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Abstract 

This thesis work deals with the volume changes during the solidification of cast irons and peritectic steels. 
The volume changes in casting metals are related to the expansion and/or contraction of the molten metal 
during solidification. Often, different types of shrinkage, namely macro- and micro-shrinkage, affect the 
casting quality. In addition to that, exposure of the metal casting to higher contraction or expansion 
during the solidification might also be related to internal strain development in samples, which eventually 
leads to surface crack propagation in some types of steel alloys during continuous casting. In consequence, 
a deep understanding of the mechanisms and control of the solidification will improve casting quality and 
production. 

All of the experiments during the entire work were carried out on laboratory scale samples. 
Displacement changes during solidification were measured with the help of a Linear Variable 
Displacement Transformer (LVDT). All of the LVDT experiments were performed on samples inside a 
sand mould. Simultaneously, the cooling curves of the respective samples during solidification were 
recorded with a thermocouple. By combining the displacement and cooling curves, the volume changes 
was evaluated and later used to explain the influence of inoculants, carbon and cooling rates on volume 
shrinkages of the casting. Hypoeutectic grey cast iron (GCI) and nodular cast iron (NCI) with hypo-, 
hyper- and eutectic carbon compositions were considered in the experiments from cast iron group. High 
nickel alloy steel (Sandvik Sanbar 64) was also used from peritectic steel type. These materials were 
melted inside an induction furnace and treated with different types of inoculants before and during 
pouring in order to modify the composition.  

Samples that were taken from the LVDT experiments were investigated using a number of different  
methods in order to support the observations from the displacement measurements:  Differential 
Thermal Analysis (DTA), to evaluate the different phase present; Dilatometry, to see the effect of cooling 
rates on contraction for the various types of alloys; metallographic studies with optical microscopy; 
Backscattered electrons (BSE) analysis on SEM S-3700N, to investigate the different types of oxide and 
sulphide nuclei; and bulk density measurements  by applying Archimedes' principle. Furthermore, the 
experimental volume expansion during solidification was compared with the theoretically calculated 
values for GCI and NCI. 

It was found that the casting shows hardly any shrinkage during early solidification in GCI, but in the 
eutectic region the casting expands until the end of solidification. The measured and the calculated 
volume changes are close to one another, but the former shows more expansion. The addition of MBZCAS 
(Si, Ca, Zr, Ba, Mn and Al) promotes more flake graphite, and ASSC (Si, Ca, Sr and Al) does not increase 
the number of eutectic cells by much. In addition to that, it lowers the primary austenite fraction, 
promotes more eutectic growth and decreases undercooled graphite and secondary dendritic arm spacing 
(SDAS). As a result, the volume expansion changes in the eutectic region. The expansion during the 
eutectic growth increase with an increase in the inoculant weight percentage. At the same time, the 
eutectic cells become smaller and increase in number. The effect of the inoculant and the superheat 
temperature shows a variation in the degree of expansion/contraction and the cooling rates for the 
experiments. Effective inoculation tends to homogenize the eutectic structure, reducing the undercooled 
and interdendritic graphite throughout the structure.  

In NCI experiments, it was found that the samples showed no expansion in the transversal direction 
due to higher micro-shrinkages in the centre, whereas in the longitudinal direction the samples shows 
expansion until solidification was complete.   The theoretical and measured volume changes agreed with 
each other. The austenite fraction and number of micro-shrinkage pores decreased with increase in 
carbon content. The nodule count and distribution changes with carbon content. The thermal contraction



of NCI is not influenced by the variation in carbon content at lower cooling rates. The structural analysis 
and solidification simulation results for NCI show that the nodule size and count distribution along the 
cross-sections at various locations are different due to the variation in cooling rates and carbon 
concentration. Finer nodule graphite appears in the thinner sections and close to the mold walls. A 
coarser structure is distributed mostly in the last solidified location. The simulation result indicates that 
finer nodules are associated with higher cooling rate and a lower degree of microsegregation, whereas the 
coarser nodules are related to lower cooling rate and a higher degree of microsegregation. As a result, this 
structural variation influences the micro-shrinkage in different parts. 

The displacement change measurements show that the peritectic steel expands and/or contracts 
during the solidification. The primary austenite precipitation during the solidification in the metastable 
region is accompanied by gradual expansion on the casting sides. Primary δ-ferrite precipitation under 
stable phase diagram is complemented by a severe contraction during solidification. The microstructural 
analysis reveals that the only difference between the samples is grain refinement with Ti addition. 
Moreover, the severe contraction in solidification region might be the source for the crack formation due 
to strain development, and further theoretical analysis is required in the future to verify this observation. 
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Sammanfattning 

Denna avhandling behandlar volymförändringar under stelning av gjutjärn och peritektiska stål. Olika 
typer av krympning, makro- och mikro-krympning, påverkar materialets kvalitet. Volymförändringar i 
gjutna metaller är relaterade till expansion och/eller kontraktion under stelning av smältan. Utöver detta 
kan temperaturgradienter under svalning ge en kontraktion eller en expansion vilket kan utveckla interna 
spänning i materialet. Detta leder så småningom till propagering av sprickor på ytan i vissa typer av 
stållegeringar vid stränggjutning. Med detta som grund kan en djupare förståelse av dessa mekanismer 
ledatill en bättre kontroll av stelning processen och därigenom förbättra material kvaliteten och 
produktionen. 

Alla experiment i arbetet har utförs på prov i labbsskala. Förskjutnings förändringar under stelning 
mättes med hjälp av en linjär variabel förflyttnings transformator (LVDT). Alla LVDT-experimenten 
utfördes på prover i en sandform. Samtidigt registrerades svalningskurvor för respektive prov under 
stelning med hjälp av termoelement. Genom att kombinera volymförändring med svalningskurvorna 
utvärderades volymförändringarna som funktion av temperatur. Resultaten används för att förklara 
påverkan av ympmedel, kolhalt och kylningshastigheter på volymkrympningar i materialen. I 
gjutjärnsgruppen har både grått gjutjärn (GCI) och segjärn (NCI) med hypo-, hyper- och eutektisk 
sammansättning studerats. Hög nickel legering stål (Sandvik Sanbar 64) användes för studerar 
volymförändring vid svalning av peritektiska stål. Dessa material smältes inuti en induktionsugn och 
behandlades med olika typer av ympmedel före och under gjutning för att modifiera sammansättning och 
stelningsförlopp.  

Prover från LVDT experimenten undersöktes med hjälp av ett antal olika metoder för att stödja 
observationerna från volymförändringsmätningarna: Differentiell termisk analys (DTA), för att 
utvärdera de olika fasernas bildningsförlopp; Dilatometri, för att se effekten av kylningshastigeten på 
kontraktionen vid svalning och expansionen vid värmning för olika legeringarna, Metallografiska studier 
med optisk mikroskopi, Bakåtspridda elektroner (BSE) på SEM S-3700N, användes för att undersöka de 
olika typer av oxider och sulfider som kärnbildat grafit; bulkdensitetsmätningar gjordes genom att 
tillämpa Arkimedes princip. Dessutom jämfördes den experimentella volymexpansionen under stelning 
med de teoretiskt beräknade värdena för GCI och NCI. 

Det konstaterades att ett gjutjärn visar låg krympning under tidig stelning i GCI, men under den 
eutektiska reaktionen expanderar gjutjärnet mot slutet av stelningsprocessen. De uppmätta och de 
beräknade volymförändringarna är nära varandra, men de experimentella värdena visar större expansion. 
Experimenten visar att tillsatsen av ympmedlet MBZCAS (Si, Ca, Zr, Ba, Mn och Al) främjar mer fjällgrafit 
än underkyld grafit, och ympmedlet ASSC (Si, Ca, Sr och Al) ökar inte antalet eutektiska celler. De sänker 
fraktionen primär austenit och främjar mer eutektisk till växt, det minskar mängden underkyld grafit och 
minskor det sekundära dendritarms avståndet (SDAS). Som ett resultat av detta, ändras 
expansionsvolymen under den eutektiska reaktionen. Expansionen under den eutektiska tillväxten ökar 
med en ökning av ympmedlet. Samtidigt blir de eutektiska cellerna mindre och ökar i antal. Effekten av 
ympmedlet och övertemperaturen på smältan visar en variation i graden av expansion/kontraktion och 
svalningshastighet för experimenten. Effektiv ympning tenderar att homogenisera den eutektiska 
strukturen, och minskar mängden underkyld grafit i strukturen.  

NCI experimenten visade att proverna inte expanderar i tvärriktningen, medan expansion i den 
längsgående riktningen skedde tills stelningen var fullbordad. De teoretiska och uppmätta 
volymförändringarna stämmer överens med varandra. Fraktionen austenit och antalet 
mikrokrympningsporer minskade med ökad kolhalt. Antalet noduler och deras fördelning varierar med 
kolhalt. Den termiska kontraktionen av NCI påverkas inte av variationen i kolhalten vid låga 



 

svalningshastigheter. Den strukturella analysen och stelningssimuleringen resulterade i att NCI visar att 
nodulstorlek och fördelning i antal längs ett tvärsnitt på olika ställe är annorlunda på grund av variation 
i svalningshastighet och kolhalt. Mindre grafitnoduler syns i de tunnare sektionerna och intill 
formväggarna. En grövre struktur uppträder främst i områden som stelnar sist. Simuleringar visar att de 
mindre nodulerna är relaterade till högre svalningshastigheter och lägre grad av mikrosegring, medans 
de grövre är relaterade till områden med lägre svalningshastighet och en högre grad av mikrosegring. 
Denna strukturella variation påverkar så småningom mikrokrympningen i olika delar av götet. 

Mätningarna av förändring i förskjutningen visar att peritektisk stål expanderar eller kontrakterar 
under stelningen. Om primär austenit skiljs ut under stelning, metastabilt, följs det av en expansion. Om 
primär δ-ferrit bildas under stelning enligt fasdiagram resulterar detta i en djup kontraktion under 
stelningsprocessen. Den mikrostrukturella analysen visar att den enda skillnaden mellan proverna är 
kornförfining med Ti tillsats. Kontraktionen under stelningsprocessen kan vara källan till sprickbildning 
i materialet. Ytterligare teoretisk analys behövs framöver för att verifiera denna observation. 
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Chapter 1 Introduction 

The global production of ferrous material is over 1600 million tonnes per annum in recent years.[1] 
The use and production of iron were first recorded in the early ages sometime after 200 BC in Asia.[2, 

3] During the Iron Age, bronze products were replaced by iron products for better hardness, durability, 
and capability to retain sharpness. From that point onward, there has been vigorous development to 
reach the current level. However, the complexity of the products and the advancement in the 
technology require more studies and research to be undertaken continuously to improve the ferrous 
production.[4] The global market competition also forces countries to produce or develop new types 
of alloys that have better qualities and properties. 

Different methods are involved in the production of ferrous metal, among these: the casting of parts 
in the foundry; wrought products by using continuous casting or ingot casting for mass production; 
powder metallurgy production method.[5] The type of the metal that needs to be produced might also 
need a specific kind of production due to its property. Quite various kinds of ferrous materials exist 
up to date. Cast iron and steel are the two main types of ferrous metal. Both metals mostly consist of 
iron, but the core difference between them is the amount of the carbon present in the metal.[1, 4] 

In the case of cast iron, it is further divided into four different categories by taking into 
consideration the alloying elements, the structural and mechanical properties. These various types of 
cast iron are GCI; NCI; white cast iron (WCI); malleable cast iron (MCI).[6] GCI covers the larger 
portion of the production in cast iron for a broad range of engineering applications due to its easy 
machinability and lower cost of production.[7, 8] It is also applicable in the areas where better thermal 
conductivity of the material is required.[9, 10] If the material application requires a high demand for 
ductility and strength, then NCI is prioritised.[11] Similarly, steel has different types of grades 
depending upon the chemical compositions.[12] The four different types of steel are carbon steel; alloy 
Steel; stainless steel; tool steel. Furthermore, carbon steel is divided into three categories as low, 
medium and high carbon steels by the variation of the carbon content. When the heat resistivity and 
durability are in big demand for drilling and cutting, then tool steel is selected.  

For both steel and cast iron, certain facts make them similar if one considers the basics in 
production. Both types of material must go through solidification process to reach the final stage. 
Whether the metal is produced in a foundry, or via continuous or ingot casting, it passes through 
solidification process. Thus better understanding about the solidification process is the foundation 
for improving the product, efficiently utilising the resources, increasing the yield, saving energy and 
also  decreasing pollutant emissions.    

1.1.  Solidification and Casting 

Solidification is a process in casting that involves the transformation of liquid to solid as disordered 
atoms are rearranged into an ordered lattice structure.[13, 14] The transformation occurs when the 
energy present in the disordered atoms is released and transferred to the mould. The rate of the 
solidification is then controlled by the heat generation during the phase change, heat transport 
through the moulding media and flow of the molten metal. The heat generation varies with the phases 
present in the ferrous metal. Similarly, the moulding media will also influence the rate of heat 
transport. 

The cooling temperature profile of the molten metal can be used to evaluate the solidification since 
the curve is directly related to the phase transformation in the metal.[15, 16] In addition to that, the 
cooling curve will also give basic information about the start of solidification, end of solidification, 
cooling rate, eutectic temperature, undercooling, recalescence temperature and eutectoid point 
depending upon the type of metal. Thus, different types of ferrous alloy will have different cooling 
curves that will differentiate them from the others. Below, the cooling curve for grey cast iron is 
introduced in order to describe the solidification process and to show the different terms used in this 
thesis.
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Figure 1: A cooling curve measurement for grey cast iron in a sand mould. ∆𝑇𝑇𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 & ∆𝑇𝑇𝑢𝑢𝑢𝑢𝑢𝑢𝑟𝑟𝑢𝑢𝑢𝑢𝑟𝑟𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 are terms used to 
interpret undercooling and recalescence temperatures in the curve, respectively. 𝑇𝑇𝑢𝑢- Liquidus temperature and 𝑇𝑇𝑢𝑢𝑢𝑢𝑒𝑒- Eutectic 
temperature.  

In order to describe the solidification of the GCI, Figure 1 is divided into four main parts. The first 
region (I) is called a liquidus area where the entire melt exists as a liquid. In this area, when the 
temperature drops during subsequent cooling only stable oxides and sulphides are nucleated; these 
are essential for the growth of eutectic cells in the later stage. The second region (II) represents the 
primary solidification area where the solidification of the molten GCI started, and primary austenite 
is formed. Under normal circumstances, the solidification will begin just below the liquidus 
temperature. When the temperature drops further and reaches the eutectic temperature, then the 
eutectic solidification (III) begins and continues until the remaining molten metal has completely 
solidified. Further decrease in temperature (IV) does not involve any phase change since the GCI is 
completely solidified.  

The sand casting process is the most common and widely used ferrous production method for 
different types of shapes. The most abundant nature of sand and the possibility to reclaim the sand 
after casting makes the process cheaper than other types of production like investment, lost foam, die 
or permanent mould casting. In sand casting, the type of sand used for moulding strongly influences 
the shape, surface finish, dimension and qualities of the final product.[17] Dry sand and green sand 
moulds are the two main types of sand moulds. Green sand moulds usually have a lower mould 
resistance and must be kept inside a container in order to retain the casting shape while pouring the 
molten metal. On the contrary, dry sand moulds have excellent mould resistance and can be used 
alone without the use of a container while pouring the metal. However, during the moulding process, 
the dry sand must be kept inside a frame until the mould becomes completely dry. For casting bigger 
components, a dry sand mould must also be kept in a container because the hydrostatic pressure 
created inside the mould cavity while pouring the molten metal will be higher and could cause mould 
breakage. In dry sand moulding, furan resin or sodium silicate (𝑁𝑁𝑁𝑁2𝑆𝑆𝑖𝑖𝑖𝑖3) are used as binder. Furan 
resin-bonded mould is the most common one in the foundries due to its easy collapsibility after 
casting, thereby making the reclaiming process much easier.  

The differences in thermal conductivity and resistivity of the different types of moulding media 
will influence the heat transfer between the mould and solidifying molten metal. Hence, the 
differences in the mould material will then influence the solidification process of a given metal.  

1.2.  Nucleation                                   

Nucleation is a base or initiation for the crystal growth in molten metal during temperature drop.[13- 

15, 18] The crystal growth starts below the liquidus line on the inclusion or stable particles which are 
precipitated above or below the liquidus temperature. Especially in cast iron solidification, the 
nucleation of certain inclusions is the base for the graphite growth. The types of nuclei formed during 
the process vary depending upon the type of nucleation.[19, 20] There are three types of nucleation: 
homogeneous nucleation; heterogeneous nucleation; dynamic nucleation.[13, 15]

I II III IV 
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The most common type of nucleation in the casting of ferrous metals is heterogeneous nucleation. 
However, experimental works show that dynamic nucleation is also an influencing factor because of 
the melt convection.[15]   

In order to form a nucleation site for the crystal growth, the nuclei must grow at least to a critical 
radius so that the nuclei will not be remelted. To reach to the critical radius, the driving force 
(undercooling) for nucleation must be higher to overcome the energy barrier. [13, 15] There are two 
types of modes in heterogeneous nucleation. The first type is called continuous nucleation, where the 
formation of nuclei is continuous and dependent on the temperature changes. The other one is 
instantaneous nucleation, where all the nuclei are formed at a specific temperature. Often, different 
types of elements, which have a high tendency to forming nuclei, are added into the molten metal to 
modify the microstructure and mechanical properties. Elements such as silicon, calcium, strontium, 
barium, aluminium, magnesium, cerium can be used as inoculants for graphite growth in cast iron.[21-

28]                 

1.3.  Inoculation        

Inoculation is the addition of elements into the melt in order to create heterogeneities and nucleation 
sites for the growth of the graphite during cooling of the molten metal.[29-32] It is also used to refine 
the grains in the structure.[15] The elements or compounds that are used as inoculants have a higher 
affinity towards oxygen and sulphur and tend to form oxides and sulphides. These oxide or sulphide 
nuclei will later act as nucleation sites for the graphite. The growth of graphite in the cast iron will 
then influence the volume changes in the casting owing to the high-density difference between the 
iron and the graphite. Different studies verify that the addition of the inoculants improves the 
properties of the cast by homogenising the structure, minimising the undercooling, and refining the 
grains.[29-32] In NCI the nodule graphite grows around the nucleation sites, and the number of nodule 
graphite is directly related to the number of sites. Hence, the presence of the nuclei particle in the NCI 
melt is vital for the nodule formation. In steel alloys, titanium nitride or carbide compounds are 
typically added to promote austenite or ferrite phases during the solidification and to refine the grain 
structure.[15, 33]   

1.4.  Growth  

The structure of ferrous metal is one of the important parameters that influences the mechanical 
properties.[34, 35] If one takes NCI, its good ductility comes from the nodular structural appearance. 
The different kinds of structural formations are related to the chemical composition and the cooling 
condition. As was mentioned earlier, the amount of heat extraction from the molten metal to mould 
is influenced by the type of mould and the contact area between the mould and metal. Depending 
upon the scale of the thermal conductivity, the cooling rate will change. The growth and cooling rates 
also have direct relations. A decrease in the cooling rate will lower the growth rate. The lower the 
growth rate, the lower the undercooling will be. As a result, the structure of the metal is modified. In 
addition to that, the introduction of different types of elements into the molten metal as stated above 
also promotes different nuclei. Consequently, the growth of the constituents will differ.  

1.5.  Volume changes 

During the solidification of ferrous metal, the molten metal will undergo phase changes. These phase 
changes in the material will cause an expansion and contraction within the solidification interval and 
drive the system towards volumetric changes. The expansion or contraction during the solidification 
is the primary source for the micro-shrinkage porosity. Macro-shrinkage is usually created as a result 
of liquid shrinkage and the movement of the mould.[36, 37] This type of shrinkage can be eliminated 
by providing an appropriate superheating, feeder, and pattern allowances. On the other hand, the 
micro-shrinkage formation occurs in between the dendrites or last solidified parts. Sometimes the 
remaining melt might be insufficient or difficult to reach the interdendritic area. As a result, that 
specific area is subjected to a higher shrinkage, and micro-pores appears in the structure as shown in 
Figure 2.      
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Figure 2: Hot alkaline colour etched nodular cast iron with the micro-shrinkage porosity. The shrinkage pore is enlarged and 
shown in the left corner of the image. 

Understanding the volume changing of the molten metal during the solidification by coupling with 
the cooling curve will be the first step for controlling the micro-shrinkage.[37-42] At the same time, it 
will also provide additional information about the effect of graphite and its relation to the pore 
formation during the solidification by keeping in mind carbon as one of the main constituents in 
ferrous metals. In Figure 3, a schematic diagram represents a typical displacement and cooling curves 
for grey cast iron. As is shown disclosed in the diagram, the different phase region corresponds to 
different displacement measurements. Complete solidification is represented by regions II and III. 
GCI shows shrinkage in region II due to the primary austenite formation, and displays expansion in 
region III as a result of the eutectic growth. Furthermore, the simultaneous measurement of the 
displacement and cooling curves will help us to precisely locate the start of the solidification, eutectic 
growth and end of the solidification by referring the corresponding points from the displacement 
curve.                   

 
Figure 3: Schematic representation that couples the displacement and cooling curve measurements. Different regions in the 
cooling curve are divided by dotted and dashed lines and labelled with Roman numbers. 

1.6.  Micro and Macro-shrinkages 

During the casting of metals, it is almost impossible to get rid of defects. Amongst others, micro and 
macro-shrinkage, slag and inclusions are some of the more common defect types. As was mentioned 
earlier, the first two defects mainly arise from the volume changes during the solidification, the 
molten metal shrinkage and mould movement.[15, 37] The last two types of defects are relatively easier 
to handle, and can be minimised by adjusting the chemical composition, pouring temperature and 
applying different techniques to rid the melt of impurities. In order to deal with the first two defects, 
the differences between the liquid, solidification and solid shrinkages must be distinguished 
appropriately. Usually, the shrinkage that occurs in a liquid state can be minimised by appropriate 
superheating, and by providing a riser,[36, 37] whereas solid shrinkage can be compensated by 
providing additional pattern allowances. The volume change analysis during the solidification will 
allow us to study the different parameters that influence the micro-shrinkage. 

I 
II 
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1.7.  Objective and Overview of the thesis   

The solidification and casting processes in metals involve liquid, solid and phase changes. Obviously 
the phase change and transformation from liquid to solid metal is accompanied by density and 
temperature changes. Subsequently, the variation in density will influence the volume changes during 
the solidification and casting. In addition to that, the introduction of inoculant into the molten metal 
in order to modify and homogenise the structure will also influence the volume change. Hence, 
comprehensive knowledge about the volume changing during the solidification process and the 
influence of microstructural modification on the volume change will help us to control the micro-
shrinkage and stress-strain developments in the casting.  

 The aim of the present work is to summarise the studies and findings on the effects of inoculation 
in relation to the volume changes during the solidification of the cast irons mainly in GCI and NCI. 
Additionally, the thermal expansion/contraction during the solidification of peritectic steel are also 
included. Since peritectic steel often has a surface cracking problem due to higher strain development 
caused by the peritectic reaction and transformation during the solidification. Not many researches 
have been done before in the areas of the thermal expansion and/or contraction during 
solidification,[37-43] even those few studies adopt uniaxial displacement measurements with the 
exception of Ref. [39]. In this case, the measurement cannot be a representative of the whole volume 
changes during the solidification. By taking into consideration previous works, a multiaxial 
displacement experimental setup was developed and applied for all experimental studies to evaluate 
the volume changes. In addition to that, experimental volume changes measurements during 
solidification for GCI and NCI are verified with the theoretical analysis.  This thesis work was based 
on the six supplements attached at the end. 

Except for supplement 3, the rest are based on laboratory-scale experiments performed in a 
metallurgical lab in KTH. All casting experiments were conducted in a sand mould. The displacement 
and temperature data during casting were simultaneously recorded by using a LVDT and a 
thermocouple, respectively. In supplement 4, the effect of inoculation on the thermal expansion and 
contraction of the grey cast iron in the sand mould is briefly studied by treating the melt with two 
types of commercial inoculants. The addition of the inoculant was increased for both types from 0.14-
0.4 wt-% then, the displacement measurements were compared with each other and with an un-
inoculated sample. A microstructural investigation was also made to compare the structures. 

The volume changes during the solidification of grey iron in relation to the structural changes and 
its comparison with the theoretical model are covered in supplement 1. Superseed and SMZ 
inoculants were used to modify the structure and composition. The addition of the inoculant varies 
from 0.1-1 wt-%. Dilatometry and DTA measurements were also performed to study the effect of the 
cooling rate on the thermal expansion/contraction and to quantify the different phases prior to 
eutectic solidification, respectively. The statistical size distribution of the flake graphite with 
increasing inoculation amount is covered in supplement 5. Homogenisation of the flake graphite in 
the structure is also shown in the same supplement. BSE analysis is done on SEM S-3700N to 
determine the different types of oxide and sulphide nuclei precipitated prior to solidification.  

The volume changes and pore formation in nodular cast iron by increasing the carbon content is 
studied in supplement 2. In this part, mainly alloys having hypoeutectic, eutectic, and hypereutectic 
composition were considered. These specific alloys have the same weight fraction of elements, except 
for carbon and iron. Carbon increase in relation to the volume change and pore formation was 
investigated by measuring the displacement and cooling curves. The effect of different cooling rates 
on the contraction of NCI in the presence of variable carbon content was estimated with dilatometry 
measurements. The experimental volume expansion during the eutectic solidification was compared 
with the theoretical model. DTA experiments were used to quantify the primary austenite fraction for 
each alloy. The micro-shrinkage, nodule count and distribution measurements were done in Leica 
microstructural software.
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The solidification and structural formation in the casting of large inserts were simulated in 
supplement 3 by considering nucleation and eutectic growth mathematical models. In the simulation, 
the temperature profile along the cross-section surface of the inserts was examined to evaluate the 
cooling rates. Then, the structural morphology was related to the simulation cooling rates to see the 
influence of variable cooling rate on the structure formation. The degree of microsegregation was also 
simulated for carbon and silicon and then compared with the colour micrograph result. Supplement 
6 deals with the volume changes in peritectic steel during solidification. The chemical composition of 
the steel was altered by different weight fraction of titanium. Later, the effect of the different phase 
precipitation prior to the solidification and its effect on the volume change is studied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Chapter 2    Experimental and model description 

All the LVDT experiments were carried out in laboratory-scale size. With the exception of supplement 
3, the rest of the work involves expansion/contraction experiments in a sand mould. The mould setup 
and arrangements were identical in each experiment. Each sand mould was prepared by mixing 1400g 
silica sand and 35 ml water glass (𝑁𝑁𝑁𝑁2𝑆𝑆𝑖𝑖𝑖𝑖3) as a binder. The weight of the binder was determined by 
considering the amount of sand.[44] The moulds were then kept for around three hours in a heating 
furnace for curing.   The size of the mould cavity after curing was 50×70×10 mm in length, height and 
thickness, respectively. 

Around 280 g of material for both GCI and NCI displacement experiments were melted in a high-
frequency induction furnace (HFIF) inside a quartz tube. The charging material for the peritectic steel 
experiments was about 300 g. During melting, a continuous supply of argon was provided inside the 
melting chamber in order to protect the melt from excessive oxidation. 

 
Figure 4: A 3D partially sectioned image showing the expansion and contraction displacement measurement setup. (a) Metallic 
frame, (b) LVDT sensor, (c) Quartz rod (d) Sand mould, (e) Thermocouple and (f) Base plate. 

In all sand mould experiments, downhill castings were implemented. The temperature 
measurements were done from the top surface. During the LVDT experiments, the upper and lower 
parts of the sand mould were enclosed with refractory insulation material to decrease the heat 
extraction from these surfaces. In addition to this, due to space limitations, displacement 
measurements were not taken from top and bottom sides. Apart from supplement 4, Four LVDT 
sensors were mounted in adjustable holes on a rigid frame as shown in Figure 4. Quartz rods were 
used to link the sensor tip with the molten metal in the mould cavity. The tips of the quartz rods placed 
inside the mould cavity were shaped like a hook to stick on the surface of the solidifying shell as shown 
in Figure 5. The other end of the quartz rods was connected to the sensor tip by using connectors. The 
quartz tube separates the quartz rod from holes in the sand mould and allows a smooth motion for 
the rods. The LVDT sensors were positioned in all the four faces of the plate at the midpoint and the 
thermocouple was placed in the geometric centre. 

 During the solidification of the alloys in the mould cavity; the LVDT sensors transmit the signal 
to the processor in numeric form. Simultaneously, the thermocouple sent the temperature signals to 
the data logger to record the cooling curve. The setup consists of sand mould, LVDT sensors, 
thermocouple, rigid frame, quartz rods and tubes as shown in Figure 4. The accuracy of the LVDT 
sensor was ±0.1% of the measured data. The temperature measurement was done by an S-type 
thermocouple with diameter 0.35 mm as shown in Figure 5. The accuracy of the thermocouple was ± 
3°C. 
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Figure 5: A thin walled cast with the displacement and thermocouple arrangements from a front view. Ch1-2 and Ch3-4 
measure the displacement in X-X and Y-Y directions, respectively. 

Both the LVDT and thermocouple will export the real-time data to a central system during the 
solidification. The sensors Channel-1 (Ch1) and Ch2 shown in Figure 5 measure the surface 
displacement in the X-X direction (longitudinal) whereas the sensors Ch3 and Ch4 measure the 
centreline displacement in the Y-Y direction (transversal). 

2.1. Volume changes during the solidification of GCI 

One base material (BM) was used in all experiments. A total of eighteen experiments were conducted 
with the help of the LVDT sensors. Except in four cases the tests were carried out by treating the 
molten metal with a different weight fraction of inoculant (see Table 1). Each condition was repeated 
at least once during the experimental work.  

Table 1: The chemical composition of alloys in weight percent (wt-%). 

Alloy Inoc. C Si Mn Cr Cu S P N CE 
11a 0 3.17 1.78 0.567 0.28 0.56 0.054 0.04 0.007 3.732 
21b 0.14** 3.16 1.84 0.566 0.28 0.562 0.054 0.04 0.005 3.75 
31c 0.14† 3.16 1.86 0.57 0.27 0.563 0.054 0.04 0.005 3.756 
22b 0.4** 3.15 1.95 0.564 0.27 0.56 0.053 0.037 0.005 3.773 
32c 0.4† 3.15 2.02 0.576 0.26 0.56 0.053 0.037 0.005 3.794 
23b 1** 3.13 2.21 0.561 0.26 0.561 0.053 0.036 0.005 3.833 
33c 1† 3.13 2.37 0.589 0.26 0.561 0.053 0.036 0.005 3.882 

Inoc.: Inoculant; **ASSC (Si, Ca, Sr & Al);  †MBZCAS (Si, Ca, Zr, Ba, Mn & Al); CE: Carbon 
Equivalent (C + 0.31*Si + 0.33*P + 0.4*S - 0.027*Mn) 

 

2.1.1.  Dilatometer and Differential Thermal Analysis (DTA) 

The dilatometer experiments were used to validate the effect of cooling rate on thermal 
expansion/contraction using BM sample.  The DTA experiments were used to quantify the austenite 
fraction from the microstructure, compare the SDAS with the samples from LVDT experiment and 
roughly estimate the start and end of solidification.
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Six dilatometer experiments were conducted by using different cooling rates (size 19mm × 
ϕ3.55mm). The cooling rates used during the experiments are 30, 20, 10, 5, 2 and 1K/min. Samples 
from the final casting of LVDT experiments were machined out and used in DTA experiments (size 
10mm × ϕ8mm). The samples were re-melted and cooled down in a DTA furnace at a rate of 10K/min 
and quenched with brine solution (see Table 2). 

Table 2: Samples remelted in DTA for quantifying the solid fraction at given temperature. 

Alloy Inoc. T (ºC) 
11ab 0 Q-1146 
21bb 0.14** Q-1153 
31cb 0.14† Q-1154 
22bb 0.4** Q-1155 
32cb 0.4† Q-1159 
23bb 1** Q-1162 
33cb 1† Q-1164 
Q: quenching temperature; **ASSC;  †MBZCAS 
 

 

2.1.2.  Density measurement 

The density of the LVDT casting was measured by taking samples from the middle part to examine 
the influence of the maximum displacement variations on the final cast. The measurement was done 
on a 9.5 mm sized small cube. The volume of the cube was precisely measured in a weighing machine 
by indirectly measuring the volume of displaced water (Archimedes' principle). 

2.1.3.  Metallographic 

Different microstructural studies were used to verify the structure difference. Among them; OM 
analysis, Eutectic cell count, undercooled graphite estimation and the dendritic arm spacing 
measured from the LVDT and DTA samples. Colour etching method using the hot alkaline solution 
on the LVDT experimental samples were used to reveal the dendritic arms spacing. Then, using OM 
the SDAS for each sample is approximated by taking the average from 46 measurements (see Figure 
6). 2% Nital solution was used to etch the DTA samples, and stead solution was used to reveal the 
eutectic cells for samples from LVDT experiments. 

 
Figure 6: The secondary arm spacing measurement technique used for the LVDT and DTA samples. 

 
2.1.4.  Theoretical background



10 | Experimental and model description 
 

The theoretical work focused mainly on the solidification. It considers three main parts: parts with no 
phase changes occur at the beginning, a region where austenite precipitation occurs and the eutectic 
solidification region. Thermo-physical properties are shown in Table 3. 

 The slope of a temperature-time curve in the first stage can be referred to as the cooling rate. 
In this part, the molten metal cools down without a phase change; the liquid is considered to 
be in the superheated region. No solidification occurs. 

Hence the heat balance becomes; 

𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ = 𝑉𝑉 × 𝜌𝜌𝑢𝑢 × 𝐶𝐶𝑝𝑝 × 𝑑𝑑𝑇𝑇 𝑑𝑑𝑑𝑑⁄                                                                                                                                  (1) 

where: V is the volume of the sample, 𝜌𝜌𝑢𝑢   is the density of liquid, 𝐶𝐶𝑝𝑝 is the specific heat capacity, 𝑇𝑇 is 
the temperature and 𝑑𝑑𝑇𝑇/𝑑𝑑𝑑𝑑 is the cooling rate. 

Chvorinov’s law can also be applied to determine heat transfer,[16] according to 

𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ = 𝐾𝐾 ⁄ √𝑑𝑑                                                                                                                                                         (2) 

where: 𝐾𝐾 is the modulus constant and 𝑑𝑑 is the time in the superheated region 

By applying the above two equations the heat transfer at this stage will be determined, and the 
modulus constant is calculated. 

 In the second stage, austenite formation occurs. Solid and liquid phases are present in this 
region, and heat and mass balances should be considered to determine the variables.  

The heat balance becomes; 

𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 = (𝑉𝑉 × 𝜌𝜌𝑢𝑢 × 𝐶𝐶𝑝𝑝  +  𝑉𝑉 × 𝜌𝜌𝛾𝛾 × ∆𝐻𝐻𝛾𝛾 × 𝑑𝑑𝑑𝑑𝛾𝛾 𝑑𝑑𝑇𝑇⁄ ) × 𝑑𝑑𝑇𝑇 𝑑𝑑𝑑𝑑⁄                                                                              (3) 

where: ∆Hγ  is the heat of solidification of austenite, 𝑑𝑑𝑑𝑑𝛾𝛾 𝑑𝑑𝑇𝑇⁄  is the austenite formation per 
temperature change and ργ is the density of austenite. 

By applying Eq. 2 and Eq. 3 in the austenite formation region, the fraction of austenite can be 
calculated.  

 The third and last stage of solidification: the remaining liquid melt left after austenite 
formation undergoes a eutectic transformation. In this part, the heat balance and the mass 
balance should be considered. The heat balance becomes; 

𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 = (𝑉𝑉 × 𝜌𝜌𝑢𝑢𝑢𝑢𝑒𝑒 × ∆𝐻𝐻𝑢𝑢𝑢𝑢𝑒𝑒 × 𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢𝑒𝑒 𝑑𝑑𝑑𝑑⁄ )                                                                                                               (4) 

where: ∆Heut is the heat of eutectic solidification, 𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢𝑒𝑒 𝑑𝑑𝑑𝑑⁄  is the volume fraction change of eutectic 
per change in time and ρeut is the density of eutectic. 

The first part of Eq. 3 is neglected in Eq. 4, since the heat of solidification is around 400 times 𝐶𝐶𝑝𝑝 and 
the temperature variation is very small during the eutectic growth. Hence the heat transfer is 
expressed with the heat of fusion.  

 From the mass balance, 

𝑑𝑑𝑢𝑢𝑢𝑢
𝑢𝑢𝑢𝑢𝑒𝑒 = 1 − 𝑑𝑑𝛾𝛾

𝑢𝑢𝑢𝑢𝑒𝑒                                                                                                                                                     (5) 

where: 𝑑𝑑𝑢𝑢𝑢𝑢
𝑢𝑢𝑢𝑢𝑒𝑒 and 𝑑𝑑𝛾𝛾

𝑢𝑢𝑢𝑢𝑒𝑒are the fraction of graphite and austenite in the eutectic solid respectively; this 
can be taken from phase diagram. Also,  

𝜌𝜌𝑢𝑢𝑢𝑢𝑒𝑒 = 𝑑𝑑𝑢𝑢𝑢𝑢
𝑢𝑢𝑢𝑢𝑒𝑒 × 𝜌𝜌𝑢𝑢𝑢𝑢 + 𝑑𝑑𝛾𝛾

𝑢𝑢𝑢𝑢𝑒𝑒 × 𝜌𝜌𝛾𝛾                                                                                                                            (6) 

By combining Eq. 2 and Eq. 4-6 in the eutectic formation region, the fraction of eutectic can be 
calculated. Also,
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 𝜌𝜌 = 𝜌𝜌𝑢𝑢 × (1 − 𝑑𝑑𝑟𝑟) + 𝑑𝑑𝑟𝑟 × (𝑑𝑑𝑢𝑢𝑢𝑢
(𝛾𝛾+𝑢𝑢𝑢𝑢𝑒𝑒) × 𝜌𝜌𝑢𝑢𝑢𝑢 + 𝑑𝑑𝛾𝛾

(𝛾𝛾+𝑢𝑢𝑢𝑢𝑒𝑒) × 𝜌𝜌𝛾𝛾 )                                                                                  (7) 

where: ρ is the density of system containing solid and liquid, 𝑑𝑑𝑟𝑟 = 𝑑𝑑𝛾𝛾 + 𝑑𝑑𝑢𝑢𝑢𝑢𝑒𝑒, 𝑑𝑑𝑢𝑢𝑢𝑢
(𝛾𝛾+𝑢𝑢𝑢𝑢𝑒𝑒)is the fraction of 

graphite in primary austenite plus eutectic, 𝑑𝑑𝛾𝛾
(𝛾𝛾+𝑢𝑢𝑢𝑢𝑒𝑒) is the fraction of austenite in primary austenite 

plus eutectic. 

∆𝑉𝑉 = (𝜌𝜌 − 𝜌𝜌𝑢𝑢) 𝜌𝜌𝑢𝑢�                                                                                                                                                             (8) 

where: ∆𝑉𝑉 is the volume change (fraction).  

By combining Eq. 7 and Eq. 8 in eutectic solidification region, the volume changes can be calculated.   

 The austenite fraction is calculated based on ternary alloy (Fe, C and Si) and the maximum 
carbon content in austenite and eutectic is assumed according to the following equations. 

𝐶𝐶𝐴𝐴𝑢𝑢𝑟𝑟𝑒𝑒𝑢𝑢𝑢𝑢𝑢𝑢𝑒𝑒𝑢𝑢𝑀𝑀𝑟𝑟𝑀𝑀 = 2.07 − 0.98 × ⌊𝑆𝑆𝑖𝑖%⌋                                                                                                                                (9) 

𝐶𝐶𝐸𝐸𝑢𝑢𝑒𝑒𝑢𝑢𝑢𝑢𝑒𝑒𝑢𝑢𝑢𝑢 = 4.26 − 0.296 × ⌊𝑆𝑆𝑖𝑖%⌋                                                                                                                               (10) 

𝑑𝑑𝐴𝐴𝑢𝑢𝑟𝑟𝑒𝑒𝑢𝑢𝑢𝑢𝑢𝑢𝑒𝑒𝑢𝑢 = (𝐶𝐶𝐸𝐸𝑢𝑢𝑒𝑒𝑢𝑢𝑢𝑢𝑒𝑒𝑢𝑢𝑢𝑢 − 𝐶𝐶𝐶𝐶)
(𝐶𝐶𝐸𝐸𝑢𝑢𝑒𝑒𝑢𝑢𝑢𝑢𝑒𝑒𝑢𝑢𝑢𝑢 − 𝐶𝐶𝐴𝐴𝑢𝑢𝑟𝑟𝑒𝑒𝑢𝑢𝑢𝑢𝑢𝑢𝑒𝑒𝑢𝑢𝑀𝑀𝑟𝑟𝑀𝑀 )�                                                                                                   (11) 

where: 𝐶𝐶𝐴𝐴𝑢𝑢𝑟𝑟𝑒𝑒𝑢𝑢𝑢𝑢𝑢𝑢𝑒𝑒𝑢𝑢𝑀𝑀𝑟𝑟𝑀𝑀  and 𝐶𝐶𝐸𝐸𝑢𝑢𝑒𝑒𝑢𝑢𝑢𝑢𝑒𝑒𝑢𝑢𝑢𝑢  are maximum carbon content in austenite and eutectic for a given alloy 
respectively. 𝐶𝐶𝐶𝐶 is the carbon content for a given alloy. 𝑑𝑑𝐴𝐴𝑢𝑢𝑟𝑟𝑒𝑒𝑢𝑢𝑢𝑢𝑢𝑢𝑒𝑒𝑢𝑢  is the fraction of austenite according 
to the lever rule. 

 The densities of austenite, graphite and cast iron can be expressed by using the temperature 
and the carbon equivalent for a given alloy according to [45] 

𝜌𝜌𝑢𝑢 = 8192.2 − 0.5402 × 𝑇𝑇 − 9805.3 × 𝐶𝐶𝑢𝑢𝑒𝑒                                                                                                            (12) 

𝜌𝜌𝛾𝛾 = 8238.2 − 0.48684 × 𝑇𝑇 − 3876 × 𝐶𝐶𝑢𝑢𝑒𝑒 − 5982 × 𝐶𝐶𝑢𝑢𝑒𝑒2                                                                                        (13) 

𝜌𝜌𝑢𝑢𝑢𝑢 = 2292.9 − 0.067442 × 𝑇𝑇                                                                                                                                           (14) 

where: 𝜌𝜌𝑢𝑢, 𝜌𝜌𝛾𝛾 and 𝜌𝜌𝑢𝑢𝑢𝑢 are the densities of liquid, austenite and graphite respectively (kg/m3), and 𝐶𝐶𝑢𝑢𝑒𝑒  
is the carbon equivalent. 

 The linear thermal contraction is calculated based on the displacement changes on the side 
due to temperature change [46] according to 

𝛼𝛼𝑢𝑢 = ∆𝑙𝑙
(𝑙𝑙𝑢𝑢 × ∆𝑇𝑇)� = (𝑙𝑙𝑓𝑓 − 𝑙𝑙𝑢𝑢)

(𝑙𝑙𝑢𝑢 × ∆𝑇𝑇)�                                                                                                                             (15) 

where: 𝛼𝛼𝑢𝑢 is the linear thermal contraction coefficient, 𝑙𝑙𝑓𝑓  and 𝑙𝑙𝑢𝑢 are the final and initial displacements, 
respectively, and ∆𝑇𝑇 is the change in temperature in K. 

Table 3: Thermo-Physical properties for grey cast iron. 

Specific heat of liquid[47] (𝐶𝐶𝑝𝑝 − 𝐽𝐽𝑔𝑔−1℃−1) 0.976 

Density of liquid[45] (𝜌𝜌𝑢𝑢 − 𝑔𝑔𝑐𝑐𝑐𝑐−3) 7.021 

Density of graphite[45] (𝜌𝜌𝑢𝑢𝑢𝑢 − 𝑔𝑔𝑐𝑐𝑐𝑐−3) 2.193 

Heat of fusion[48] ( ∆𝐻𝐻𝛾𝛾  & ∆𝐻𝐻𝑢𝑢𝑢𝑢𝑒𝑒 − 𝐽𝐽𝑔𝑔−1 )- calculated using the 
Newtonian heating and cooling  method 
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2.2.  The effect of carbon on the solidification in nodular cast iron 

Seven different alloy compositions were used in a laboratory-scale displacement experiments (see 
Table 4). The first three alloys were prepared in a vacuum furnace. The only difference between these 
three alloys is the carbon, and iron content.  The same amount of SCCA (73%Si, 1%Ca, 1.75%Ce, 1%Al 
and 23.25%Fe) was added inside the melting chamber at a temperature of 1300ºC during melting in 
the first three alloys. For the same serials, magnesium ferrosilicon (5%Mg, 48%Fe and 47%Si) was 
placed inside the mould cavity prior to pouring the liquid metal. For the next four alloys, the melt was 
treated with different wt-% of magnesium ferrosilicon and pure Mg by keeping the inoculant inside 
the mould cavity.  

 Table 4. The chemical composition of alloys in weight percent (wt-%). 

Sample C Si Mn P S Ni Mo Mg Addition of Inoculant 
SCCA Fe-Mg-Si Mg 

A1 3.3 1.2 - - - - 0.9 - 1 2 - 
A2 3.5 1.2 - - - - 0.9 - 1 2 - 
A3 3.8 1.2 - - - - 0.9 - 1 2 - 
A4 3.54 2.36 0.17 0.01 0.01 0.39 - 0.05 - 0.3 - 
A5 3.54 2.36 0.17 0.01 0.01 0.39 - 0.05 - 0.35 0.0053 
A6 3.54 2.36 0.17 0.01 0.01 0.39 - 0.05 - - 0.048 
A7 3.54 2.36 0.17 0.01 0.01 0.39 - 0.05 - 0.2 0.071 

 

Table 5. DTA experiment quenching temperature, size of sample and change in temperature. 

Sample Size of 
specimen 

Start of eutectic from 
LVDT experiment (ºC)  

Quenching 
temperature (ºC)  ∆T† (K) 

A1R Φ9*11mm 1145.2 1142.4 2.8 
A2R Φ8*11mm 1153.3 1150.3 3.0 
A3R Φ9*11mm 1145.5 1143.6 1.9 

†∆T: is the temperature deviation between the quenching temperature and the eutectic 
temperature referred from the LVDT experimental cooling curve.   

 

The DTA experiments were done in the first three alloys to evaluate the primary austenite fraction. 
The experimental parameters are summarised in Table 5. The dilatometer experiments were used to 
investigate the effect of carbon variation on the contraction by using two different cooling rates (see 
Table 6). 

Table 6. Dilatometer experiments: heating and cooling rates, size and maximum temperature. 

Sample Size of 
specimen 

Heating rate 
(K/min) 

cooling rate 
(K/min) 

Maximum 
temperature (ºC) 

A1D Φ3.3*19.4mm 10 10 1113 
A1d Φ3.6*22.4mm 1 1 1113 
A2D Φ3.6*19mm 10 10 1113 
A2d Φ3.6*19.2mm 1 1 1113 
A3D Φ4*21.4mm 10 10 1113 
A3d Φ4*21.5mm 1 1 1113 
A5D Φ3.5*19.9mm 10 10 1140 
A6D Φ3.5*19.5mm 10 10 1140 
A7D Φ3.6*22mm 10 10 1140 

 

2.2.1.  Metallographic 

Samples from the LVDT and DTA experiments were examined by OM analysis. In the first three alloys 
used in the LVDT experiment, the carbon variation in relation with the porosity was studied.  
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The microanalysis for these samples was done by taking two sampling position from the central part 
of the casting as shown in Figure 7. For the rest of the alloys, one sampling from each casting was 
taken from the central part.  

 
Figure 7: The cross section of a sample with the thickness of test piece taken for microstructural analysis. The letters M and S 
represent the two investigated positions in the first three alloys. 

The theoretical background to calculate the volume expansion during the eutectic solidification is 
the same as the one described earlier. 

2.3. Solidification and structure formation relation for nodular cast iron 

2.3.1.  Numerical modelling 

A 2D time-dependent heat transfer model was used to simulate the temperature profiles for Boiling 
Water Reactor (BWR) and Pressure Water Reactor (PWR) inserts. The solidification process of NCI 
is described by the heat transfer and phase change formulas. A general heat transfer equation that 
involves conduction and convection was applied for the molten NCI.[49] Later in the computation, it 
is coupled with the heat transfer in the sand mould. The governing equations are 

𝜌𝜌𝐶𝐶𝑝𝑝 𝜕𝜕𝑇𝑇 𝜕𝜕𝑑𝑑� + 𝜌𝜌𝐶𝐶𝑝𝑝𝒖𝒖 ∙ ∇𝑇𝑇 − ∇ ∙ (𝑘𝑘∇𝑇𝑇) = �̇�𝑑                                                                                                             (16) 

𝜌𝜌𝑢𝑢𝐶𝐶𝑝𝑝𝑢𝑢
𝜕𝜕𝑇𝑇

𝜕𝜕𝑑𝑑� − ∇ ∙ (𝑘𝑘𝑢𝑢𝛻𝛻𝑇𝑇) =  0                                                                                                                             (17) 

where i=m,c  𝜌𝜌 is the density of the metal, 𝐶𝐶𝑝𝑝 is the specific heat capacity of the metal, 𝜕𝜕𝑇𝑇 𝜕𝜕𝑑𝑑�  is the 
cooling rate of molten metal, 𝒖𝒖 is the velocity of molten metal,  𝑘𝑘 is the thermal conductivity of metal, 
�̇�𝑑 is the heat generation due to the phase changes in the metal, and in the left side of Eq. 17 subscripts 
m and c refers mould and steel channel tubes respectively. 

The second term on the left side of Eq. 16 will be zero (𝑢𝑢 = 0), since the liquid is assumed to be 
stationary during solidification, whereas the density, heat capacity and heat conductivity of molten 
metal will change with changes in liquid fraction (𝑑𝑑) according to  

𝜌𝜌 = (𝑑𝑑𝜌𝜌𝑢𝑢𝐶𝐶𝑝𝑝𝑢𝑢 + (1 − 𝑑𝑑)𝜌𝜌𝑟𝑟𝐶𝐶𝑝𝑝𝑟𝑟)/𝐶𝐶𝑝𝑝                                                                                                                         (18) 

𝐶𝐶𝑝𝑝 = 𝑑𝑑𝐶𝐶𝑝𝑝𝑢𝑢 + (1 − 𝑑𝑑)𝐶𝐶𝑝𝑝𝑟𝑟                                                                                                                                              (19) 

𝑘𝑘 = 𝑑𝑑𝑘𝑘𝑢𝑢 + (1 − 𝑑𝑑)𝑘𝑘𝑟𝑟                                                                                                                                                   (20) 

where the subscripts l and s refer to the liquid and solid, respectively. 

The density, thermal conductivity and heat capacity of the sand mould and core sand are expressed 
in terms of change in temperature as follows:[50]
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𝜌𝜌𝑚𝑚 = 1739 − 0.0509 × 𝑇𝑇                                                                                                                                           (21) 

𝑘𝑘𝑚𝑚 = (8 × 10−7) × 𝑇𝑇2 − 0.0006 × 𝑇𝑇 + 0.6612                                                                                                       (22) 

𝐶𝐶𝑝𝑝𝑚𝑚 = (3 × 10−7) × 𝑇𝑇3 − 0.0011 × 𝑇𝑇2 + 1.542 × 𝑇𝑇 + 392.63                                                                                (23) 

The outer surface of the mould is assumed to be in contact with the air, and the heat transfer by 
convection and radiation will account for the majority of heat released from the surface. The 
emissivity of mould was taken into account in order to compute the heat of radiation from the outer 
surface. Furthermore, at this surface, we take  

𝑞𝑞�̇�𝑢 = ℎ𝑤𝑤 × (𝑇𝑇𝑟𝑟𝑢𝑢𝑢𝑢 − 𝑇𝑇)                                                                                                                                                          (24) 

𝑞𝑞�̇�𝑢 = 𝜀𝜀𝜀𝜀(𝑇𝑇𝑟𝑟𝑢𝑢𝑢𝑢4 − 𝑇𝑇4)                                                                                                                                                      (25) 

where  𝑞𝑞�̇�𝑢  is the heat of convection from the mould surface to the surroundings, 𝑞𝑞�̇�𝑢  is the heat of 
radiation from the mould surface to the surrounding atmosphere,  𝑇𝑇𝑟𝑟𝑢𝑢𝑢𝑢 = 293.15 𝐾𝐾, ℎ𝑤𝑤  is the heat 
transfer coefficient of the mould-air interface, 𝜀𝜀  is the surface emissivity, and 𝜀𝜀  is the Stefan-
Boltzmann constant.      

Thus, by coupling Eq. 16 and 17, the heat transfer between the molten metal and the mould can be 
evaluated by considering continuous heat flow and phase changes. 

The solidification model is described by the phase changes, which is represented by the right-hand 
term in Eq. 16. This term mainly describes the heat of fusion liberated during the phase change from 
liquid to solid, as is given by 

�̇�𝑑 = 𝜌𝜌𝜌𝜌 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑�                                                                                                                                                               (26) 

where 𝜌𝜌 is the latent heat of fusion, and 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑�  is the rate of fraction of liquid change per unit time. 

2.3.2.  Metallurgical modelling  

The fraction of solid formed is controlled by the heat flux released not by the temperature drop in the 
eutectic region.[51, 52] Thus, the fraction of the liquid can be used to describe the structure of the NCI 
by relating it to nucleation and growth. The schematic phase diagram together with the eutectic cell 
growth and interface concentration is described in Figure 8. 

 
Figure 8: The schematic phase diagram representation for the Fe-C system, along with the eutectic cell growth model.
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𝑑𝑑𝑟𝑟 = 1 − 𝑒𝑒𝑒𝑒𝑒𝑒(−4𝜋𝜋𝜋𝜋𝑢𝑢
3
3� )                                                                                                                                                    (27) 

𝑑𝑑 = 𝑒𝑒𝑒𝑒𝑒𝑒(−4𝜋𝜋𝜋𝜋𝑢𝑢
3
3� )                                                                                                                                                         (28) 

where  𝑑𝑑𝑟𝑟 is the fraction of solid, N is the nodule count per unit volume, and r is the radius of the 
graphite-austenite shell. 

The growth rate of the graphite is controlled by the diffusion of carbon from the liquid into the 
graphite nodules through the austenite layer. Hence, the growth rate for the graphite can be described 
by[51, 52] 

𝑑𝑑𝑟𝑟𝑢𝑢
𝑑𝑑𝑑𝑑� =  𝐷𝐷𝐶𝐶

𝛾𝛾 𝑉𝑉𝑚𝑚
𝑢𝑢

𝑉𝑉𝑚𝑚
𝛾𝛾� (𝑋𝑋𝛾𝛾 𝑙𝑙⁄ −𝑋𝑋𝛾𝛾 𝑔𝑔⁄ )

(𝑋𝑋𝑔𝑔−𝑋𝑋𝛾𝛾 𝑔𝑔⁄ )
                                                                                                                                 (29) 

where 𝑑𝑑𝑟𝑟𝑢𝑢 𝑑𝑑𝑑𝑑⁄  is the growth rate of graphite, 𝐷𝐷𝐶𝐶
𝛾𝛾  is the diffusion constant of carbon through austenite, 

𝑉𝑉𝑚𝑚
𝑢𝑢 and 𝑉𝑉𝑚𝑚

𝛾𝛾 are molar volume of graphite and austenite respectively. 

The above equation can be simplified further as[53] 

𝑑𝑑𝑟𝑟𝑢𝑢
𝑑𝑑𝑑𝑑� = 2.87 × 10−11 ∆𝑇𝑇 𝑟𝑟𝑢𝑢�                                                                                                                                           (30) 

where ∆𝑇𝑇 is the undercooling temperature, and 𝑟𝑟𝑢𝑢 is the radius of graphite. 

The boundary conditions taken for the graphite during the computation are as follows: 

𝑁𝑁𝑑𝑑 𝑑𝑑 = 0, 𝑑𝑑ℎ𝑒𝑒𝑒𝑒   𝑟𝑟𝑢𝑢 = 𝑟𝑟0                                  𝑁𝑁𝑑𝑑 𝑑𝑑 = 𝑑𝑑𝑟𝑟𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 , 𝑑𝑑ℎ𝑒𝑒𝑒𝑒  𝑟𝑟𝑢𝑢 = 𝑟𝑟1 

Then, the radius of the graphite can be found by integrating Eq. 30 to obtain   

𝑟𝑟𝑢𝑢 = 𝑟𝑟0 + 7.576 × 10−6√∆𝑇𝑇𝑑𝑑                                                                                                                                                    (31) 

𝑟𝑟 = 2.4 × 𝑟𝑟𝑢𝑢                                                                                                                                                                  (32) 

where 𝑑𝑑 is the time and 𝑟𝑟 is the radius of eutectic cell (graphite-austenite shell).  

If we consider a ternary alloy with Fe-C-Si, the C and Si concentration in the melt during the 
eutectic reaction will be different from the concentration of these elements at the beginning of the 
solidification due to segregation phenomena.[54] Hence, the concentrations of the elements in the 
melt can be expressed with the initial concentrations of the elements, a fraction of solid and fraction 
of each phase present in the solid fraction as follows:  

𝑋𝑋𝐶𝐶𝑢𝑢 𝑏𝑏𝑢𝑢𝑢𝑢 = 𝑋𝑋𝐶𝐶0 𝑢𝑢 𝑏𝑏𝑢𝑢𝑢𝑢(1 − 𝑑𝑑𝑟𝑟)−[�1−𝑘𝑘𝐶𝐶
𝛾𝛾 𝑙𝑙⁄ �𝑓𝑓𝛾𝛾+�1−𝑘𝑘𝐶𝐶

𝑔𝑔 𝑙𝑙⁄ �𝑓𝑓𝑔𝑔]                                                                                                         (34) 

𝑋𝑋𝑆𝑆𝑢𝑢𝑢𝑢 𝑏𝑏𝑢𝑢𝑢𝑢 = 𝑋𝑋𝑆𝑆𝑢𝑢0 𝑢𝑢 𝑏𝑏𝑢𝑢𝑢𝑢(1 − 𝑑𝑑𝑟𝑟)−[�1−𝑘𝑘𝑆𝑆𝑆𝑆
𝛾𝛾 𝑙𝑙⁄ �𝑓𝑓𝛾𝛾+�1−𝑘𝑘𝑆𝑆𝑆𝑆

𝑔𝑔 𝑙𝑙⁄ �𝑓𝑓𝑔𝑔]                                                                                                             (35) 

where 𝑋𝑋𝐶𝐶,𝑆𝑆𝑢𝑢
𝑢𝑢 𝑏𝑏𝑢𝑢𝑢𝑢 is the concentration of the C and Si respectively in the melt at an arbitrary point during 

binary eutectic reaction, 𝑋𝑋𝐶𝐶,𝑆𝑆𝑢𝑢
0 𝑢𝑢 𝑏𝑏𝑢𝑢𝑢𝑢  is the initial concentration of C and Si in the melt before binary 

eutectic reaction, 𝑑𝑑𝛾𝛾,𝑢𝑢 is the fraction of austenite and graphite present in the solid fraction respectively, 
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𝑘𝑘𝐶𝐶,𝑆𝑆𝑢𝑢
𝛾𝛾 𝑢𝑢⁄  is the partition coefficient of C and Si at the 𝛾𝛾 𝑙𝑙⁄  interface, 𝑘𝑘𝐶𝐶,𝑆𝑆𝑢𝑢

𝑢𝑢 𝑢𝑢⁄  is the partition coefficient of C and 
Si at the 𝑔𝑔 𝑙𝑙⁄  interface.  
 

 
Figure 9: (a, b) Quarter of BWR and PWR inserts sections respectively. The numbers represent the point where the cooling 
curves are calculated. The red, blue and green lines represent the temperature line analysis positions taken from core sand 
and casting parts. 

Table 7. List of thermo-physical properties used in the simulation. 

 

The coupling of the numerical and metallurgical models is done using COMSOL Multiphysics® 5.2a 
by considering Eq. 16-32.

Pouring temperature (Tm): 1593.2 (𝐾𝐾) 
Heat of Fusion (L): -2.27E5 (𝐽𝐽 · 𝑘𝑘𝑔𝑔−1) 
Specific heat capacity of liquid (𝐶𝐶𝑝𝑝𝑙𝑙): 915.4 (𝐽𝐽 · 𝑘𝑘𝑔𝑔−1 · 𝐾𝐾−1) 
Specific heat capacity of solid (𝐶𝐶𝑝𝑝𝑠𝑠): 752.4 (𝐽𝐽 · 𝑘𝑘𝑔𝑔−1 · 𝐾𝐾−1) 
Undercooling temperature (∆𝑇𝑇): 𝑇𝑇𝑢𝑢𝑢𝑢𝑒𝑒  - 𝑇𝑇𝑟𝑟𝑢𝑢𝑢𝑢   
Thermal conductivity of liquid cast iron (𝑘𝑘𝑢𝑢): 18.8 (𝑊𝑊 · 𝑐𝑐−1 · 𝐾𝐾−1) 
Thermal conductivity of solid cast iron (𝑘𝑘𝑟𝑟): 22 (𝑊𝑊 · 𝑐𝑐−1 · 𝐾𝐾−1) 
Density of liquid (𝜌𝜌𝑢𝑢): 6920 (𝑘𝑘𝑔𝑔 · 𝑐𝑐−3) 
Density of solid (𝜌𝜌𝑟𝑟): 7105 (𝑘𝑘𝑔𝑔 · 𝑐𝑐−3) 
Minimum radius of graphite (𝑟𝑟0): 0 (𝑐𝑐) 
Maximum radius of graphite for PWR (𝑟𝑟1): 0.0009 (𝑐𝑐) 
Maximum radius of graphite for BWR (𝑟𝑟1): 0.0006 (𝑐𝑐) 
Nodules count per cubic meter for PWR (𝑁𝑁): 2.5E5 (𝑐𝑐−3) 
Nodules count per cubic meter for BWR (𝑁𝑁): 2.15E6 (𝑐𝑐−3) 
Density of steel channel tubes (𝜌𝜌𝑢𝑢): 7850 (𝑘𝑘𝑔𝑔 · 𝑐𝑐−3) 

Specific heat capacity of steel  channel tubes (𝐶𝐶𝑝𝑝𝑐𝑐): 475 (𝐽𝐽 · 𝑘𝑘𝑔𝑔−1 · 𝐾𝐾−1) 
Thermal conductivity of steel  channel tubes (𝑘𝑘𝑢𝑢): 44.5 (𝑊𝑊 · 𝑐𝑐−1 · 𝐾𝐾−1) 
Heat transfer coefficient of mould-air (ℎ𝑤𝑤): 6.8 (𝑊𝑊 · 𝑐𝑐−2 · 𝐾𝐾−1) 
Emissivity of mould surface (𝜀𝜀): 0.76 
Stefan-Boltzmann constant (𝜀𝜀): 5.67E-8 (𝑊𝑊 · 𝑐𝑐−2 · 𝐾𝐾−4) 
Partition coefficient of Si (𝑘𝑘𝑆𝑆𝑢𝑢

𝛾𝛾 𝑢𝑢⁄ , 𝑘𝑘𝑆𝑆𝑢𝑢
𝑢𝑢 𝑢𝑢⁄ ): 1.09[55], 0 

Partition coefficient of C (𝑘𝑘𝐶𝐶
𝛾𝛾 𝑢𝑢⁄ , 𝑘𝑘𝐶𝐶

𝑢𝑢 𝑢𝑢⁄ ): (0.49 − 0.03 × 𝑆𝑆𝑖𝑖)[56], 6.7108 
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The liquidus, eutectic and solidus temperatures are calculated by considering the C, Si and P contents 
of the alloy, according to[50] 

𝑇𝑇𝑢𝑢𝑢𝑢𝑒𝑒 = 1669 − 113 × (𝐶𝐶 + 0.25 × 𝑆𝑆𝑖𝑖 + 0.5 × 𝑃𝑃)                                                                                                        (36) 

𝑇𝑇𝑢𝑢𝑢𝑢𝑒𝑒 = 1135.1 + 13.89 × 𝑆𝑆𝑖𝑖 − 2.05 × 𝑆𝑆𝑖𝑖2                                                                                                                            (37)  

𝑇𝑇𝑟𝑟𝑢𝑢𝑢𝑢 = 1528.4 − 101 × (𝐶𝐶 + 0.18 × 𝑆𝑆𝑖𝑖)                                                                                                                        (38) 

The casting is symmetrical along the X- and Y-axis and only quarter of the casting is taken for the 
simulation, so as to minimise the computation time (Figure 9). Lines AA’ and AB’ are taken as 
thermally insulating boundaries; hence, there is no heat transfer in and out from these surfaces 
(Figure 9a). Arc A’B’ is assumed to have contact with air and radiation heat transfer is included in the 
computation. At arc CC’, the sand mould is assumed to have perfect contact with the melt; thus, any 
air gap that is present is neglected, so as to simplify the model equation and consider a continuous 
heat flow from the melt to the mould and finally into the atmosphere. Similarly, the core sand and 
steel channel tubes are assumed to perfect contact with each other and with the melt, thereby 
neglecting any possible air gap. 

2.4.  Inoculation and its effect on the thermal expansion/contraction 

The thermal expansion/contraction displacement of the grey cast iron with the addition of inoculant 
was investigated. In these trials, six displacement sensors were positioned in different locations to 
measure the sample and mould movements during the solidification. Four of the sensors were used 
to measure casting displacement and the remaining two the mould movement. One base alloy is used 
in all the experiments. By increasing the melt treatment with Superseed and SMZ, the effect of the 
inoculant on the thermal displacement was studied.  The chemical composition in these experiments 
are presented in Table 8. Samples for microstructural investigation were taken from the middle part, 
and OM analysis was performed in Leica Microscopy.  The colour etching was performed with a hot 
alkaline solution to reveal the eutectic cell. 

Table 8. The chemical composition of base alloy, with the percentage of inoculant addition and 
corresponding pouring temperatures. 

Base alloy composition (wt-%) 
C Si P S Cr Mn Cu Mo Ni N Al 

3.16 1.78 0.04 0.08 0.25 0.47 0.56 0.27 0.04 0.01 0.01 
Exp. Inoc.  Temp. Exp.  Inoc.  Temp. Exp.  Inoc.  Temp. 

1 - 1330°C 3 0.14 SS* 1347°C 5 0.1 SMZ 1379°C 
2 0.14 FeS 1357°C 4 0.4 SS 1345°C 6 0.4 SMZ 1375°C 

*SS: Superseed  
 

2.5.  Experimental studies of GCI solidification with LVDT 

Out of eighteen experiments, four were conducted without melt treatment. One base material was 
used in all the experiments. The chemical composition of the base alloy was altered by the addition of 
0.1, 0.4 and 1 wt-% of Superseed and SMZ into the melt in a HFIF (see Table 9 & 10). The treatment 
was performed when the temperature of the molten metal reached 1400°C. The volume changing 
experiments were performed in the sand mould. All the LVDT experimental samples underwent OM 
analysis and electron microscopy examination (SEM S-3700N). BSE were used to analyse the 
different types of oxide formed prior to solidification and eutectic growth. Stead reagent was used to 
evaluate eutectic cells. 
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Table 9. Chemical composition of Superseed (SS) and SMZ inoculants in (wt-%). 

Inoculant Type Si Ca Ba Zr Mn Sr Al 
SS 46-50 ≤0.1 - - - 0.6-1 ≤0,5 

SMZ 62-69 0.6-1.9 0.3-0.7 3-5 2.8-4.5 - 0.55-1.3 
 

Table 10. Composition of alloys and amount of inoculant in (wt-%). 

Alloy Inoc. C Si S Mn Mo Cr N Sr Ti Zr Ceq 
BGI 0 3.16 1.78 0.05 0.57 0.27 0.28 0.007 0.0 0.01 0.0 3.73 
GIS 0.14 3.15 1.84 0.05 0.57 0.27 0.28 0.007 0.001 0.01 0.0 3.75 
GIZ 0.14 3.15 1.86 0.05 0.57 0.27 0.28 0.007 0.0 0.01 0.004 3.76 
GIS 0.4 3.15 1.95 0.05 0.57 0.26 0.279 0.007 0.002 0.01 0.0 3.78 
GIZ 0.4 3.15 2.02 0.05 0.58 0.26 0.279 0.007 0.0 0.01 0.011 3.8 
GIS 1 3.13 2.22 0.05 0.56 0.26 0.277 0.0069 0.006 0.01 0.0 3.84 
GIZ 1 3.13 2.37 0.05 0.59 0.26 0.277 0.0069 0.0 0.01 0.03 3.87 

BGI: Base Grey Iron; GIS, Z: Grey Iron with SS and SMZ, respectively 
 

2.6.  Peritectic steel solidification and volume changes 

An industrial peritectic base alloy was used during the studies. A total of 10 experiments were 
conducted; among these, 3 were conducted by treating the melt with different amounts of Ti, while 
the rest of the experiments were performed directly by pouring the molten melt into the sand mould 
and measuring the displacement changes during the solidification. In each experiment, around 300 
g of molten melt were prepared in a HFIF. During melting, the environment was kept isolated from 
the atmosphere by argon gas. The melt treatment with Ti was performed when the temperature of the 
molten metal reached 1500°C. The chemical composition of the base alloy is summarised in Table 11.  
For microstructural analysis, the samples were etched with Vilella’s reagent and passed through OM 
to take the images.   

Table 11. The chemical composition of the base alloy and Ti in (wt-%). 

Sample C Si Mn P S Cr Ni Mo Ti 
S1-7 0.22 0.3 0.7 0.02 0.025 1.3 2.9 0.2 - 
S8 0.22 0.3 0.7 0.02 0.025 1.3 2.9 0.2 0.13 
S9 0.22 0.3 0.7 0.02 0.025 1.3 2.9 0.2 0.15 
S10 0.22 0.3 0.7 0.02 0.025 1.3 2.9 0.2 0.25 

 

     

 

 

 

 



 

Chapter 3    Results  

3.1.  Volume changes during the solidification of GCI  

3.1.1.  LVDT analysis 

Figure 10 shows displacement and cooling curve measurements during the solidification of GCI. The 
solid line represents the cooling curve and dashed lines show the displacement changes of the alloy. 
During pouring, the temperatures inside the mould increase and reach the maximum. After reaching 
the peak, the temperature starts dropping down to liquidus temperature without involving phase 
change (I). Precipitation of austenite begins around 1213.6 ºC. The temperature decreases during the 
austenite phase transformation (II). Finally, a eutectic solidification starts around 1159 ºC. After this 
point, the temperature drops and get close to constant until the end of solidification (III) and then 
starts to decrease again after the solidification ends (IV). 

According to the LVDT results, one gets an expansion at the beginning depending on the mould 
expansion caused by the temperature increase (I). After that, a contraction during the precipitation 
of austenite and expansion during the eutectic reaction occurs (II & III). When the solidification 
completes, contraction will follow during the further cooling (IV). 

 
Figure 10: Temperature and displacements time curve measurement by using thermocouple and LVDT, respectively. 

The expansion measurements have been compared with calculations in the following way. First, 
the volumetric change during the eutectic reaction was evaluated from the measurement. Second, the 
theoretical calculation was made from the temperature-time curve using the relations presented in 
section 2.1.4. According to the results shown in Figure 11, the volume expansion estimated from the 
cooling curve is smaller and ends earlier than the measurement. It shows that there is a time 
difference between the ends of the expansion from the measurement and calculated value and that 
the former have the higher total volumetric changes. For samples with MBZCAS, the theoretical and 
experimental values are close to each other and have higher experimental volumetric expansions 
compared with ASSC. The eutectic cell count also shows that there are more cells in samples with 
MBZCAS than in samples with ASSC (Figure 15). 

Figure 12 shows the linear thermal contraction calculated from the LVDT displacement 
measurements after solidification for temperature ranges between 1080 and 980 °C (Section 2.1.4 Eq. 
15). The sample without inoculation has the lowest linear contraction in the longitudinal and highest 
in the transversal directions for all sand castings. However, the rest of the sand casting shown in 
Figure 12 displays a decrease in contraction with an increase in inoculation until it reaches 0.4 wt-% 
and then increases at further addition. Samples with higher inoculation display more or less a large 
linear contraction in both Ch[1-2] and [3-4]. The comparison of thermal contraction after 
solidification for sand casting with the dilatometer measurements shows that latter method has a 
lower contraction than the former (Figures 12 and 13).
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Figure 11: The experimental and calculated volume changes (fraction) during the eutectic solidification. (a); sample without 
inoculation, (b-d); samples with 0.14, 0.4 and 1 wt-% ASSC inoculation added, (e-g); samples with 0.14, 0.4 and 1 wt-% 
MBZCAS inoculation added respectively. 

 
Figure 12: Linear thermal contraction calculated using data from LVDT measurement between 1080-980°C. 

 

Figure 13:  The thermal contraction of BM sample with different cooling rates in the dilatometer. The specimen is a cylinder 
with ϕ3.55 X 19mm (diameter and length, respectively).
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3.1.2.  Structural 

The structural result illustrates differences among the samples. According to the OM shown in Figure 
14, the fraction of undercooled graphite decreases and the fraction of flake graphite increases by 
increasing weight fraction of inoculant. The stead solution electrolysis also shows that the number of 
eutectic cells increases with increasing amount of inoculant. The samples without inoculant show 
bigger eutectic cells and that they are fewer in number. According to the result, as the amount of 
inoculant increases the phosphorus segregation areas increase due to smaller cell size and a larger 
number of eutectic cells (Figure 15). An increase in the addition of inoculant results in more nuclei 
formation. As a result, the number of eutectic cells increased, and the cell size decreased. 

 
Figure 14: Microstructural evolution upon increasing inoculant percentage from left to right. The first row represents samples 
with ASSC inoculant addition, the second row represents samples with MBZCAS inoculant addition. Samples taken from LVDT 
experiments. 

 
Figure 15: Eutectic cells variation. The first row from the second column represents samples with increasing ASSC addition 
and the second row from the second column represent samples with increasing MBZCAS addition. Samples taken from LVDT 
experiments. 

The austenite fraction estimated from the cooling curve decreases upon increasing carbon 
equivalent, as shown in Figure 16. To validate the calculation, the austenite fraction was measured 
from the quenched DTA samples. Samples with 1% MBZCAS inoculant have the smallest fraction of 
primary austenite compared with the others. According to the microstructure, the smaller the fraction 
of primary austenite, the larger is the fraction of the eutectic structure observed. 
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Figure 16: Calculated austenite fraction (AF) and eutectic cell count vs. carbon equivalent (Ceq). Ceq increases with increasing 
inoculation amount. 

3.1.3.   Latent Heat estimation 

The Newtonian law of heating and cooling method was applied in the area between the first derivative 
of the cooling curve and the zero curve to estimate the latent heat during the solidification.[48, 54] The 
latent heat decreases as the inoculant amount increases as per the results. The comparison was made 
between latent heat from the cooling curve and Thermo-Calc by considering carbon, silicon, and 
manganese as the main constituents. The cooling curve measurements show a difference between 
samples; this emphasizes that the latent heat involved during the solidification was different. From 
both methods, one can see that when the carbon equivalent increases the latent heat decreases. The 
decrease is mainly related to the decrease in latent heat involved during the austenite precipitation at 
the early stage (Table 12). 

These results indicate that the number of lattice defects increases as a result of increasing the 
inoculant fraction. An increase in lattice defects enhances the number of holes in the lattice for carbon 
atoms. Thus, more carbon might be present in the austenite; these phenomena will allow the extra 
carbon in the austenite to precipitate as graphite in the later stages of solidification and during cooling 
after solidification. As a result, more expansion occurs after the solidification is complete, as shown 
in Figure 10. 

Table 12. Latent heat of fusion during the solidification; latent heat evaluated from the cooling curve 
by considering the area under the first derivative and the zero curve during the solidification interval, 
latent heat generated in Thermo-Calc by considering carbon, silicon and manganese contents. 

Alloy Heat of 
Fusion* 

Heat of 
Fusion† 

Latent heat in:* Latent heat in:† 
Austenite 

precipitation 
Eutectic 
growth 

Austenite 
precipitation 

Eutectic 
growth 

11a -269.34 -266.01 -85.17 -184.17 -110.78 -155.23 
21b -246.19 -262.96 -74.18 -172.02 -109.76 -153.2 
31c -251.25 -262.8 -75.76 -175.49 -108.24 -154.56 
22b -231.55 -258.4 -62.22 -169.33 -102.66 -155.74 
32c -241.37 -253.33 -65.89 -175.48 -99.62 -153.71 
23b -216.23 -247.24 -55.67 -160.56 -89.47 -157.77 
33c -227.18 -241.66 -55.31 -171.87 -79.32 -162.34 
*from cooling curve[J/g];  †from Thermo-Calc[J/g] 

 

3.1.4.  Dilatometer measurement 

The contraction coefficient of BM decreases from 5E-5 to 1.5E-5 as the temperature decreases (Figure 
13). Upon decreasing the cooling rate, the linear thermal contraction coefficient changes. The 
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expansion or contraction along the diameter in the dilatometer experiment is negligible since the 
length is much longer than the diameter. By taking this into account, the volumetric contraction as a 
percentage can be calculated for comparison with the dilatometer measurement for each cooling rate 
when the temperature drops from 1080 to 980°C. The maximum and minimum volumetric 
contraction between this temperature intervals evaluated from the dilatometer measurement was 
0.34 % with a cooling rate of 1K/min and 0.236 % at a 30K/min. According to the result, as the cooling 
rate decreases the volumetric contraction increases. This result clearly indicates that an increase in 
cooling and heating rate will influence the total volume change. 

 
Figure 17: The density of the casting vs. the weight percent of ASSC and MBZCAS inoculants used during the LVDT 
experiment. The bars indicate a random error from the measuring equipment. 

3.1.5.  Density variation 

The measured densities of the LVDT samples show variation with the melt treatment as described in 
Figure 17. The result indicates that by increasing the melt treatment with both ASSC and MBZCAS 
the density of the final cast decreases. The random errors for each measurement were calculated by 
considering the accuracy of the measuring equipment and included in the figure to give a bound the 
maximum and minimum error limits.     

3.2.  The effect of carbon on the solidification in nodular cast iron 

3.2.1.  Structure 

Figure 18 clearly displays that the increase in carbon directly influences the nodule count and size. 
The structure within the sample at different locations also displays a difference in distribution. The 
microstructural results for samples A4-A7 elaborate that the nodularity is highly influenced by the 
amount, type and degree of inoculation, as shown in Figure 19. For sample A6, the addition of pure 
Mg in the molten metal was not effective; as a result, the majority of the structure appear as 
vermicular graphite.  The fraction of nodule, ferrite, shrinkage pores and nodule count per mm2 were 
evaluated from the micrographs using the OM analysis software for each sample and presented in 
Figures 20 and 21.  Fraction measurements for alloy Al-A3 reveal that as the carbon weight percent 
increases the fraction of nodule and count increases and the porosity of the cast decreases. The 
statistical analysis described in Figure 21 also shows that the majority of the nodule sizes lay between 
10-50 μm. The size of the nodule clearly changes and becomes larger for samples A1-A3 when the 
carbon content increases, as shown in Figure 21a. The sample with lower carbon content has a larger 
number of nodules with a smaller size (Figure 21a). The casting made with the nodular cast iron return 
also has a closer nodule size range if one compared with Al-A3, but the distribution is lower in the 
former case, as shown in Figure 21.  
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Figure 18: Microstructural changes with increasing the carbon content in the composition for alloys A1-A3. The first and second 
rows represent the middle sampling position (M) and the side (S) of the alloy, respectively.  

 
Figure 19: Colour etched microstructural results from the LVDT experimental samples A4-A7. The magnification is 100X. 

3.2.2.  DTA analysis & Dilatometer measurement 

Considering the austenite percentage found from the DTA analysis, the result clearly indicates that 
there is a variation of primary austenite precipitation for each sample. The carbon equivalent (Ceq) 
values for each alloy were calculated by considering the carbon and silicon weight percent[57] and 
indicated the average primary austenite value (the three broken line shown in Figure 23). According 
to the result, as Ceq increases the austenite fraction decreases (Figures 22 and 23). At the same time, 
the measurements were considered along the diameter for each arbitrary point that is referring from 
the periphery surface inward to the sub-surface then the centre and followed by the sub-surface and 
the periphery on the other end. For most of the measurements, the periphery surfaces have a lower 
austenite percentage than the average value, whereas the sub-surface and centre of the specimens 
have a larger austenite percentage than the average measurements. 
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Figure 20: (a) Nodule area (NA) and shrinkage porosity (PA) percentage for samples A1-A3 side and middle sections. (b) NA 
distribution compared with ferrite (FA). M and S represent the middle and side part of the section, respectively. Each data bar 
represents an average value from eight microstructures per mm².  

  
Figure 21: The percentage distribution of nodule graphite class according to the ASTM A247 standard. (a) The nodule 
distribution for samples A1-A3. (b) The nodule distribution for samples A4-A9. Each data bar represents an average value from 
eight microstructures taken from LVDT experiments. 

The dilatometer analysis shows differences in the contraction for each alloys depending on the 
given cooling conditions (Figures 24a and b). As shown in Figure 24a, the cooling rate variation 
changes the mode of contraction of the material. At higher cooling rates, the samples behave 
differently during the process, but at lower cooling rates the samples show a similar trend. At the 
lower rates (1K/min), contraction of the samples are closer to each other, and carbon fraction 
variation does not have a higher effect on the contraction, as shown in Figure 24a. Although A6 differs, 
samples A5 and A7 show exactly the same trend in the dilatometer measurements during the cooling 
process, as is presented in Figure 24b.   

 
Figure 22: DTA quenched samples A1-A3. The primary austenite fractions precipitated just before the eutectic solidification 
starts. All three microstructures were taken 2 mm away from the periphery surface. 
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Figure 23: Austenite area percentage measurement from quenched DTA samples A1-A3. The measurement was done by 
taking two or three arbitrary points from the quenched sample surface, then to the subsurface and centre followed by 
subsurface and surface along the diameter. The dashed and phantom lines represent the average value for the respective 
sample. 

 
Figure 24: Dilatometer linear contraction measurements in percentage for samples A1-A3 and A5-A7. In the first three samples, 
two cooling rates were used (10 and 1K/min) to study the effect of carbon variation. For samples A5-A7, the cooling rate was 
10K/min. 

3.2.3.  LVDT analysis 

The displacement measurements together with the cooling curves from the LVDT experiment were 
used to describe the solidification process. The displacement and temperature measurements against 
time for alloy A3 are presented in Figure 25a to describe the process. The solid line represents the 
cooling curve during the solidification, whereas the dashed and dotted line represents the longitudinal 
and transversal displacement measurements, respectively. The cooling curve is divided into four parts 
to describe the process in detail: the first region (I) is an area where the entire molten metal exists in 
a liquid state (superheat region); the second region (II) corresponds an area where precipitation of 
solid starts (mainly primary austenite precipitation); the third region (III) represents a field in which 
the majority of the solidification occurs until the molten metal completely frozen (eutectic 
solidification); the fourth region (IV) is a field in which a completely solid cast cools down. 
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Figure 25: (a) Temperature and displacements time curve measurement for A3 alloy. (b) The longitudinal displacement (Ch[1-
2]) vs. temperature curve for the same sample.  

To relate the solidification temperature curve with the displacement measurement, we need to 
consider the first three regions. During melt cooling above the liquidus temperature and in the 
primary austenite precipitation region, the sample shows minor contraction. After the eutectic growth 
started (around 1146ºC according to Figure 25), the expansion in the longitudinal direction proceeds 
until the solidification reaches the end. After that, contraction of the solid continues until it reaches 
the eutectoid point (around 740ºC according to Figure 25b), then it will have small expansion due to 
the eutectoid transformation. Further cooling below this temperature will accompany gradual 
contraction until it reaches some temperature insignificant for the contraction. 

The theoretical volumetric expansion during the eutectic solidification was calculated by 
considering the theories described in the section 2.1.4. The calculated result together with the 
measurement for the first three alloys is shown in Figure 26. The measurement and calculated volume 
expansion curves show agreement. However, the result indicates that there is a time difference 
between the ends of expansion according to the measurement and calculated results. In addition to 
that, the measurement shows a higher expansion in the first two cases. 

 
Figure 26: Experimental and calculated volumetric expansions during the eutectic solidification vs. time. (a-c) The results are 
for samples A1-A3, respectively. The volume expansion is expressed as fraction. 

3.2.4.  Density variation 

The density measurements performed on small cubes, which are taken from the LVDT experiments, 
shows variation with carbon content (see Figure 27). In the first three series, the density of the 
samples increases with increasing carbon weight fraction. Alloys A4-A7 have closer density except for 
A6. The upper and lower bounds of the random errors in each measurement were calculated by taking 
into account the accuracy of the weighing machine and are included in the figure. 
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Figure 27:  Density measurement vs. carbon content of the alloys for cubic samples taken from LVDT casting. The random 
error in each measurement is indicated with bars. 

3.3.  Relation between solidification and structure formation for 
nodular cast iron 

3.3.1.  Numerical analysis 

BWR Insert 

Figure 28a shows the simulated temperature distribution profile during solidification along the 
section for a BWR insert. According to the result, the last solidifying part is located where the majority 
of the liquid is present. The temperature scale bar indicates that the dark red colour refers to a 
temperature around 1180°C and the blue colour refers to a temperature lower than 1100°C. The 
temperature-time curve presented in Figure 29a also predicts that the BWR insert completely 
solidified after around 2 hrs. The last solidified part of the insert is located at point-2. The two cooling 
curves, represented by T2 and T8 for the BWR insert, are completely different from one another. The 
cooling rate at location D8 is fast, and it is not possible to see the phase change area; rather, the 
temperature increases roughly 1000°C after it reaches the eutectoid point. 

The computed heat flux released from the BWR casting during the solidification is shown in Figure 
30a. The blue arrows represent the direction of the heat flux at 5250s. By considering a number of 
heat flux simulation results at different time intervals from the start of the solidification until the 
molten metal completely solidified, it is seen that the magnitude and direction of the heat flux change. 
In the early stages of the solidification, the heat flux mostly passed into the sand mould and the core 
sand through the steel tubes. Then, after the temperature of the core sand reaches a certain point, the 
heat flux is mostly directed into the sand mould, and some goes back into some parts of the casting 
where the temperature drop is higher. To assess this, we take the simulated temperature profiles for 
the selected positions that are represented in Figure 9. These specific locations are taken into 
consideration due to structural and mechanical variations observed after tests carried out in these 
areas. As a result of the heat flux, a temperature rise is observed at location-D8 of the BWR casting 
before the insert completely solidified. 

The temperature profiles at the cast centre line and core sand- the lines indicated in Figure 9- 
shows significant variation with time (Figure 31). According to the heat source that surrounds the 
core sand, the upper and lower core sands of the BWR insert have different temperature profiles at 
different times. More or less, the lower core sand shows lower temperature rise in the opposite ends 
during the solidification of the insert, whereas the upper core shows a higher temperature increase 
on the opposite sides. According to the simulated temperature results from the line analysis, the last 
solidifying part is roughly at 315mm arc length for the BWR inserts. 
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Figure 28: Temperature profile showing the last solidifying part for BWR and PWR inserts. 

 
Figure 29: (a, b) Temperature-time curves during solidification at selected locations for BWR and PWR inserts respectively. 
The nodule counts used in the simulations for PWR and BWR inserts are 2.5E5 and 2.15E6 m-3, respectively. 

The microsegregation pattern calculated using Eq. 34 and 35 is presented in Figure 32a for the 
BWR insert. The black line represents the Si concentration changes in the liquid as the solid fraction 
increases, whereas the blue line shows the concentration changes of C in the liquid as the fraction of 
solid approaches to one. The mole fraction of C in the liquid increases from 0.149 to 0.531 as the solid 
fraction increases. On the other hand, the mole fraction of Si in the liquid decreases from 0.0425 to 
0.0272 as the solid fraction increases due to the microsegregation. 

 
Figure 30: The blue arrows represent the heat flux liberated in the X- and Y-directions for the BWR (a) and PWR (b) inserts.
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Figure 31: Temperature variation for casting section and core sands for BWR and PWR inserts at different time intervals. 

PWR Insert 

The temperature distribution profile for the PWR insert is shown in Figure 28b. The result indicates 
that the last solidified part of this insert is at the centre of the casting. The temperature bar indicates 
a darker red colour for areas where the temperature is above the liquidus point and blue for areas 
below the solidus temperature. In Figure 29b, the cooling curves of the PWR insert are reported for 
two locations. According to the temperature-time simulation results for locations 3 and 7, the insert 
is completely solidified after around 11 hrs. The last solidified part is located at point-7 in the section. 
By looking at the curves for T3 and T7, one can identify that the cooling curves are different. T7 has 
relatively higher cooling rate than T3 before the solidification. However, after the solidification is 
completed, the cooling rate is more or less constant for both locations. 

The heat flux is directed to the sand mould and core sand through the steel channel tubes at the 
early stage of the solidification. After the temperature of the core sand and steel channel tubes reaches 
a certain peak, the majority of the heat flux is directed towards the sand mould and then to the 
surrounding atmosphere as shown in Figure 30b. The variation of temperature profile with time for 
core sand and casting centre line in the PWR insert is displayed in Figure 31. The opposite ends of the 
core sand temperature are more or less at the same level. The middle part of the core sand 
temperature increase is noticeable until it reaches a certain peak with increasing time. The 
temperature profile of the casting centre line indicates that the last solidifying part is at the centre of 
the PWR insert.
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The microsegregation pattern of Si and C in the liquid for the PWR insert is represented in Figure 
32b. The blue and black lines represent the concentration changes of the C and Si in the liquid 
respectively, as the solid fraction approaches one. The mole fraction of Si in the liquid decreases from 
0.0425 to 0.0232 as the solid fraction increases, on the other hand, the mole fraction of C in the liquid 
increases from 0.149 to 0.827 with increasing solid fraction. 

 
Figure 32: (a, b) The microsegregation patterns, showing the mole fraction of C and Si in the liquid with increasing solid fraction 
to one, for BWR and PWR inserts, respectively.   

3.3.2.  Structural analysis 

The microstructural results of the middle part for downhill cast BWR and PWR inserts at two different 
locations are shown in Figures 33 and 34. The microstructures reveal that the nodule size, number, 
and segregation patterns are different at the different locations. In the case of the BWR insert, the 
nodules that formed between the steel channel tubes are greater in number and have closer nodule 
size distributions, whereas in the PWR insert, the nodule size distribution is wider in both investigated 
areas. This is mainly due to the long solidification time interval and large differences in the cooling 
rates present at the different locations of the casting (Figure 29b). The nodule becomes coarser at 
certain positions where the solidification time interval was longer in both BWR and PWR inserts 
(Figure 29). The last solidifying parts in both inserts also have a greater-number of coarser nodules. 
The pearlite fraction in the micrographs is also different at different sampling locations over the cross 
section. 

 
Figure 33:  Microstructure from sampling position 2 and 8 of the BWR insert. Sample denotation I76-M+2160. 

The nodule count and size distribution along the studied areas of the cross sections for BWR and 
PWR inserts are reported in Figure 35. The nodule size distribution is quite wide if one makes a 
comparison between D2 and D8 for the I76 insert. The measurement confirms that D2 has a relatively 
large number of coarser nodule graphite compared to smaller ones, whereas D8 has a large number 
of smaller nodule graphite compared to coarser ones. The total number of the nodule count/mm2 for 
D2 and D8 are 57 and 311 respectively. 
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IP24 insert has more fine nodules at location D3 than at D7, whereas a large number of coarser 
nodules are observed ay D7 than at D3. The nodule count/mm2 for D3 and D7 are 29 and 17, 
respectively. The colour-etched microstructures are samples taken from the representative cross 
section of the inserts (Figure 36). The colour difference reveals the pattern of Si segregation along the 
micrograph by giving the structure a certain range of colour variation. [26] The location where the 
solidification occurs early is highlighted with yellow, blue-green, or purple, whereas a part that 
solidified late is highlighted with brown or cream white/pale yellow. At the same time, the Si 
segregation is found to be high in the early solidified part and lower in the last solidified parts. 

Figure 34: Microstructure from sampling position 3 and 7 of the PWR insert. Sample denotation IP24+1150. 

According to the colour etching result, the graphite-austenite shell clustered more for parts where 
the solidification interval is longer. In the last solidified part shrinkage pores and carbides were 
formed. The nodule graphite with longer solidification interval and formed in the early stages 
appeared to be much coarser than the average size. These nodules are mostly found on the colour 
etched samples I76-M+2160-D2 and IP24+1150-D7. The two sampling locations are supposed to be 
the positions in the cross-section that solidify last. The simulated cooling curves from the COMSOL 
Multiphysics simulations also confirm the hypothesis drawn from the colour etching results. 

Figure 35: (a, b) The nodule size and count distribution/mm² along the study area for BWR and PWR inserts respectively. The 
total investigated area for (a)-27.7 mm² and for (b)-12.5 mm². 
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Figure 36: Colour etched samples with their corresponding positions in BWR and PWR inserts. 5X magnification. 

3.4.  Inoculation and its effect on the thermal expansion/contraction 

Alike the displacement measurements for GCI in section 3.1.1, the thermal expansion/contraction of 
the samples shows similarity. The casting shows expansion during molten metal pouring, followed by 
a contraction in the primary austenite precipitation and then the samples expand until the remaining 
melt completely solidified in the eutectic solidification region (Figure 37). Depending upon the 
amount and type of inoculant used, the GCI expansion in the eutectic region varied. 

 
Figure 37: Thermal expansion/contraction and cooling temperature during the solidification of GCI.



34 | Results 
 

 The maximum austenite fraction found from the colour etching was around 0.219. In all the 
experiments, the austenite formation regions possess contraction. On the other hand, the eutectic 
formation region compensates the shrinkage partially by the growth of the flake graphite, as shown 
in Figures 38a and b. The degree of superheating and cooling rate also has an effect on the 
microstructure, likewise the variation of the inoculant. With the exception of one experiment, the 
addition of the inoculant has a significant effect on the eutectic formation region. The addition of 
inoculant will increase the expansion during the eutectic formation above the sample without 
inoculant and FeS addition. The reason behind this is that metastable temperature is above the 
undercooling temperature and fully developed flake graphite formation occurs.  

 
Figure 38: Thermal expansion/contraction measurements during the solidification of GCI samples with and without inoculation. 

By increasing the amount of inoculant, microstructural evolution occurs at the same time as 
change in the expansion was also observed (Figures 38 and 39). On the other hand, superheating with 
lower cooling rate will also improve the microstructure by eliminating undercooled and interdendritic 
flake graphite (Figure 39a). The number and size of the eutectic cells also change with the inoculant 
addition. The number of eutectic cells increases with an increase in the inoculant percentage (Figures 
39d-f). When the amount of inoculant is lower, the size of the eutectic cells becomes larger, and the 
number becomes lower. The lower the inoculation percentage, the fewer the nucleation sites will be. 
The smaller the nuclei, the fewer the number of eutectic cell growth that will grow, with the pre-
existing cells have comparatively more space in which to grow. 

 
Figure 39: (a & d) OM image for the sample without inoculation. (b & e) and (c & f) are microstructures for samples with 0.4 
wt-% SMZ and Superseed, respectively. 
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3.5.  Experimental studies of GCI solidification with LVDT 

3.5.1. Solidification analysis 

In almost all the samples, the primary austenite formation region shows hardly any shrinkage. When 
the eutectic formation starts, the expansion of the sides increases until solidification is complete. The 
increase in the inoculant percentage influences the expansion in the longitudinal and transversal 
directions.  A higher expansion in the longitudinal direction was observed for samples with a high 
percentage of inoculants; on the other hand, the expansion in the transversal direction gets decreased 
(Figure 40). The sample with no inoculation shows higher expansion in the transversal direction, but 
the opposite sides have lower expansion during eutectic formation. If a comparison was made by 
taking points from the slope of the cooling curve (dT/dt) and the displacement measurements, one 
could easily draw that the slope changing peaks exactly match with the displacement peaks. These 
emphasise that the phase change occur within this gap and corresponds to those points.   

 
Figure 40: (a) and (b) Temperature, displacement and slope of cooling curves vs. time for the sample without Inoc. and 1 wt-
% SMZ, respectively. D1- is transversal displacement and D2- is longitudinal displacement. 

The temperature curves shown in Figure 41 displays as the inoculant amount increases the 
undercooling temperature decreases. The samples with the highest wt-% shows the lowest 
undercooling. On the other hand, the sample without inoculation shows higher undercooling and 
cooling rate. As a result, undercooled graphite appears more in the sample without inoculant. In 
addition to that, the tendency of formation of chill in samples without inoculation and those which 
are less inoculated is higher.        

 
Figure 41: Summarised temperature curves for samples with different type and amount of inoculants.

a) b) 
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3.6. Peritectic steel solidification and volume changes  

All the experiments were conducted with different cooling rates by preheating the mould for different 
time before pouring the molten metal. Some of the results show small contraction followed by high 
expansion during the solidification (Figure 42: S5 and S7). In some cases, the sample experiences a 
deep contraction followed by very low expansion or no change in displacement during solidification 
(Figure 42: S6). This two phenomenon can indicate what type of phase precipitates in the primary 
phase during the process. 

The primary phase precipitation in peritectic steel could be influenced by a number of parameters 
and leads the solidification to follow the metastable line rather than well-known, stable phase 
diagram. Thereby, depending upon the cooling rate and the elements present in the material different 
phases can precipitate during the primary phase. When a sample precipitate primary γ-austenite, in 
our case the presence of Ni will stabilize the austenite, the solidification accompanied with large 
expansion. When δ-ferrite precipitated in the primary phase, then deep contraction followed by low 
expansion or no change in displacement observed due to the lower carbon content in the δ-ferrite. To 
verify this, the last three experiments (Figure 42: S8-S10) were performed with the addition of 
titanium (0.13, 0.15 and 0.25 wt-%). Ti is a ferrite stabilizer and allows to precipitate δ-ferrite in the 
solidifying molten metal by forming TiN nuclei during the solidification. In all samples with Ti 
additions, it confirms that the samples experience contraction during the solidification. Hence, ferrite 
precipitation and transformation will result in a contraction during solidification. This abrupt 
contraction during the early solidification can develop strain. Then, if the strain exceeds the critical 
limit, surface crack formation and propagation might be possible on the casting surface. 

 
Figure 42: Thermal expansion/contraction and cooling curves during the solidification of peritectic steels (S5-S10). Ch [1-2] 
and [3-4] are longitudinal and transversal displacements, respectively. 

The Vilella’s etched microstructural result reveals dendritic structure for all samples (Figure 43). 
The main difference observed between the structures of the castings are only grain refinement with 
Ti addition. However, it was not possible to detect the stable or metastable precipitation of δ-ferrite 
or γ-austenite in the early stage from the microstructure. In order to confirm the microstructural 
differences among samples, an additional investigation on quenched samples using differential 
thermal analysis equipment is required in the future. Furthermore, the theoretical analysis regarding 
the strain-stress development during the solidification is essential to verify that the volume changes 
observed are linked with the crack formation. 
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Figure 43: Dendritic microstructures of selected samples etched with Vilella. S5 and S7 samples that shows expansion during 
the solidification. S8 and S10 samples shows deep contraction during solidification. 5X magnification images. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Chapter 4    Discussion 

4.1.  Volume changes and structural evolution in cast iron 

Generally, the LVDT measurements together with the cooling curve will provide the complete history 
of the cast iron solidification. In both GCI and NCI, the microstructure is altered by changing the 
solidification path, either with inoculant or carbon addition or both. Depending upon the type of melt 
treatment, stable oxides or sulphides precipitate before and during the solidification.[19, 20] The 
formation of these nuclei prior to the solidification is the basis for the flake graphite growth in GCI 
and nodule graphite growth in NCI. By increasing the melt treatment in GCI, a high number of 
eutectic cells are observed (Figure 15). The larger the cell numbers are, the slower the growth rate will 
be in each cell. The slower the growth rate, the coarser the structure observed (Figures 14, 18 and 39). 
The increase in eutectic cells and coarser structure describe the transition from undercooled to flake 
graphite with increasing inoculation amount (Figures 14 and 39). 

 The statistical analysis shown in Figure 44a describes the number of the flake graphite within the 
length of 24μm and above increase drastically by increase in the melt treatment. Analysing two 
random positions from each sample also resemble larger differences for sample without-inoculant 
and samples with less melt treatment (Figure 44b). On the other hand, the alloys with a higher 
fraction of inoculant show closer flake size and numbers on each randomly selected positions within 
the sample. The size of the flakes which lays between 25-75% of the measurement shows an increase 
with increasing the melt treatments.  

 
Figure 44: (a) Total number of flake size vs. the distribution with increasing melt treatment. (b) The flake size distribution 
comparison for two arbitrarily selected positions for each alloy with increasing melt treatment. 

 As was mentioned earlier, the addition of different types of inoculant will change the solidification 
path of the metals. Depending upon the chemical composition of the alloy, the constituents of the 
inoculant and melt treatment temperature, various types of oxide and sulphide nuclei are expected to 
precipitate prior to the solidification of cast iron. For instance, the addition of SS and SMZ inoculants 
in GCI introduces elements such as Zr, Sr, Ca, Ba, Mn and Al. These elements are capable of forming 
stable oxides or sulphides according to their affinity levels. The oxides and sulphides are in the range 
1-10µm and act as nuclei to facilitate the growth of the austenite and eutectic cells (Figure 45). 
According to an element’s affinity level, those having high affinity towards oxygen will create oxides. 
At the same time, elements having a higher affinity for sulphur will create sulphides. During the 
solidification, these oxides and sulphides will promote flake graphite on and around them, and the 
eutectic cells become coarser. The structural evolution attained by the variable melt treatment alters 
the volume changes of the GCI samples during the solidification.       
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Figure 45:  BSE line analysis with the possible oxides and sulphides nuclei. (a) Sample with no Inoculant: MnS and Al2O3. (b) 
Sample with 0.4% SS: MnS and SrS. (c) Sample with 0.4% SMZ: MnS, ZrO2, CaO and MoO2. (d) Sample with 1% SS: MnS, 
MoO2, SrS and SrO. (e) Sample with 1% SMZ: MnS, ZrO2, CaO and CaS. 

On the other hand, by increasing the melt treatment in GCI, reductions in austenite fraction, 
SDAS, undercooled graphite, and the undercooling and recalescence temperatures are observed 
(Figures 46, 47 and Table 13). The undercooling and recalescence temperatures reduced by 5ºC upon 
increasing the inoculant up to 0.4 wt-%, but further increase in weight percent does not have a 
considerable effect (Table 13). On the contrary, increasing the inoculant more than 0.4 wt-%, the 
SDAS decreases even more in both LVDT and DTA samples shown in Figure 47. As is well documented 
and described in previous studies,[58, 59] the dendritic arm spacing should not be too small, so as to 
allow the melt to flow through the dendrite arm spacing to prevent micro-shrinkage. Thus, by 
applying an average amount of inoculant, according to the experimental results around 0.4 wt-%, it 
is possible to minimize the amount of undercooled graphite and undercooling without affecting the 
SDAS that much.  Too small SDAS will also force the localized solidification interval to be shorter by 
increasing the cooling rate. As a result, the coarseness of the structure within the eutectic cells will be 
affected.  
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Figure 46: Austenite fraction vs. carbon equivalent determined by three methods. LR, CC and DTA refers Lever’s rule, Cooling 
Curve analysis for LVDT samples and DTA microstructural analysis, respectively with ASSC and MBZCAS inoculation. 

Table 13. Undercooled graphite area percentage measurement from LVDT experimental 
microstructure, undercooling and recalescence temperatures evaluated from cooling curves. 

Alloy Undercooled 
[%] ∆𝑻𝑻∗ (°C) ∆𝑻𝑻†(°C) 

11a 5.28 28 15.8 
21b 0.71 28 14.8 
31c 1.39 27.6 15.6 
22b 0.61 23.8 12 
32c 0.36 22.8 10.7 
23b 0.14 23.1 9 
33c 0.09 21.6 10.2 

*; Undercooling, †; Recalescence    
 

 
Figure 47: Measurement of secondary dendrite arm spacing (SDAS) for DTA and LVDT experimental samples with the addition 
of ASSC and MBZCAS inoculant. 

For both GCI and NCI, the displacement measurement shows that the expansion during the 
solidification process continues to a certain level after the solidus point (Figures 10 and 25). A 
deviation from equilibrium during the solidification process is a reasonable explanation to this 
phenomenon. In GCI, this expansion after the solidification becomes less with increasing melt 
treatment. It was also found that the latent heat decreased with increasing inoculant amount in the 
molten metal (Table 12). The decrease in latent heat is due to a larger number of lattice defects being 
formed as a result of the lower solidification rate. The larger fraction of defects present in the austenite 
will also increase the solubility of carbon in the austenite. When the solidification is completed, the 
solid will gradually go to equilibrium and the number of lattice defects will decrease. Then, the extra 
carbon content present in the austenite will precipitate on the graphite, which will cause the casting 
to expand more. 
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Unlike the LVDT results for grey cast iron (Figures 10, 37 and 40), the displacement measurements 
for NCI were partly different (Figure 25). The transversal displacement measurement in all NCI 
experiments shows no expansion; this is mainly due to the formation of shrinkage pores in the central 
part of the casting. The shrinkage pore formation is mainly related to the growth morphology of the 
graphite nodules and the austenite precipitation. In NCI, eutectic cells consist of a nodule surrounded 
by an austenite layer, so that the part that solidifies last has a smaller fraction of graphite. As a result, 
the shrinkage in the last solidified region becomes greater.  In almost all the cases, the samples expand 
after the solidification has finished. This might be due to back diffusion of the carbon present in the 
austenite to the graphite nodules. This phenomenon will cause the samples to expand more after 
complete e solidification.  However, the sample with the highest carbon content does not show any 
expansion at the end. This might depend on a low fraction of primary austenite. 

The nodularity and nodule count in a casting can change by optimizing different parameters, such 
as cooling rate, carbon content and shape of the casting. When there is higher expansion during the 
solidification, then the remaining liquid must have enough carbon to precipitate as graphite and to 
compensate the shrinkage. Otherwise, the casting is prone to micro-shrinkage. Increasing the 
solubility of the Mg in the melt will improve the nodule count and nodularity of the casting. An 
increase in the carbon content has a positive effect on the nodule formation and decreases the porosity 
(Figures 18 and 20). Decreasing the austenite fraction by increasing the carbon content also favours 
less shrinkage pore formation (Figures 22 and 23).  

In Figure 19, A6 shows an unusually low number of nodules compared with the other experiments. 
This sample was treated with only Mg and the treatment was not effective. As a result, a smaller 
number of nodules appear in the structure with a high level of vermicular graphite. Considering 
Figures 18-20, the microstructures together with fraction measurements reveals that as the carbon 
weight percent increases the nodule fraction and nodule count increase; as a result, the porosity of 
the cast decreases. This is due to the lower density of the graphite; it partly compensates the shrinkage 
caused by the iron during the solidification.  

If we combine the porosity area fraction presented in Figure 20a and the austenite percentage 
from Figure 22, it is clearly shown that the porosity and the austenite percentage decrease as Ceq 
increases. On the other hand, the austenite percentage increases from the periphery surface towards 
to the centre of the DTA samples. Thus, the variation in the austenite fraction will influence the carbon 
precipitation in the primary phase (Figure 23). As a result, the eutectic reaction will have a different 
amount of carbon depending upon the amount of primary phase. Taking into account the given alloys, 
the increase in the C content decreases the austenite percentage. Decreasing the austenite percentage 
will increase the carbon precipitation as graphite during the eutectic reaction. As a result, a decrease 
in porosity was observed (Figure 20a). It was also observed that with decreasing the carbon content 
the expansion after the solidification decreases. This might be a result of lower concentration of 
carbon available for the graphite formation and then expansion. The expansion in itself can give rise 
to a larger degree of pore formation.  

Comparing the dilatometer results using a 10K/min rate for Al-A3 with those for A5 and A7, the 
former show lower contraction during cooling, whereas the latter show higher contraction (Figure 
24). These observations indicate that the carbon content and the cooling rates are factors that 
influence the material behaviour during the solidification. The dilatometer results at higher cooling 
rates and at a temperature close to solidification region show that the difference in carbon content 
results in a different degree of contraction (Figure 24a). However, when the cooling rate is much lower 
and at a temperature close to the solidification region, then the effect of the carbon content variation 
on the contraction and volume change is almost the same during cooling. Thus, if one takes the 
solidification of NCI in a sand mould, the cooling rate that could be achieved is relatively higher, and 
hence the carbon content difference will greatly influence the volume change. 
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The comparison between GCI and NCI sample densities from the LVDT experiments shows that 
the addition of inoculant and carbon influence the final casting (Figures 17 and 27).  The density 
variation for the GCI samples from the LVDT experiment disclosed in Figure 17 was mainly due to the 
structural modification, as described in Figures 14 and 15, and the mode of expansion occurs during 
the solidification as shown in Figure 48. It is clearly shown that the density of the sample was highly 
influenced by the phase and mode of solidification that the casting went through. If a casting exhibits 
non-uniform expansion and contraction during solidification in addition to the presence of different 
phases in the final cast, then the density will fluctuate. Similarly for NCI (Figure 27), the sample 
density measurement verifies that the increase in the carbon content increases the density of the alloy 
by decreasing the number of shrinkage pores. If one considers the density of A6 within the same 
chemical composition range, it is easier to notice that the structural variation also has a contribution 
to the density change. 

Figure 48: Maximum displacement measured by LVDT after GCI solidification ends. (a) and (b); the displacement 
measurement vs. change in carbon equivalent by adding ASSC and MBZCAS inoculants, respectively. TDS1, 2 and LDS1, 2; 
transversal (Ch3, 4) and longitudinal (Ch1, 2) displacements along the opposite sides, respectively. 

If we consider alloys 21b and 31c, marked with 1 and 2 in Figure 48 respectively, we see that alloy 
21b has higher transversal expansion just after solidification finishes; on the other hand, alloy 31c has 
lower transversal expansion. Both samples have average expansion in the longitudinal direction. After 
the solidification is completed, both samples are expected to behave more or less in the same fashion. 
As expected, alloy 21b has a lower density than alloy 31c; this is due to the high volume expansion of 
the eutectic cells and pore formation between the cells in the cell boundaries making the casting less 
compact. Typically, in thin-walled casting, if the casting has large expansion in the transversal 
direction during the solidification, then the casting is more likely to have larger pore fraction unless 
compensated by providing molten metal using a feeder. The melt treatment with inoculant reduces 
the total volume contraction by decreasing the transversal expansion, since the expansion in the 
transversal direction contributes the major part of the volume change during solidification.  

According to the simulation results for NCI, the factors influencing the nodule size and 
distribution depend upon the chemical composition, casting size and cooling rates.  By looking at the 
cooling curves in Figure 29, it is possible to say that the cooling rates for each location are different 
from one another for both inserts. These differences will lead to different precipitation of austenite in 
the early stage, solidification path, time and pearlite formation over the cross section. As a result, the 
graphite morphology, microsegregation phenomena, and fraction of ferrite and pearlite will be varied. 
The parts of the cross section where the cooling rate is higher according to the simulation should have 
smaller nodules due to the lower degree of microsegregation and short diffusion time for carbon 
through the austenite shell. The statistical analysis results presented in Figure 35 confirm this 
thought.   

The degree of the microsegregation is found to be different if one compares the BWR and PWR 
inserts (Figure 32). According to the calculations, the BWR insert has a lower degree of 
microsegregation than the PWR insert due to the higher cooling rate (Figure 29) in the liquid region. 
On the other hand, the microsegregation calculation for Si agrees with the colour-etched 
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samples (Figure 36). In both cases, the Si concentration is less in the last solidified liquid. 

 
Figure 49: Fraction of liquid against temperature, time and radius of the graphite- austenite shell for both PWR and BWR 
inserts. 

The fraction of liquid changes with time for BWR is much higher than for PWR as shown in Figure 
49. As mentioned earlier, this will lower the diffusion of carbon through the austenite layer for the 
BWR insert. As a result, the nodule graphite appears smaller in the BWR insert. On the other hand, 
the cooling rate after the solidification for PWR is relatively higher than for BWR. Consequently, the 
fraction of pearlite formed in the final structure of the PWR insert is higher. The liquid fraction vs. 
temperature curve also indicates   a high recalescence temperature for the PWR insert casting, 
whereas the BWR shows almost constant fraction change during the eutectic solidification. 

4.2.  Volume changes in peritectic steel solidification 

As it is described in section 3.6, the primary phase precipitation in peritectic steel could be influenced 
by a number of parameters and leads the solidification to follow the metastable line rather than well-
known, stable phase diagram. A number of studies done by Ref. [60-79] suggested that it is possible 
to get metastable solidification in binary and ternary iron-alloys. In order to precipitate one type of 
phase, for instance, δ or γ, both the thermodynamic and the growth kinetics must be fulfilled. Under 
normal condition, stable phase δ is expected to be precipitated in early solidification and transformed 
to γ below the peritectic temperature. Sometimes, the growth kinetics increases and might influence 
the solidification by allowing to precipitate γ instead of δ below the peritectic liquid delta temperature 
(𝑇𝑇𝑀𝑀𝛿𝛿) shown in Figure 50. It is also possible to precipitate both phases (δ and γ) at the same time when 
the growth kinetics for both phases are closer to each other.  

Bobadilla et al.[60] studies shows the possibility of metastable γ phase during solidification at high 
growth rates for steel located in the δ liquid field. Kerr and Kurz[61] and Vadyoussefi et al.[ 62] also 
describe the possibility of metastable phase in Fe-Ni alloy under fast cooling rate on unidirectional 
samples. They stated that the thermodynamics favours the stable phase and the kinetics favour the 
metastable phase during the solidification, and that these two phenomena will compete against one 
another. Löser and Herlach[63], Löser et al.[64] and Ishihara et al.[65] focus their studies on the 
possibility of the nucleation and metastable phase formation in the undercooled melt. Their 
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theoretical and experimental studies reveal that, as the undercooling increases, the tendency to 
nucleate metastable phase becomes higher, even in an alloy undergoing primary δ phase 
solidification. Fukumoto et al.[66] and Umeda et al.[67], like the other authors, describe the influence 
of kinetics on the γ and δ phases by taking two industrial base alloys, in which the properties of the 
material are affected by the phase formed. They mathematically evaluate whether the metastable 
peritectic phase is favoured over the stable one by using different growth conditions. 

 
Figure 50: Binary iron-carbon phase diagram in the peritectic region and metastable line represented by solid and broken lines, 
respectively. 

Fredriksson,[68-72] described the metastable phase in Fe-Ni and Fe-Cr peritectic steels by relating 
the γ and δ phases with growth rate, chemical composition, and segregation phenomenon. He found 
that, in Fe-Ni alloys when the growth rate is higher, then austenite will lead the ferrite growth during 
the solidification. When the growth rate is lower, then the later forms ahead of former. An average 
growth rate favours both phases to grow simultaneously. According to his observation, under normal 
conditions, the liquidus line for γ phase is around 11K below the stable liquidus line. Thus, for a 
temperature between the stable liquidus and liquid metastable line, the δ phase leads the 
solidification; when the temperature reaches 11K below the stable liquidus line then the γ phase lead 
the solidification under metastable conditions. His observation also discloses that, the formation of 
the δ and γ phases during the solidification is also influenced by segregation phenomena at higher 
cooling rate due to the large difference in the diffusion rates of elements in the two phases. 

Elmer et al.[73] describe five possible primary solidification modes in a number of different 
stainless steel alloys by studying the microstructures developed during solidification at various 
cooling rates.  Their studies reveal metastable phase precipitation at high and low cooling rates. The 
study reveals that the former have single phase γ cells and that the latter have single phase γ dendrites.  
Stefanescu[74, 75] also describes the metastable phase and its existence in peritectic steel under 
restricted δ phase solidification. Brooks and Williams[76], Brooks and Thompson[77], and Suutala[78] 
reveal that crack formation on austenitic stainless steel welds with the presence of δ ferrite is less. 
According to them, the high level of impurities present in ferrite leads to less segregation during the 
δ solidification. Suutala[78] also concludes that the most important factor that influences and controls 
the solidification mode is the composition and that the growth conditions come later. Laraia and 
Heuer[79] theoretically study the possibility of metastable phase formation in the peritectic system by 
evaluating the free energies for different phases. They disclose, in conclusion, that the metastable 
phase precipitates at a lower temperature than the melting point given in the stable diagram. 



 



 

Chapter 5    Concluding Remarks 

Numerous sand casting experiments were performed on GCI, NCI and high nickel peritectic steel 
(Sandvik Sanbar 64), both with and without melt treatment. The thermal expansion and/or contraction 
during the solidification is evaluated with the help of LVDTs and a thermocouple.  Extensive studies were 
carried out for GCI and NCI by analysing the displacement-cooling curves for each trial by comparing 
with theoretical calculations. DTA and dilatometry experiments were carried out to quantify different 
phases present in the cast iron and to evaluate the effect of cooling rate on the thermal contraction of the 
samples, respectively. Different microstructural analysis was also used to compliment the variation in the 
displacement measurements. After the completion of these studies, the following conclusions were 
drawn: 

• The volume expansion during the solidification of GCI and NCI was influenced by a number of 
factors: the primary austenite precipitation, the amount of carbon present in the eutectic 
solidification region, the local solidification time interval, the undercooling and the eutectic cell 
numbers. 
 

• During the solidification of GCI, the metal shows hardly any shrinkage during the austenite 
formation. The eutectic formation region shows a higher expansion upon increasing the melt 
treatment. Reducing the solidification rate and modifying the morphology of the flake by adding 
inoculants, one can reduce the total volumetric shrinkage during solidification. 
 

• Despite the casting shape, the expansion for GCI in the adjacent sides becomes closer one another 
upon increasing the melt treatment. This emphasizes that the addition of inoculant will make the 
heat flux release from the sides more uniform. 
 

• The fraction of austenite, graphite, ferrite and micro-shrinkage changes with the carbon content 
in the NCI. The primary austenite fraction decreases when the carbon content is increased and is 
complemented by more eutectic growth during the solidification. As a result, the shrinkage 
porosity in the casting decreases. 
 

• Unlike GCI, the NCI displays a lower expansion with the increase in carbon content due to high 
micro-shrinkage. The differences in cooling rates and carbon concentration between the middle 
section and sides of the casting, and the nodule coarseness are changed. The nodule shape and 
nodule count also become modified with the carbon adjustment. 
  

• In both GCI and NCI, the theoretical and measured volume expansion curves during eutectic 
solidification show an agreement, but the results for NCI show more expansion. 
 

• The increase in carbon content must not exceed a certain level for NCI, since it shows a negative 
effect on the expansion; this might be related to the much lower degree of austenite network 
formation in the primary stage. 
 

• The microstructure is improved by decreasing the fraction of undercooled graphite; thereby, 
more flake graphite are promoted during the solidification of GCI. The eutectic cell increase will 
also lower the growth rate, leading to a coarser structure within the cells. As a result, the volume 
expansion during eutectic solidification increases. On the other hand, the inoculant amount must 
be within certain limits. Otherwise, it can reduce the SDAS too much and prevent the liquid 
movement between SDAS, leading to micro-shrinkage in the final casting. 
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• The volume changes during the solidification of NCI have an influence on the micro-
shrinkage, which can be controlled by the cooling rate or adjustment in the chemical 
composition. Some elements might also have an adverse effect on the final cast. Hence, one 
needs to take care in the choice of alloying elements. 
 

• Inoculation of GCI results in homogenizing the eutectic graphite. In addition to that, the 
metastable temperature is higher than the undercooling temperature, eliminating 
undercooled and interdendritic graphite. The superheating will facilitate effective inoculation, 
but a lower cooling rate is required to get the intended effect. 
 

• The addition of the inoculant in GCI and NCI creates stable nuclei that act as nucleation sites 
for graphite growth in the eutectic cells. But the chemical composition of the inoculant must 
be taken into consideration during the inoculation process.  
 

• The colour microstructures for NCI reveal that pores are formed in the last solidified parts 
where there is less nodule graphite and lower carbon content, and carbides are precipitated. 
The cooling rate and the degree of microsegregation of carbon in the liquidus region for NCI 
are the influencing factors for the nodule graphite variations in the cross-section. 
 

• The volume changing experiments confirm that, depending upon the primary phase 
precipitation during the solidification, the peritectic steel casting show a difference in 
expansion, contraction or both. When the peritectic steel precipitates primary γ-austenite in 
the metastable region during the solidification, it shows gradual expansion in the transversal 
direction. The peritectic steel molten metal treatment with Ti shows a severe contraction 
during the solidification as a result of δ-ferrite precipitation in the primary phase. 
 

• The microstructural differences between the final casting samples are almost insignificant. 
The only difference observed between micrographs is grain refinement with Ti addition. Thus, 
in the future, quenching is required to verify the differences between the microstructures and 
to evaluate the primary phases during the solidification. 

 

As examples of future work there are the following: 

- Theoretical analysis for peritectic steels to relate the volumetric changes with strain 
development and crack formation during solidification. 

- More experimental and theoretical studies to correlate the pore formation with volume 
shrinkage in NCI.  

- Development of a mathematical model that can predict the micro-shrinkage pores and strain 
development in the casting during solidification for different types of cast iron and steel 
grades.     
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