compared to 

steels. Other alloying elements like phosphorous, manganese, sulphur, copper, chromium and 

magnesium are of importance for final properties of casting. 

Figure 1 shows Iron-Carbon phase diagram sketched by Themo-Calc software. 

 

During solidification existing carbon mostly precipitates in the form of graphite or cementite and 

due to different treatments graphite has the possibility to have various shapes which leads in 

totally different properties in cast irons. 

Graphite solidified according to the equilibrium system in cast iron is usually divided into three 

major morphologies; flake, compacted and nodular. The factor controlling the shape of graphite is 

the dominant growth direction of graphite crystal. 

Crystallographic structure of graphite with two possible growth directions is shown in figure 2. 

Fig.1 A binary Fe-C Phase Diagram 
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Dominant growth direction of graphite with flake shape is along a-axis, while nodular shaped 

graphite usually grows along the c-axis. The compacted or vermicular shaped graphite grows in a 

more complex way and does not have one preferred growth direction.  

There are several ways for classification of graphite particles. In one classification the aspect ratio 

of the graphite particles is used for determination of graphite particle shapes.1 

A 1:1 ratio corresponds to nodular graphite; a ratio between 1:2 and 1:10 represents compacted 

graphite iron and a ratio above 1:11 corresponds to lamellar graphite. One common way for this 

classification is done according ISO standard 945-1:2008 which is based on comparative visual 

analysis. Six degrees of compactness is defined for graphite where form I corresponds to straight 

lamellar graphite and form VI to nodular graphite. An ISO for classification of compacted graphite 

cast irons named ISO 16112:2006 2; was formed from ISO 945. 

According to ISO standard2 all graphite particles larger than 10 µm are classified by roundness 

shape factor (RSF) which is presented by figure 3 and equation 1. 

 

 

Roundness = 
 

  
 = 

      

       
      Equation 1 

lm is the maximum length of the graphite particle, Am represents area of circle of diameter 

equivalent to the maximum axis length of the graphite particle and A stands for area of graphite 

particle. 

Fig.2: Hexagonal crystallographic structure of graphite. 

 

Fig.3. Roundness definition 2 
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The values for each form are summarized in Table 1. 

Table1. Classification of graphite particles in CGI materials according to ISO 16112:2006 

Roundness-shape factor Graphite form 

0.625 to 1 Nodular(ISO form VI) 

0.525 to 0.625 Intermediate (ISO form V and IV) 

<0.525 Compacted (ISO form III) 

 

Flake graphite and graphite particles with maximum axis length less than 10 µm are not included 

in the analysis. 

Another classification method for CGI is based on nodularity percentage, formulated in Equation 2. 

Percent nodularity in case of compacted graphite iron has to be less than 20%. 

Percent Nodularity = 
                                 

               
 .100  Equation 2 

A nodules and A Intermediates are respectively the area of particles classified according to Table 1 and A 

all particles is the combined area of all particles larger than 10 µm.2 

 

1.2 SOLIDIFICATION MECHANISM AND MICROSTRUCTURE FORMATION IN CAST IRONS 

Number of different explanations about the nature of the solidification process of cast irons has 

been proposed. It has been tried to explain the most common ones.  

1.2.1 Solidification of CGI 

For hypo-eutectic CGI, solidification starts with precipitation of primary austenite right below the 

liquidus temperature. Hypo-eutectic CGI has limited austenite precipitation and after short time 

eutectic transformation takes place. 

Regarding low carbon solubility in austenite, carbon is rejected into the liquid. Carbon content 

would be increased up to the level required for graphite-austenite eutectic transformation. 3 

Compacted graphite in CGI develops in a series of stages. Spheroidal graphite forms during 

proeutectic solidification while still there is sufficient denodulizer present in the melt and graphite 

nodules are fully in contact with the melt at early stages. 

During eutectic solidification graphite particles start to degenerate from nodular to vermicular 

form. The austenite phase is formed around the vermicular particles but still the graphite tips are 

in direct contact with the melt. 

At later stages of solidification, vermicular graphite is almost entirely enveloped by the austenite 

phase but because of segregation of certain element such as Ti, Al, Sb, Sn and Bi in melt, thin 

liquid metal channels form connecting the growing tip of graphite to the liquid phase. 4, 5, 6 
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At the final stages of solidification vermicular graphite is entirely, enclosed by austenite and 

graphite grows within the austenite and then the rounded ends of vermicular graphite are 

formed.5 

Graphite shape is mainly determined by cooling rate and the certain alloying elements. 7, 8 

Depending on graphite growth direction, different graphite morphologies form in cast irons which 

lead to totally different properties. 

Graphite flakes in LGI develops with contact to the melt during the whole solidification and the 

dominant graphite growth for that is along A-axis of the hexagonal crystal structure while graphite 

in SGI conversely grows along C-axis. 9, 10 

Since CGI contains intermediate graphite shape, the growth behavior of graphite is also in 

between LGI and SGI. Therefore growth direction changes constantly while the transformation 

takes place; thus, graphite grows both in A, and C directions. 7, 9, 11, 12 

Carbon atoms generally without interference tend to be absorbed to the prism face of the 

graphite crystal but growth direction will change due to crystal defects and screw dislocations. 

One way to manipulate the graphite growth direction is addition of specific elements such as Mg 

and rare earth metals (RE). These elements are in charge of removing certain impurities such as S, 

O, P and N from the melt.6, 7, 11, 13, 14 

The impurities are absorbed to the prism face of the graphite lattice and in this way they change 

the preferred growth direction from C to A-axis. 7, 14, 15 

Oxygen is one of the most surface active elements which will be absorbed to the prism face of 

graphite crystal and suppress graphite growth in A-direction and in nodular graphite iron oxygen is 

fully removed during production process which significantly affects the graphite growth direction 

along C-axis. 

Manipulating to control the very narrow range of additional elements in CGI production is a very 

challenging problem in its process control. 

It has been proposed that initially when the vermicular graphite is in contact with the melt, carbon 

addition results in graphite growth along a-axis and later as the graphite is surrounded and 

encased by austenite, growth direction will change and growth will continue along c-axis therefore 

austenite as a leading phase has a great impact on graphite growth in CGI. 5 

As mentioned, solidification rate is another significant factor controlling graphite morphology of 

cast irons. 

At high solidification rate possibility of growth of nodules is increased in CGI, mostly at thin 

sections of casting. 

On the other hand, too high cooling rate results in carbide formation since solidification takes 

place according to the metastable phase diagram. 16 
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1.2.1.1 Solid State Transformation of CGI 

For binary Fe-C alloy two solid state transformations take place under equilibrium condition. 

At 738°C Austenite transforms to ferrite and graphite and as it cools down at 727°C austenite is 

transformed to pearlite. 

Final pearlite and ferrite fraction depend on cooling condition and alloying elements. Austenite 

transformation into ferrite and graphite takes place by diffusion of carbon atoms of austenite into 

graphite. 

At the initial stage, carbon diffusion has relatively high speed according to proper austenite-

graphite contact. As the transformation proceeds, graphite surface will be covered by ferrite thus 

diffusion of carbon atoms takes place with a lower rate since it has to diffuse through the ferritic 

layer. 17 

However ferrite growth rate also depends on carbon diffusion behavior and its absorption to 

graphite. 

CGI has intermediate behavior between SGI and LGI and the growth direction changes between A-

axis and C-axis therefore its tendency to have ferritic matrix is also in between. 7, 9, 11, 12 

Ferrite growth depending on long-range diffusion is relatively slow compared to pearlite which is 

short-range diffusion dependent. 

Therefore pearlite growth is faster than ferrite and from the time pearlite is nucleated, rest of the 

austenite will transform to pearlite. 

Hence as ferrite formation needs more time the cooling rate should be manipulated in order to 

provide enough ferrite growth before pearlite nucleation. (Slow cooling rate helps ferrite growth 

during solid state transformation) 

Solidification rate determines if the size and distribution of graphite particles to be fine and 

dispersed or coarser and fewer. 

As the solid state transformation takes place, a ferrite layer will form around graphite particles 

which mentioned before. Hence ferrite fraction would be higher when graphite particles are small 

and dispersed. (Since the average diffusion distance for carbon is decreased) 

On the other hand when graphite structure is coarse, the thickness of ferrite layer will be 

increased and high cooling rate is favored. 

1.2.2 Solidification of SGI 

At initial stages of eutectic solidification, austenite and graphite nodules nucleate independently 

in the liquid so there is not much interaction between austenite and graphite and natural 

convection solely moves the phases. By proceeding the solidification, by formation of austenite 
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dendrites, carbon will be rejected from the interface thus the viscosity of the solid-liquid mixture 

is increased and convection rate decreased. 

Based on reduction of convection rate and after formation of certain solid fraction, the interaction 

between graphite and austenite takes place. Graphite grows by diffusion of carbon from liquid 

into austenite layer and its absorption to the existing graphite particles which results in nodules 

formation. 

Graphite morphology, hence its surface energy is different for each type of cast iron. Graphite in 

SGI forms spheroidal nodules so the surface area to volume ratio is less than CGI (for equal 

graphite fraction) and as mentioned before, these surfaces are considered as sites on which ferrite 

can grow. Therefore compacted graphite iron due to having larger graphite surface compared to 

Spherical iron, ferrite formation is favored. 18, 19 

Graphite nodules in SGI grow as divorced eutectic and initially are fully in contact with the melt 

and graphite growth is relatively high. At later stages of solidification, austenite layer envelops 

graphite particles thus the graphite growth is suppressed because further carbon precipitation 

would be through the austenite layer. 53 

1.2.3 Solidification of FGI 

In hypoeutectic Flake graphite iron, primary austenite (carbon equivalent below 4.3% 20, 21) is the 

first phase to form and this primary austenite often solidifies as dendrites and the growth of 

dendrites continues during the whole process and the growth rate is significantly affected by the 

cooling rate. 22 

High cooling rate leads to formation of more austenite dendrites with finer structure while lower 

cooling rate result in coarser and larger dendrites. 22, 23, 24 

 On the other hand, too high cooling rate helps white iron or carbides formation. 

Undercooling rate is affected by additional elements in the melt which act as impurities such as 

Mg, Ce and rare earth metals (RE) and have been added to suppress the graphite growth by 

absorption to the graphite surface. 27 

By proceeding dendrite formation during solidification, by rejection of carbon from dendrites, the 

carbon content in liquid is increased and reaching the carbon content required for eutectic growth, 

results in generation of graphite-austenite eutectic cells.  

The graphite particles in LGI and CGI are interconnected within the eutectic cells, while there is no 

connection between nodular graphite and nodules grow separately. 53 
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1.3 CGI PRODUCTION AND PROCESS CONTROL  

Production of compacted graphite iron requires an accurate process control from the initial stage. 

The composition of the base iron has to be evaluated in which sulphur content is strongly of 

importance and is favored to be less than 0.02%. 

There are two common ways to get low-sulphur iron for CGI component production. Using the 

iron directly from copula furnace or initially charging a low sulphur content iron at the electric 

induction furnace which is previously analyzed. 

Iron achieved from cupola contains around 0.1% S but for CGI approximately 0.01% S is favored so 

iron from cupola cannot be directly used and desulphurization process is also required. 

Before tapping the low sulphur iron from induction furnace, ladle preparation takes place. First 

ladles are heated up by gas flame in order to prevent heat loss of the iron melt. The ladle is then 

charged by molten iron from the electric induction furnace to increase its temperature and then 

discharged. This would be repeated even more than once, up to get the desired ladle temperature 

which is 1520-1530 °C. 

As the next step initial amount of ferromangnesium and some rare earth metals, mostly based on 

cerium and some other active elements are inserted at the bottom of the ladle which is already 

heated up and then it is charged from the electric furnace. Addition of the active elements is by 

means of oxygen removal but it should be considered that not all oxygen should be removed. And 

Mg and rare earth metals are utilized as nodularizers. 27 

This step is called first treatment and the whole alloying elements are covered by a buffer called 

alloying pocket in order to delay reactions to take place with hot iron until the whole iron is 

charged in the ladle then it would be quite easier to control the fading effect of Magnesium and 

also it helps to prevent wasting rare earth metals which are very expensive. The buffer layer 

postpones the reaction between the additional elements and the initial iron charge therefore 

these elements will not be fully consumed and also will have the chance to react with the final 

iron charge thereby the buffer layer helps to achieve the desired properties in the final product. 

There are different commercial methods to control the reproducibility of metallurgical properties 

to obtain CGI. Some of them are based on thermal analysis of cooling curves of melt or 

measurement of the oxygen content. One example is the method developed by SinterCast. 28 

As it is shown in the figure 4, the stable CGI plateau exists over a range of approximately 0.008% 

Mg which is a quite small range and hard to control. 28 
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Magnesium plays a significant role in microstructure formation of CGI by removal of oxygen and 

sulfur partially. 

During solidification process, fading of magnesium occurs thus oxygen content starts to increase 

and also nodularity level decreases. That is the reason why the magnesium content and its fading 

is quite critical and should be controlled carefully during the process. 

SinterCast graphs the cooling curve and predicts solidification behavior by simulating magnesium 

fading and based on that, accurate amount of alloying elements required for second treatment is 

evaluated. 

Just before casting; the temperature of the melt in the ladle is measured which should be 

between 1360 to 1410°C. 

Due to requirement of a very small and limited amount of  additional elements and regarding the 

sensitivity of graphite shape formation, very precise treatment is required in case of CGI 

production. 

Low-sulphur iron for induction melting or desulphurized iron produced by cupola furnace is used 

as a charge material for production of compacted graphite iron. 

Carbon equivalent for CGI is 3.7 and 4.7 respectively for hypoeutectic and hypereutectic. Carbon 

content range in CGI is 3.5-3.8 percent and silicon level is between 1.7 to 3% but an optimum 

carbon and silicon amount should be selected. 

1.4 CGI APPLICATION AND PROPERTIES 

CGI properties allow engineers to reduce the size and weight in new designs. The increasing 

demand for higher specific power, weight and emission reduction, require the use of stronger 

material. 

Automotive companies become interested in manufacturing their products using CGI despite 

more complex production techniques and difficulties in achieving defect-free products. 

The foundries must have a reliable process control without the risk of flake graphite formation. 

Also choosing a right production method helps to avoid machining limitations due to formation of 

Fig.4. The stable CGI plateau regarding magnesium content 28 
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hard carbide particles which notably reduce the tools lifetime even the possibility of machining. 

Another important factor is the adequate knowledge of the designers about properties of 

compacted graphite iron which should be all considered in designing. 

Properties of CGI as an intermediate material with vermicular graphite shape is between gray and 

nodular cast iron with respectively flake and spherical graphite shape. And application of CGI is 

mostly where the mechanical properties of LGI are not sufficient or where properties of SGI are 

higher than expected. 

Generally graphite shape, carbon and pearlite content are the most significant factors in 

determining the physical and mechanical properties of cast irons. 29 

Graphite shape in CGI as mentioned is worm-shaped or vermicular and quite similar to flakes, 

oriented randomly but they are shorter and thicker with rounded edges. This shape of graphite in 

CGI suppresses crack initiation compared to flake-shaped graphite in gray iron. 

Compacted graphite iron also includes some spherical graphite particles but existence of flake 

graphite is not permitted. Increase of nodularity increases the strength and stiffness but it also 

influences some other properties such as machinability. The optimum amount of nodules is the 

structure of CGI is between 10-20 %. 30 

The graphite microstructure of the CGI is expressed in terms of percent nodularity and graphite is 

controlled within the range of 0-20 % nodularity. 0% nodularity corresponds to a fully compacted 

structure and negative value percent represents existence of flake graphite in the structure. 29 

Evaluating nodularity percentage of the matrix is possible by image analysis or the chart 

comparison technique. 

Generally it can be inferred that CGI has relatively higher mechanical properties than gray iron and 

improved thermal conductivity compared to ductile cast iron. 

 

 
Fig.5.   CGI image taken by optical microscope showing 

2-dimentional microstructure 
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Compacted graphite iron has a pearlitic-ferritic matrix and pearlite content can be manipulated to 

suit the required application. 30 

For some applications like cylinder blocks and heads, CGI is produced with predominantly pearlitic 

matrix because higher pearlite ratio results in higher strength but in exhaust manifolds more than 

95% ferrite is required to inhibit temperature growth. 30 

Compacted graphite iron naturally favors formation of ferritic matrix, so addition of some pearlite 

stabilizers such as copper and tin is required to reach higher pearllitic content. By containing equal 

pearlite content, CGI has 10-15% higher hardness compared to LGI and its hardness level increases 

linearly with increasing pearlite in the matrix, as well as tensile strength. Thereby pearlite content 

affects wear-resistance, machinability and high temperature performance of CGI components. 29 

1.4.1 Machinability 

One of the main concerns about compacted graphite iron is machinability limitations regarding 

approximately 45% higher stiffness and 75% higher tensile strength compared to LGI. This would 

result in respectively quite higher tool wear and lower tool life. 

CGI machining operations might also require 20-30 % higher spindle power and more robust 

fixturing.30 

As mentioned, CGI can be produced with different methods and by varying alloying elements. 

Addition of titanium for instance helps to widen the stable range for CGI but in contrast it results 

in forming titanium carbide and carbonitride inclusions. 29 

1.4.2 Thermal Conductivity 

Thermal conductivity in cast irons is dependent on the matrix structure and graphite morphology.  

Ferritic matrix leads to higher thermal conductivities compared to pearlitic matrix. 

The thermal conductivity of CGI is approximately 25% less than pearlitic gray iron at room 

temperature and 15-20% less at 400 degree Celsius. 

On the other side, graphite morphology can be considered as the most critical factor influencing 

thermal conductivity. 

The thermal conductivity of the graphite phase in cast irons is three to five times higher than 

ferrite and pearlite. 

The thermal conductivity in cast irons increases as the graphite shape becomes less nodular and 

more elongated and decreases by higher nodularity level due to the reduced degree of 

interconnected graphite networks. 31 

The thermal conductivity of gray iron decreases with increasing temperature while, thermal 

conductivity of CGI and nodular cast irons gradually increase with temperature increase. It has 

been reported that thermal conductivity of ferritic CGI can exceed the thermal conductivity of 

gray iron with pearlitic matrix above 200°C. 29 
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This is of importance to avoid high nodularity level in CGI because by increasing the amount of 

graphite nodules in the structure, thermal conductivity decreases and this represents the 

improved thermal properties of  CGI compared to SGI. 29 

1.4.3 Damping Capacity 

The damping capacity of cylinder blocks material refers to NVH (Noise, Vibration and Harshness) 

performance of a finished engine. 

Choosing a proper material for producing the component is the main concern since it significantly 

affects the ultimate noise and vibration level of an operating engine. 

The damping capacity measurement is based on the amount of reduction of the vibration wave 

amplitude during successive wavelength cycles and the damping capacity of a material is 

evaluated at its resonant frequency. 

This capacity of CGI does not change significantly by C.E. or matrix change therefore it can be 

considered independent of carbon content and matrix structure and the influencing factor on 

damping capacity is elastic modulus so damping capacity depends on graphite size and shape. 

It has been reported that damping capacity can be increased 5-10% by increasing size or 

coarseness of graphite. 29 

1.4.4 Tensile Strength 

Tensile strength as well as other properties of cast irons is dependent on graphite characteristics. 

Increasing nodularity results in increase of strength and higher nodularity level is achieved by 

higher cooling rate. Therefore for CGI there is higher tendency for graphite nodularity and higher 

strength in the thin sections of the casting which is opposite for gray iron and strength naturally 

decreases in thinner parts of components. 

This specification gives engineers the opportunity to manipulate and design the CGI components 

with the highest efficiency by placing the thermally efficient CGI with lower nodularity level in the 

central parts of the component and the higher strength microstructure with higher nodularity in 

the mechanically loaded areas. 29 

Nodular shaped graphite gives the highest strength in cast irons while gray cast iron with flake 

graphite has the lowest strength since pointed tips act as crack initiation sites and reduce the 

strength. 

Shin et al.32 have commented that the main source of the strength reduction is the interconnected 

graphite particles. The continuity of graphite in case of gray cast iron easily leads to crack 

propagation along the graphite flakes while the discontinuity in nodular iron might suppress crack 

propagation and in this case the fracture path should proceed through the matrix. 
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Figure 6. represents stress-strain curve for different cast irons. 

Fig.6. Stress-Strain Curves for FGI, CGI and SGI 33 

Metal matrix also has a significant influence on the strength of graphite irons. Pearlitic matrix 

leads to higher tensile strength but more brittleness while ferritic matrix gives less tensile strength 

and higher elasticity. 

Generally for CGI advantages in terms of properties compared to lamellar graphite iron, higher 

strength and elongation at fracture, higher fracture toughness and less dependence of properties 

on the wall thickness can be mentioned while compared to spheroidal graphite iron it has lower 

thermal expansion coefficient, lower modulus of elasticity higher heat conductivity and better 

damping capacity. 30 

Compacted graphite iron recently has become significantly of interest, because of its great 

properties and is been used for various applications. The first commercial application of CGI was in 

brake discs for high speed rail trains. As other applications, it has been used for turbo housing and 

exhaust manifolds and piston rings in ship engines. Also as one of the most well-known 

applications of this material is in high pressure diesel engines due to environmental conditions 

and need to control exhaust gases and reduction of the emissions. 30 

 

1.5 COMMON DEFECTS IN CAST IRONS 

Cast irons might contain several types of defects. As the most common ones metal penetration 

defect, gas and shrinkage defects could be mentioned. 

Most common gas defects are pinholes and blowholes. Pinholes are usually formed from the 

existing hydrogen and nitrogen. Hydrogen mainly originates from decomposition of water and 

organic materials and nitrogen from resin-bonded cores and moulds but also from atmosphere.21 

Pinholes are often revealed after machining because they form beneath the casting surface.21, 22  

Blowholes are larger gas defects which form as gas bubbles entrapped in solidifying casting. There 

are two main sources for blowholes formation; Gases from moulds and core and CO formation 

from slag-graphite reaction due to high oxide content of slag. 34 
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Metal penetration defect forms on the surface of the casting and comes out as a metal-sand 

mixture adhering strongly to the surface. Among the different mechanisms responsible for metal 

penetration, mechanical penetration is of importance for cast irons.  Metal penetration defect is 

the consequence of hot metal contact with sand mould which leads to static pressure, dynamic 

pressure of liquid on mould and also pressure due to expansion35. This defect is mostly found 

where the sand has the highest temperature and it also depends on sand mould properties. 26 

Expansion penetration is mostly common for LGI since austenite shell in SGI limits shrinkage of the 

graphite. Also graphite in CGI has limited contact with the melt therefore its expansion would be 

controlled up to some level. 

Shrinkage related defects are one of the most severe defects in cast irons that are the 

consequence of volumetric changes while solidification occurs. 

1.5.1 Shrinkage Related Defects 

Solidification shrinkage is an important characteristic that affects the performance of casting 

alloys and can be counted as one of the most challenging problems in castings. Two different 

classifications exist for shrinkage defects. If the classification is relied on the position of defect, 

would be divided to open shrinkage which is found on the surface of casting and closed shrinkage 

which is located in the interior part of casting and has no contact to the casting surface. 

Second classification depends on the size and distribution of defect and is divided to macro 

shrinkage and micro shrinkage or shrinkage porosity. Macro shrinkage has larger scale and 

corresponds to formation of open defects such as pipes, distorted surface and pores. 24 

As solidification starts, dendrites grow and form a network surrounded by melt in shape of curved 

channels between dendrites. By proceeding solidification, liquid flow between dendrites would 

become harder due to temperature reduction of the melt and restrictions made by growth of 

dendrite arms.38 

Solidification shrinkage at least partially can be compensated by melt, which is sucked through 

channels and fills the pores. 

Gradually transport of melt becomes harder therefore at the final stage of solidification, lack of 

metal might result in formation of internal pores.38 

Contractions of cast irons generally can be categorized in three types occurring at different times 

during solidification which are liquid shrinkage, Liquid to solid and solid shrinkage. 25 

Liquid shrinkage is the first shrinkage step which is the consequence of heat loss in liquid metal 

therefore pouring temperature for this shrinkage is of importance. High pouring temperature 

enhances shrinkage defect formation. One of the inevitable situations at which pouring rate is 

significantly high is when several castings are poured from one single ladle therefore to avoid 

misruns and cold shuts, temperature should be high. But generally if the liquid metal is well 

supplied, shrinkage defect would not arise at this stage. 25, 42 
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Liquid to solid stage is the primary source for shrinkage porosity formation. While temperature 

decrease solid phase forms, viscosity also increases and feeding of isolated voids gets more 

difficult because dendrites start to form and isolated voids would get entrapped between dendrite 

arms. 

Solid shrinkage occurs after solidification, when the final shape of casting is achieved so it can be 

just treated by solid feeding. At this stage shrinkage is independent of mould walls so it should be 

considered while designing the pattern and that is the reason of also being known as 

patternmakers’ shrinkage. 37 

In cast irons carbon expansion partly compensate metal contraction and this helps to eliminate 

the shrinkage but in reality situation is more complicated. Geometry and heat removal of casting 

affects solidification behaviour and in some cases compensating expansion may never reach 

contracting areas since these parts often located between dendrite arms and therefore are 

difficult to feed with expanding material. 

During solidification as the solid volume expands, the remaining liquid in between solid shells will 

be depressurized. 

Graphite in LGI is mostly embedded in liquid phase during the entire eutectic solidification process 

thereby its expansion affects liquid phase. All the pressure encounters liquid and somehow 

compensate liquid depressurize while in SGI, pressure regarding expansion of graphite encounters 

austenite and graphite expansion in CGI affects both austenite and liquid phase since it is partly 

embedded in both. 

1.5.2 Porosity Defects 

Porosity could be considered as the most common cast defect that affects the reliability and 

performance of the casting. Controlling porosity requires proper knowledge about its sources and 

causes. 

Casting pores classified based on the origin and appearance, have two main types; shrinkage 

pores that have rough and uneven surface and gas pores with smooth and even surface.  

Shrinkage pores arise by formation of cavities in the remaining melt in the interdendritic areas 

while gas pores arise from gas precipitation in the interdendritic regions while solidification takes 

place. 38 

1.5.2.1 Shrinkage Porosity 

Shrinkage porosity is categorized due to size and distribution of pores into micro porosity and 

macro porosity. 

Macro pores are larger compared to micro pores and more localized. This type of shrinkage can be 

prevented or decreased by well-designed casting and using proper feeder and gating system. 
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Micro pores, also called micro shrinkage are dispersed smaller scale pores and mostly contain 

interconnected voids. Micro porosity shows up at final solidification stages and forms because of 

low solidification temperature of remaining liquid between eutectic cells or the difficulty in 

feeding of liquid iron in dendritic area due to restriction caused by dendrite arms. 38, 40 

Several factors might influence shrinkage porosity formation namely flow of liquid metal through 

dendritic network, gas evolution during solidification, interaction between liquid metal and 

mould54 and freezing range of alloys ( Difference between liquidus to solidus temperature). 41  

On the other side, solidification mode by controlling the graphite shape precipitation affects 

tendency for shrinkage formation and pouring temperature should be manipulated since high 

pouring temperature leads to high liquid contraction. 42 

Properties of sand and mould have great impact on formation of shrinkage porosity. During 

solidification the volume of mould also changes and a stable mould can control the casting 

expansion so mould stability is of importance. 26 

Metal composition is also important due to its effect on freezing-range and some alloying 

elements play significant role in porosity formation 41. For example phosphorus cause formation of 

low-melting point iron phosphide eutectics called steadite promoting shrinkage porosity 43. On the 

other hand, a positive effect of phosphorous is improving fluidity and feeding capability and 

restricts fin formation. 44, 45 

Degree of inoculation is a critical term since excessive amount of inoculation used to overcome 

fading problem might cause shrinkage porosity. 46 

1.5.2.2 Gas Porosity 

Gas solubility in melt is much higher than in the solid phase. By proceeding the solidification, gas 

concentration in melt increases.  

As the solubility reaches the saturation value, if the solidification is slow enough to reach 

equilibrium between the gas and the dissolved phase and/or in the presence of suitable 

condensation nuclei, gas pores are nucleated and grow in the melt. 36 

If the gas content in solution becomes higher than the equilibrium amount, thermodynamically 

there would be a driving force tending to reduce the gas content in solution. This reduction of gas 

solubility can produce supersaturation of the gas in melt as mentioned earlier. The gas bubble can 

be nucleate when this driving force is greater than the energy required to form a new liquid-gas 

interface bounding the bubble. 47 

As the temperature of the melt decreases during solidification, the gas solubility is reduced 

therefore some gas is released during solidification which diffuse toward shrinkage area. This 

diffusion helps to provide the large negative free energy required for pore formation (pore-metal 

surface energy) and in this way shrinkage can be compensated up to a significant level by pore 

formation.  
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On the other hand due to lower gas solubility in solid compared to liquid phase, during 

solidification and increasing solid fraction, newly formed solid phase rejects the dissolved gas into 

the liquid and depending on the amount of dissolved gas in liquid, this might lead to gas evolution 

and porosity formation during solidification. 

There are several resources for gas generation such as damp refractory and atmosphere 48. It can 

be the consequence of hot metal contact with the mould leading to degradation of organic 

binders or moisture. If the sand contains moisture, it would react with different elements such as 

aluminum and carbon in cast iron and produce undesired gases like H2 and CO. 

Nitrogen and hydrogen gases cause the most challenging problems in cast irons and in comparison, 

nitrogen is less active in porosity formation. 41 

Nitrogen is always present in cast irons to some extent, promoting pearlitic structure and 

increasing tensile strength. Optimum N2 level is between 40 to 90 ppm and higher levels might 

result in defect formation. 32 
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CHAPTER 2 

RESEARCH APPROACH 

This chapter presents the aims of this study and introduces reasons why this work is of interest 

and also illustrates the experiments that were carried out in order to reach these aims. 

 

1.2 AIM AND PURPOSE OF THE WORK 

Environmental requirements press the heavy automotive industry to reduce the content of 

pollution in exhaust gases. One possible way is to increase the combustion pressure while the 

tensile properties of the engine components have to be improved at elevated operating 

temperatures. Lamellar cast iron is used traditionally due to its good thermal conductivity and 

vibration damping capacity but the tensile properties are close to the limit to withstand elevated 

combustion pressure. 

Compacted graphite iron is an intermediate grade of cast iron between lamellar and nodular cast 

iron. The graphite morphology in CGI has a compacted form and the material properties combine 

increased tensile properties compared to lamellar cast iron and a better thermal conductivity 

compared to nodular cast iron.  

During the last decennium an intensive effort has been dedicated to introduce compacted cast 

iron for truck engine components. The disadvantages of this material grade are the narrow 

production technology windows with increasing technological discipline and the increased 

machining expenses. Due to lack of experience to produce CGI defect formation such as shrinkage 

porosity makes it more difficult to produce sound cast components. 

LGI and SGI have been investigated intensively with respect to shrinkage porosity formation. It has 

been found completely different shrinkage formation mechanisms, which has been related to the 

differences in graphite precipitation during solidification. At solidification of lamellar graphite the 

growing graphite is in direct contact with the liquid phase and partially engulfed by austenite 

while the nodular graphite grows exclusively engulfed in austenite. 

The scope of the present work is to characterize the microstructure of CGI in connection to zones 

in the cast components both containing and free from shrinkage porosity. Light microscope on 

colour etched microstructure and SEM for investigation of the shrinkage cavities will be used.  

The delimitation of the present work is to perform an investigation on cast components produced 

under standard production methods and standard production parameters. 

The expected benefit of the present work is to find indications on what kind of mechanisms are 

behind the porosity formation and if these mechanisms are comparable to the porosity formation 

in LGI or SGI. 
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2.2 EXPERIMENTAL TECHNIQUES 

The samples used for this investigation were as-cast compacted graphite iron separated from 

cylinder blocks of diesel engines. 

For this study three different blocks are selected from two different companies with different 

macro shrinkage level. 

2.2.1 Pore Volume 

The pore volume in the selected samples was visualized, estimated and divided into three classes. 

Arbitrary named high, low and no macro-shrinkage. These blocks were called block 11, 6 and M 

respectively containing high, low and no macro-porosity for company 1; and 1A, 2A and 3A for 

company 2. 

Parts of cylinder blocks for investigation were chosen from the areas containing macro-pores. The 

samples were separated from the cylinder blocks. 

Figure 7 presents the samples from both companies containing macro-porosity. 

 

 

 

For company 1, the specimens are separated from two different positions; called position 2 and 4. 

Therefore the samples are named for instance 11-2 and 11-4 presenting block 11, respectively 

position2 and position 4. 

Samples of Company 2 are selected from three different blocks but only from one position. 

 

Fig.7. presenting the location from where the samples containing 

macro-pores are selected on the cylinder blocks 
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2.2.2 Specimen Preparation 

Metallographic preparation of cast iron is sensitive since the iron structure contains the very soft 

graphite phase which is embedded in a harder matrix. 

Coarse grinding is a critical stage and it should be kept at an optimum level because excessive 

grinding might result in removal of the soft graphite phase from the structure and it cannot be 

recovered at later stages by continuation of grinding. Even polishing in case of cast iron should be 

performed carefully not more than required level. 

A beneficial principle is to minimize the number of grinding and polishing stages. 

Examination of properly polished samples before etching is beneficial for graphite analysis and 

characterization. 

2.2.3 Graphite Characterization 

For identification of graphite morphology, image analysis by light optical microscope is used as the 

first step for microstructural investigation of iron. Measurement of certain constituents such as 

graphite in cast iron should be performed before etching because etching will reveal additional, 

unwanted details which limit the detection. Therefore as-polished specimen is used for graphite 

characterization of cast iron. 

The properties of cast irons depend on the graphite morphology, fraction and its distribution in 

the matrix. 

In case of compacted graphite cast iron properties are severely affected by the nodularity 

percentage of graphite in the structure. To have the optimum mechanical and physical properties, 

the nodularity percentage in CGI should be in range of 0-20 percent. 

The graphite microstructure of CGI is expressed in terms of percent nodularity which could be 

evaluated by image analysis. 

Specific regions on the surface of the specimen, mostly around the pores and also respectively far 

from the pores were chosen for graphite analysis and nodularity level measurement. These 

samples were prepared by metallographic treatment for characterization of shrinkage porosity 

and used for investigating the microstructure. The studied regions are shown in fig 9. 
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According to ISO standard2 the total measured area should be at least 20 mm2 to be 

representative of the nodularity level in this area. By this mean, approximately 42 images were 

taken from each region by optical microscope and magnification of 100 times. 

CGI is defined by the International Organization Standardization (ISO 16112:2006) stating 

minimum 80% of the graphite particles shall have the vermicular shape ( form III according to ISO 

945) when viewed on a two-dimensional polished surface. The remaining graphite particles should 

be in form of nodule form V or form VI in accordance with ISO 945. No flake graphite is allowed to 

be present in the microstructure. 

Cast iron classification based on graphite morphology is represented in figure 10.  

 

 

The image analyzing software QWin, completed with Quips macro model for cast irons is used for 

analyzing the graphite morphology and percent nodularity measurement.  

Fig.9. Investigated regions on the surface of the samples are marked  

Fig.10. Diagrammatic representation of 
the standard graphite forms in cast irons 48 
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The optical electron microscope is equipped with this software and the graphite is analyzed and 

sorted from morphological aspect. This analysis is performed in collaboration with SwreaSWECAST. 

 

 

 

 

 

The measurements in this program in based on roundness shape factor and according to ISO 

standard 2 all graphite particles larger than 10 µm are classified by RSF. 

The graphite microstructure of CGI as mentioned earlier is expressed in terms of percent 

nodularity which in this work is evaluated based on RSF and the equation 2 illustrated in chapter 1. 

2.2.4 Colour-Etching 

Metallographic etching is used to reveal the microstructural details that are not evident in the as-

polished specimen. 

Etching methods based on corrosive chemicals for many years were only limited to black and 

white imaging but in some cases these images would give inadequate information for exact 

identification. 

In recent years selective colour-etching has become more common in which reagents are mostly 

acidic solutions with water or alcohol solvent. 

Principle of colour-etching is illustrated in fig. 12. 

 

Fig.11. Principles of graphite analysis by QWin 

Red, green and yellow respectively represents graphite type 

II&III, IV&V and VI. 
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Different thickness leads to different color observations. The phases on the investigated surfaces 

have different ability to form films of different thickness. 

Color etching forms 0.04-0.5µm thick oxide, sulphide, complex molybdate, elemental selenium, or 

chromate films which produce interference. 50 

Crystallographic orientation, local chemical composition and etching time determine the film 

thickness and color. 

Film thickness controls the colors produced. As the film thickness increases, interference creates 

darker colors and to obtain the same colour each time, the etching time should be held constant. 

This is usually accomplished by timing and by watching the color of the sample during etching 

process to find the optimum time. Extending the etching time results in excessive etching which 

would falsify the true results. 50 

The etchant formula must be followed closely but the order of mixing of the etch components in 

this case is not critical. 

2.2.4.1 Eutectic Cell Size and Distribution 

After surface study of unpolished samples, they were colour-etched for microstructural 

investigation and eutectic cell measurements which are beneficial for better understanding the 

solidification process and characterization of shrinkage porosities. 

Segregation of silicon and phosphorus in iron is very strong; hence using a proper etchant reveals 

the microsegregation pattern that is formed during solidification.50 

The properly prepared sample must be cleaned carefully before etching because any residue on 

the surface will interfere with film formation. The etching time differs depending on the sample 

and the solution. The etching reagent is Sodium Potassium Picrate (SPP) which is made of 40gr 

Potassium hydroxide, 10gr Sodium hydroxide, 10gr Picric acid and 50gr distilled water as solvent. 

The working temperature is around 110°C. The etching would be continued as far as primary 

dendrites become visible and eutectic cells turn perfectly distinguishable. This treatment should 

be stopped before reaching excessive etching which would falsify the results. 

Fig.12. Principles of colour-etching  49 
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The colour-etched images are used for eutectic cell size and distribution investigation. Eutectic 

cells are initially marked on the matrix using digital picture processing program (Photoshop) and 

the mean diameters of the cells are measured by image analyzing software package from Leica as 

shown in figure 13. 

 

 

 

Eutectic cell area fraction is also measured by mentioned software and the number of eutectic 

cells per volume unit is calculated using the equations 3, 4 and 5. 

 

   
      =  

            

                      
     Equation 3 

V average of eut-cells =  
 

 
 . п .  

    
 

 
       

Equation 4
 

 

Σ Veut-cells = 1 m3. feut-cells     Equation 5 

Where    
    presents the number of eutectic cells per volume unit (m3),              presents 

volume of eutectic cells in 1 m3,                       is the average volume of eutectic cells in the 

investigated sample, D¯eut-cells is the mean diameter of eutectic cells/colonies and feut-cells is the 

volumetric fraction of all eutectic cells in 1 m3 volume. 

2.2.5 Solidification Time 

The solidification time in the investigated area was estimated using MagmaSoft simulation 

program. The approximate liquidus to solidus time for the company 1 was estimated 750-900s 

while for company 2, predicted time was 225-260s. Comparing the samples, studied region of 

company 1 is much thicker than company 2 therefore apart from other factors the difference in 

thickness directly affects the solidification time. 

 

 

Fig.13. Eutectic cell diameter is measured using image analyzing 

software package from Leica. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

This chapter presents the main results and discussions related to this work. 

3.1 Microstructure 

The microstructure of one sample is presented in figure 14, where primary and secondary 

austenite, graphite particles and last solidifying regions are clearly visible.  

The structure shows that the solidification starts with precipitation of primary austenite dendrites 

followed by eutectic transformation and growth of eutectic cells consisting of a group of 

vermicular graphite surrounded with austenite. Nodular graphite grows mostly in between 

eutectic cells and in the last solidifying regions. It is inferred that graphite nodules were mostly 

formed at final stages of solidification. 

Two different types of graphite nodules with different sizes exist in the structure which is believed 

to be formed at different times. 

 

 

The order of structure formation during solidification is not known for certain and still there are 

different theories about that. 

According to literature, spheroidal graphite forms during proeutectic solidification while still there 

is sufficient denodulizer present in the melt and graphite nodules are fully in contact with the melt 

at early stages. 

During eutectic solidification graphite particles start to degenerate from nodular to vermicular 

form. The austenite phase is formed around the vermicular particles but still the graphite tips are 

in direct contact with the melt. 

Fig.14. Colour-etch microstructure of CGI specimen 
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At later stages of solidification, vermicular graphite is almost entirely enveloped by the austenite 

and graphite grows within the austenite and then the rounded ends of vermicular graphite are 

formed.5 

3.1.1   On Graphite Nodules 

Double population (DP) of nodules exists in the structure as it is presented in figure 16. One group 

with large diameter is enveloped by ferrite/pearlite shell which once was austenite, and a group of 

smaller nodules with no surrounding boarder of any kind. 

 

 

It shows that graphite nodules were precipitated at different times. Larger well-developed 

graphite nodules surrounded by ferrite/pearlite shell is believed to be nucleated earlier having 

longer time to grow to this size while the smaller graphite nodules existing in the liquid pool 

surrounding the eutectic cells/colonies probably are nucleated at later stages confirmed by their 

location which were mostly observed at last solidifying areas and in between eutectic 

cells/colonies and not inside them. 

The graphite double population has also been observed by other researchers, Ex. this 

phenomenon is been discussed in M. König’s PhD thesis; last supplement. 54 

In fact graphite forms in two steps. First one is during solidification and growth as nodules 

followed by formation of the austenite shell around it and the second step is during cooling which 

takes place by diffusion of the remained carbon through the austenite shell as the temperature 

falls and solubility of carbon decreases. This Carbon would accumulate on the earlier formed 

nodule and makes it grow larger. 

Darker boarder around the graphite nodule in figure 17 presents the graphite growth at second 

step by diffusion. 

Fig 16. Double population of graphite nodules 
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3.1.2   On Micro-Porosity (MP) 

By investigating etched samples it could be concluded that all samples contained Micro porosity 

even those considered free of porosity and these micro pores were located all at the last to freez 

regions as shown in figure 17.  

Lighter brown colour shows segregated last to freez portions in the colour etched images. 

 

 

It indicates that the time of formation probably were at the end of solidification, in contrast to the 

macro porosities which were formed earlier during the solidification. Micro pores are often not 

larger than a couple of times the size of a graphite nodule and probably has less impact on 

properties though the micro-pores were not expected specially in the blocks containing no macro  

shrinkage pores, therefore more experiments should be performed to find out the reason. 

 

Fig. 17. Micro-pore located at last solidifying area 

 

Fig 17. Colour-etched CGI sample presenting graphite nodules 
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3.1.3   On Eutectic Cell Size and Distribution 

Eutectic cell size and distribution were measured according to the described material in the 

previous chapter. Table 3 presents the obtained results. 

  

 
Macro-

Shrinkage level 

 
Company 

 
Sample 

 
Mean 

diameter(µm) 
 

 
Mean Area 

Fraction 
 

 
Cells/Volume 

unit(m3) 
 

 
High  

1 11-4 792 0.69 2.19E+09 

11-2 858.70 0.7 2.3E+09 

2 1A 562 0.59 7.16E+09 

 
Low 

1 6-4 876.01 0.75 2.84E+09 

6-2 1047.85 0.74 1.5E+09 

2 2A 683 0.51 4.35E+09 

 
No  

1 M-4 814 0.695 2.72E+09 

M-2 1086.63 0.715 1.35E+09 

2 3A 704 0.71 4.15E+09 

 

The measurements reveal that samples from Company 1, position 2 and Company 2 show the 

same tendency. Samples with large MACRO porosity has a double of number of eutectic colonies 

compared to the samples with low and no MACRO porosity. 

While the samples of Company 1, position 4, all have approximately the same number of eutectic 

colonies therefore there is less clear correlation in this case. 

Generally comparing the diameter of eutectic colonies, samples of company 2 have smaller size 

compared to Company 1 therefore one reason could be mentioned as faster local solidification 

rate apart from metallurgical treatment and inoculation processing which has been considered 

almost similar for both companies.  

 

 

 

 

 

 

 

 

Table 3. Eutectic cell size and distribution measurement results 
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3.2     GRAPHITE ANALYSIS (NODULARITY MEASUREMENT) 

The graphite microstructure of Compacted Graphite Iron which is expressed in terms of percent 

nodularity is evaluated by image analysis and the relation between nodularity level and macro-

porosity or shrinkage level has been investigated. The results are illustrated in table 2. 

 

Macro- 
Shrinkage level 

Company Sample Vol-%Nodularity 

 
High 

1 11-4 24.47 

11-2 29.52 

2 1A 24.43 

 
Low 

1 6-4 15.08 

6-2 17.83 

2 2A 9.99 

 
No 

1 M-4 6.16 

M-2 8.87 

2 3A 15.47 

 

Investigations on samples of Company 1 shows the MACRO porosity level decreases with 

decreasing nodularity level at both positions. 

In samples of Company 2 , high nodularity is observed when there is high shrinkage level but the 

sample without shrinkage contain higher nodularity (15,47%) than the one with low macro 

shrinkage (9,99%). 

In any case in these samples the largest level of Macro porosity has the largest nodularity which is 

identical for the samples from both companies therefore; there is a clear relation between the 

macro porosities and the presence of graphite nodules and it could be inferred that high 

nodularity leads to high level of Macro porosity. 

 

 

 

 

 

 

 

 

Table 2. Results of graphite analysis and nodularity level 
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3.3 PORE VOLUME 

The formation of macro-pores is often related to the solidification shrinkage and formed by 

draining or sucking the liquid from the last part of solidification in a casting. In our case, macro-

pores observed on the blocks have rough and uneven surface and in some cases it indicates that 

the formed pores at different places might have moved due to the gravity, joined together and 

formed larger pores. A group of pores on the surface of specimen is shown in figure 15. 

 

 

Macro-pores were mostly found at the upper part of the casting, considering the gravity direction. 

3.4 SEM OBSERVATIONS 

SEM images revealed irregular dendrites inside the pores missing their secondary arms. 

Figure 14 presents SEM images taken from outer and inner surface of the pores with different 

magnifications. 

 

 

 

 

Fig.14. SEM images with magnification of 10, 12, 100, 200 respectively from a to d, 

and 400 for e and f 

 

Fig.15. Presenting the morphology of Macro-

pores on the cylinder blocks 
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Irregular dendrites, believed to be remelted as shown in figure 14 are clearly visible on the 

internal surface of the pores with 400 times magnification. 

Coalescence process of the dendrites during the solidification process results in change of 

dendrite morphology. In this process some secondary arms are remelted and some are thickening. 

Some secondary arms are remelted at the root and free floating in the melt but having this 

irregular shape of dendrite raise the possibility that also other mechanisms have been involved 

and more studies is required to find out the reason. 

3.5 EDX ANALYSIS 

Dendrite surface study shows 100% carbon which indicates a carbon film is covering the surface of 

the pores EDX result is presented in figure 15.  

 

 

Carbon diffusion through the material to the surface of the pores helps the formation of carbon 

layer. On the other hand it could be inferred that in the MACRO porosity formation beside the 

liquid depression, the presence of gaseous elements contribute to the porosity nucleation. 

According to literature, a feature that is common in case of combined shrinkage and gas evolution 

problem is formation of a graphite layer that covers the surface and if it is a continuous layer, the 

gas is most probably hydrogen and in case of existing discontinuous film, the contributed gas 

might be nitrogen. 51, 52 

This is why it would be of interest to study the dissolved gases in the melt namely hydrogen and 

nitrogen and their evolution during solidification. 

A crystalline graphite skin on the inner surface of the pores confirms that there is no connection 

between the pores and the casting surface otherwise if the defect was in contact with the 

atmosphere at high temperature the graphite would be oxidized. 

In case of gray cast iron the surface of the pores are oxidized because the pores are in contact 

with the casting surface which cause reaction between the atmosphere and the surface of the 

pores and gas would be sucked and rise up the possibility of gas porosity formation but in case of 

Fig.15. EDX analysis result, showing 100% C 
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nodular and compacted graphite iron there is no connection between the pores and the casting 

surface and hence atmosphere and the pores mostly show up after further processing work and 

remain undetected before machining. The non-oxidized shiny surface of the pores also confirms 

there is no connection with atmosphere at high temperature. Therefore there will be more 

compression to form shrinkage porosities. 

Some Micro-pores were filled with graphite and the graphite precipitation in the micro-pores as 

well as on the wall of the macro-pores is a result of decreasing carbon solubility in austenite with 

decreasing temperature. This graphite is precipitated when the solidification is finished. 
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CHAPTER 4 

SUMMARY OF REMARKS AND FUTURE WORK 

This chapter summarizes the main remarks and future work that would be interesting and 

beneficial to perform further studies on. 

 

4.1 SUMMARY OF REMARKS 

The main remarks from the results are summarized and shortly discussed.  

1. Irregular dendrites were observed inside the pores missing secondary arms 

2. A layer of Carbon film is covering the surface of the pores  

3. There is a clear relation between the macro porosities and the presence of graphite 

nodules 

4. Double population(DP) of nodules exists in the structure 

5. Samples with high Macro porosity level have double number of eutectic colonies 

compared to the samples with low and no macro shrinkage level  

6. Samples considered free of porosity also contained micro pores (MP) filled with 

graphite. (Not larger than 3 times the diameter of a graphite nodule, distributed in the 

matrix) 

7. Micro pores were mostly observed at last solidifying areas  

 

4.2 FUTURE WORK 

Some issues that are not researched in this work and would be beneficial to perform further 

studies on, are mentioned. 

1. Casting samples in a simple geometry and provoking shrinkage porosity would be very 

beneficial for porosity characterization. 

 

2. More solidification experiments should be performed under controlled condition to 

understand the nucleation and inoculation mechanism including the phenomena of double 

nodule population formation. 

 

 

3. It would be beneficial to investigate the amount of elements H2, N2 present in the liquid, if 

they can reach a critical level, close to the solubility limit. 
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