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Abstract 

As part of the development of more demanding casting components in 
lamellar graphite iron, the present thesis is devoted to discuss the 
phenomena related to the volume change related casting defect formation. 
Special efforts were dedicated to interpret the solidification of the primary 
phase in hypoeutectic lamellar cast iron. This is an area that has been 
neglected in the research literature of cast iron, but that is relevant for the 
volume change related to the casting defect formation. A series of both 
known and novel experimental methods were included as well as known 
and novel interpretation methods. Thermal analysis using two 
thermocouples displaced in the same thermal filed in combination with 
multiaxial linear displacement measurement were used to study the 
columnar to equiaxed transition during solidification. The applied 
interpretation methods indicate the transition as an interval. This 
transition is influenced by the variation of process parameters such as the 
pouring temperature and inoculation. Other significant observations were 
obtained when the multiaxial volume change measurement on a cylindric 
sample demonstrated an anisotropic character of the casting skin 
movement during solidification. In complex shaped cast geometries, a 
shrinkage porosity or a metal expansion penetration were provoked. These 
defects were found in connection with the casting surface. Specifically, the 
casting skin was either missing or formed with a wide extradendritic space 
which was caused by the dendrite coarsening. In the studied complex 
shaped casting samples, the dendrite coarseness was well related to the 
local solidification time.  
 
An extensive literature survey gave a clear indication on the problems 
related to the volume change measurements during solidification. Thus, 
this led to the development of a novel measuring instrument and a new 
interpretation of the volume change. The new measuring device separates 
the solidification from the influence of granular molding materials by 
introducing a sample holder with properties close to the solidifying cast 
iron. A thermal analysis based on temperature differences, and volume 
change calculations based on dilatation measurements was used on a 
thermally stable spherical sample. The released latent heat in relation to 
the volume change is interpreted as a function of the local stress state in 
the extradendritic liquid. The temperature of the coherent columnar zone 
is always below of the temperature of the bulk in the equiaxed zone. In the 
beginning of the solidification and during the later stage of the 
solidification interval, the columnar zone is contracting faster relative to 
the equiaxed bulk. This causes a compressive stress in the extradendritic 
liquid. At a stage, when the temperature and composition of the columnar 
zone reaches the eutectic state, the columnar zone start to expand. 



This causes an overall volume increase, which is interpreted as the reason 
for a tensile tension development in the extradendritic liquid. The 
alternation between the compressive and tensile stresses during the 
solidification within the same solidifying zone is considered as the possible 
driving force for the shrinkage respective metal expansion formations. 
These observations are considered to be valid even for the case of complex 
shaped casting solidifications. Thus, the expansion of the columnar zone 
causing a tensile stress in the liquid will drive the gaseous atmosphere in 
between the extradendritic area. Furthermore, the contraction of the 
columnar zone causes compressive stress and squeeze of the extradendritic 
liquid to the casting-mold surface. 
 
Keywords 
Lamellar graphite iron, hypoeutectic, shrinkage porosity, metal expansion 
penetration, solidification, dendrite coherency, volume change, 
displacement.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Sammanfattning 

Denna avhandling behandlar fenomen som inträffar i samband med 
defektbildning orsakad av volymförändringar vid stelning av gjutjärn med 
lameller grafit, vilket är en viktig kunskap i strävan efter att producera 
gjutjärn med hög kvalitet.  Stelningsstudier av den primära fasen i 
undereutektisk gjutjärn är ej rapporterade i litteraturen. I denna 
avhandling introduceras både kända och nyutvecklade 
observationsmetoder som möjliggör undersökningar av den primära 
austenit fasen. Termisk analys via registrering av två svalningskurvor i den 
undersökta termiska domänen i kombination med deformationsmätningar 
av provkroppens yta med hjälp av rörelsegivare har använts för att studera 
omslag mellan pelar- och likaxlig kristalltillväxt av den primära austeniten. 
Observationerna indikerar att omslaget beror på variationer i 
processparametrar som gjuttemperatur samt mängd och tillsatsmetod av 
ympmedel. En annan viktig observation från studierna av rörelsemönstret 
i provkroppens yta under stelning var att pelarkristallzonen deformeras 
olika i olika riktningar: Detta demonstrerar deformationsförloppets 
anisotropi. Gjutna komponenter med en komplex geometri var benägna att 
bilda defekter främst i anslutning till formytan, där den lokala 
stelningstiden var långsammast i den undersökta domänen. 
Pelarkristallzonen i långsamt stelnade områden utvecklas till en grov 
morfologi, där grovleken är proportionell mot den lokala stelningstiden.  
 
En omfattande litteraturstudie bidrog till förståelsen om vilka problem 
som uppstår i samband med mätningar av volymförändringar vid stelning. 
Baserat på litteraturstudien utvecklades en ny mätmetod som bidrar till en 
reviderad tolkning av gråjärnets stelningsförlopp. Den nya mätmetoden 
möjliggör iakttagelsen av volymförändringar utan inverkan från den 
granulerade formmaterialet. En sfärisk provkropp med tunt skal av stålplåt 
används för undersökningen. Provkroppens yttemperatur samt den 
geometriska centrumpunktens temperatur mäts. Samtidigt registreras 
formväggrörelserna som ger möjlighet att beräkna volymförändringen av 
den stelnande provkroppen. Det frigjorda stelningsvärmet beräknas från 
temperaturskillnaderna som råder i provkroppen och i kombination med 
den beräknade volymförändringen beräknas det rådande trycket i 
restsmältaområdet mellan austenitdendriterna. Pelarkristallzonen 
krymper fortare både i början och i slutet av stelningsförloppet och bidrar 
till att tryckspänningar råder i de sist stelnande områdena. 
Pelarkristallzonen svalnar till en eutektisk temperatur tidigare än 
metalliska massan i den likaxliga zonen. Den efterföljande 
grafitutskiljningen i pelarkristallzonen bidrar till en volymökning av 
provkroppen som anses orsaka dragspänningar i restsmältaområdet 
mellan austenitdendriterna. 



Förekomster av drag- respektive tryckspänningar under samma 
stelningsförlopp anses vara drivkraften för uppkomsten av en 
krympporositet respektive en metallexpansionspenetration i gjutgods med 
både enkla och komplexa geometrier. 
 
Nyckelord 
Gjutjärn med lameller grafit, undereutektisk, krympporositet, 
metallexpansionspenetration, stelning, dendritkoherens, 
volymförändring,  
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Chapter 1. Introduction 

The hypoeutectic lamellar graphite iron (LGI) is a base alloy for the modern 
casting production due to its excellent material and manufacturing 
features. Despite the advantages, the complex shaped LGI castings are 
exposed to casting defect formations such as shrinkage porosity (SP) and 
metal expansion penetration (MEP). As it was described in the literature, 
the formation of these types of casting defects is related to the liquid 
transport within the dendrite network. The aim of this thesis is to 
investigate the important conditions that influence the liquid transport 
during solidification leading to SP or MEP formations, as is summarized in 
Figure 1. 

 
Figure 1. Schematic concept of the thesis with the five supplements. 
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2 | INTRODUCTION 

Chapter presentation 
The aim of this chapter is to introduce the reader to the terminology and 
the concepts used throughout the thesis related to the casting procedure 
and production of lamellar graphite iron. The chapter begins with a brief 
retrospective on the procedure and the alloy, and continues with a short 
description of the theoretical background of the solidification process. 

1.1. Retrospective 

Casting is a shaping process. It is a prehistoric manufacturing procedure, 
where the earliest cast object known today is from 3500 BC and they are 
made of copper [1, 2]. The principle of the method is to pour molten metal 
into a mold cavity and to let it cool down to room temperature. The mold 
is a solid material with a melting point higher than the liquid metal, which 
is made of a cavity of the desired shape. After the cooling, the casting is 
removed from the mold. The main advantage of the casting process is the 
almost unlimited design freedom. Therefore, casting is suitable to produce 
complex parts. The drawback is the tendency to form process attributed 
defects during the solidification. 
 
Iron also has a long history. A Mesopotamian smelted iron artifact 
(distinguished from meteoric iron by its lack of nickel) dates from 5000 BC 
[3]. The first big step in the development of iron metallurgy was probably 
the accidental discovery of the carburization of iron in 1200 BC, which is 
also the commonly accepted date for the start of Iron Age. Ferrous artifacts 
became more common after this date [4, 5]. The earliest cast iron object 
finding is from  600 BC [6]. 
  
The casting procedure and the iron alloy have both come a long way. 
Nowadays, casting is the most preferred method to produce complex parts 
from metals, as it is cost-effective in high volume production. 
Approximately, in 90% of the manufactured goods that exist are cast parts 
[7].  
 
A significant amount of research and development work lead the 
application of iron from jewelry to heavy-duty combustion engine parts. In 
2015, the worldwide casting production reached 104,1 million metric tons. 
Whereof 84 million tons are ferrous (steel and iron). The production of 
46,7 million tons of lamellar graphite iron (LGI) clearly shows its 
importance within the technical alloys [8]. 
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1.2. Lamellar graphite iron 

Today, lamellar graphite iron alloy is produced in the largest volume 
among the technical alloys [8].  This is not only due to the relatively low 
production cost of the casting procedure. The LGI also has good 
mechanical and thermal properties as well as good machinability and 
vibration damping properties. These features make the LGI the most 
favorable alloy to be used in the automotive and marine industry and for 
the production of complex shaped engine parts such as engine blocks and 
cylinder heads.  

Technical alloys – or sometimes referred to as engineering alloys – are 
metallic alloys which are classified based on their main chemical 
constituents like Fe, Al, Cu, Zn, Mg. The technical alloys are divided into 
two main groups: ferrous and non-ferrous alloys. The main component in 
ferrous alloys is Fe and the class can be subdivided into two groups: steel 
and iron. The division of ferrous alloys is based on the content of the carbon 
in the alloy. Consequently, the Fe-C binary equilibrium phase diagram 
(Figure 2) is used to indicate fundamental points and events related to the 
material (chemical composition, temperatures) and the solidification 
properties (phases, phase transformations) in the alloy. 

 

 
Figure 2. The stable Fe-C binary phase diagram, calculated by Thermo-Calc 

2016b with the TCFE7 database [9]. 
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Ferrous alloys containing less than 2 wt% of carbon are named steels. 
Ferrous alloys with more than 2 wt% of carbon are called cast irons [10]. 
In the cast iron alloy, the majority of the carbon content is graphitic carbon 
[11]. As carbon is the most governing element of cast iron, these alloys are 
generally classified by the morphology of the graphite phase.  
 
The morphology of the graphite phase in cast iron is a microstructural 
attribution what determines the physical and the mechanical properties of 
the alloy. According to the morphology of the graphite, the following three 
main cast iron classes can be defined [7, 12, 13]: 
 

- Lamellar graphite iron (LGI; usually referred to as gray cast 
iron, GCI; GJL), where the graphite phase has a shape of 
lamellas or flakes. 

 
- Spheroidal graphite iron (SGI; usually referred to as ductile 

iron; GJS), where the graphite phase has a spheroidal shape. 
 

- Compacted graphite iron (CGI; usually referred to as 
vermicular iron; GJV), where the graphite phase has a worm-
like shape.  

 
Cast iron is a multielement Fe-C based alloy that  contains a minimum of 
2 wt% of carbon [14]. It’s important to emphasize the word multielement 
as commercial alloys are rarely binary alloys. Instead, the commercial cast 
iron alloys are compounds with the addition of several chemical elements 
like Si, P, Mn, Ni, Sn, Cu, Cr and Mo. These elements are added to the alloy 
to obtain designated mechanical properties of the final cast component 
with their impact on the formation of the iron and the graphite phases 
during the solidification [15–17].  
 
An important classification of the cast iron alloys is related to their 
chemical compositions. The eutectic composition of a cast iron alloy is 
assumed at 4.3 wt% of carbon, based on the Fe-C equilibrium phase 
diagram (Figure 2). Cast iron alloys with more than 4.3 wt% of carbon are 
called hypereutectic cast irons. Furthermore, cast irons with less than 4.3 
wt% of carbon are considered hypoeutectic cast irons. The important 
difference between the hypereutectic and hypoeutectic compositions is the 
solidification sequence. In hypereutectic alloys, the phase that precipitates 
first is the graphite phase. In hypoeutectic alloy, the phase that precipitates 
first is the austenite phase. The alloys that are investigated in this thesis 
are hypoeutectic lamellar graphite irons, as most of the cast iron 
production uses this type of alloy today.   
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1.3. Solidification 

Solidification is the most important part of the casting procedure. This is 
the transformation of the liquid phase to a solid phase as the randomly 
situated atoms of the melt are arranged into a regular lattice order. The 
rearrangement of the atoms requires the release of energy in the form of 
heat. The heat from the melt is released into the mold and the surrounding 
atmosphere [7, 18, 19]. The temperature difference between the parts 
defines a thermal gradient that points from a higher temperature area to a 
lower temperature area. The thermal gradient is used to show the paths 
and directions of the heat transport during solidification in Figure 3. 
 

 
Figure 3. Schematic of the thermal gradient of the solidification. 

The release of heat during the solidification reflects many details of the 
process. Consequently, the cooling curve such as the one presented in 
Figure 4 is used to observe and interpret the solidification sequence [7, 20].  
 

 
Figure 4. Cooling curve of a LGI alloy, parted into four sections. 
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The cooling curve of a hypoeutectic lamellar graphite iron alloy can be 
partitioned into four main sections. In the first section (1.), the 
temperature of the alloy is above the liquidus temperature. In the fourth 
section (4.) the temperature of the alloy is under the solidus temperature. 
 
The most important ones are section two (2.) – called the primary 
solidification and section three (3.) – called the eutectic solidification. The 
solidification starts from the boundary of sections one and two, where the 
phase distribution of the material is a 100% liquid fraction and a 0% solid 
fraction. The solidification ends at the boundary of sections three and four, 
where the phase distribution of the material is a 0% liquid fraction and a 
100% solid fraction. The time between these boundaries is called the 
solidification time (tsol). 

1.3.1. Primary solidification 

The solidification sequence of hypoeutectic LGI starts with the 
crystallization of austenite. During this event, two types of primary crystals 
are distinguished. They are classified by their position and growth 
direction and they are called columnar crystals and equaxied crystals. The 
development stages of a crystal in chronological order are the nucleation, 
growth, and coarsening [21–23]. The solidification of the crystals is 
accompanied by a release of the latent heat of solidification. According to 
the general nucleation theories, the surface of the mold and impurities or 
substrates are the preferential nucleation sites [7, 24]. The primary 
austenite has a face centered cubic (FCC) crystal lattice. Therefore, the 
growth directions are orthogonal [25] (Figure 5). 
 

 
Figure 5. Dendrite schematic showing the primary stem and two sets of 

orthogonal side branches [26]. 

The growth of the primary austenite is a dendritic form [22, 27, 28]. Behind 
the tip of the primary stem, lateral arms branches are formed as secondary 
arms, on that tertiary arms and may branches further on [29] (Figure 6). 
 



INTRODUCTION | 7 

 
Figure 6. Classic concept of a dendrite [30]. 

The columnar crystals form first. As soon as the temperature of the melt 
falls below the liquidus temperature, the primary solid phase - austenite 
(-Fe) - starts to nucleate on the mold wall (Figure 7a). The primary stem 
of the dendrite grows in the opposite direction of the thermal gradient, in 
a columnar manner. The columnar crystals grow in a spatial competition 
with each other and perpendicularly to the surface of the mold (Figure 7b). 
The network of the columnar crystals forms the columnar zone. This zone 
is comparable with a container and it is usually referred to as the casting 
skin [27, 30, 31]. 
 
The next step in the solidification sequence is the nucleation of the 
equiaxed crystals. This event occurs in the overcooled liquid front ahead of 
the columnar crystals, probably on floating impurities or substrates [32, 
33] (Figure 7a). The growth conditions of the equiaxed crystals are 
different from the columnar ones. The equiaxed crystals in this stage of the 
solidification are floating in the melt. Their position in the liquid is 
controlled by the gravity and the thermal convection. They are surrounded 
by the liquid and the heat flow of their solidification is equal in every 
growth direction. Consequently, the dendrite arms develop equally in every 
direction [30, 31] (Figure 7b). The agglomerate of the equiaxed crystals are 
called the equiaxed zone. 
 
As the solidification advances, the columnar and the equiaxed crystals are 
filling up the space and the crystals collide with each other [34]. This point 
is the dendrite coherency, which is also identified as the columnar to 
equiaxed transition (CET) [35–40] (Figure 7c).  
 

growth direction of the primary stem



8 | INTRODUCTION 

 
Figure 7a. Nucleation of crystals. 

 
Figure 7b. Growth of dendrites. 

 
Figure 7c. The dendrite coherency. 

 
Figure 7d. The final microstructure. 

Figure 7. Schematic of the macrostructure development. The solid phase is 
indicated with white, the liquid phase is indicated with gray color. Figure 7a 
shows the nucleation of the primary crystals. Figure 7b shows the growth of the 
primary crystals. When the crystal density becomes more compact, the 
theoretical boundary of the austenite crystals is indicated with dashed line in 
Figure 7c. Within a crystal, the austenite is still in mixture with a considerable 
fraction of liquid. The light gray colored regions around the primary dendrites are 
the intradendritic liquid, the dark grey colored region between the crystals is the 
extradendritic liquid. In Figure 7d, the thick line represents the theoretical 
boundary between the columnar and the equiaxed zones within the final 
macrostructure. 

1.3.2. Columnar to equiaxed transition 

At the point of the dendrite coherency, several properties of the system 
change decisively.  
 
From the crystal growth point of view, the crystals collide with each other.  
Therefore, the longitudinal growth mechanism is blocked. According to 
previous studies [41, 42], a further development of the dendrites is only 
possible by coarsening. This is  also known as the Ostwald ripening. This is 
a surface energy driven morphological change controlled by diffusion. 
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There is a large interfacial area between the initial dendrites and the melt, 
that creates a thermodynamic imbalance between the solid and the liquid 
phase. The intention of the system is to reduce the interfacial free energy 
between the phases. The reduction is achieved by a diffusion process where 
the solid phase has dissolved and reprecipitated. The deposition process 
results in the reduction of the total interfacial area [41–43]. The dendrite 
coarsening in compact shaped LGI castings are published in several 
articles [44, 45]. 
 
The initial dendrite skeleton, which is formed at the dendrite coherency, is 
important from a thermal conductivity point-of-view.  Before the dendrite 
coherency, the equiaxed and columnar crystals are not interconnected. 
Therefore, the path for the heat that released by the equiaxed crystals is 
interrupted by the liquid towards to the exterior. After the coherency, the 
interconnection of the dendrites connect the transport paths of the heat in 
the solid phase. This represents an improvement of the thermal 
conductivity of the body [46, 47].   
 
An important aspect is the change of the feeding properties. The structure 
of the dendrite network is an important factor of the liquid flow, as well as 
the feeding. According to the feeding theory [48], the liquid feeding and 
the mass feeding are the mechanisms that supply the solidifying phase with  
liquid before the dendrite coherency. The flow of the liquid is easy between 
the randomly distributed dendrite crystals (Figure 7a and Figure 7b). After 
the dendrite coherency, the driving feeding mechanisms change to an 
extradendritic- or a burst feeding. The coherent dendrite network 
obstructs the flow of the liquid in the remaining space between the dendrite 
arms and the crystals. This space is the inverse of the dendrite network, 
namely the interspace. The parts of the interspace must be distinguished. 
The liquid between the dendrite arms that surrounds the crystals is 
situated in the intradendritic space (indicated with a light gray color in 
Figure 7c). The liquid between the crystals, flows in the extradendritic 
space (indicated with a dark grey color in Figure 7c). They are diverse in 
temperature, in fluidity properties, and in chemical composition – due to 
the segregation phenomena [15, 49]. With the advancement of the 
solidification, the interspace is continuously reduced that makes the flow 
of the liquid even more hindered. In other words, the permeability of the 
dendrite network decreases significantly after the dendrite coherency. The 
zones in the casting that solidifies last are called the last to solidified (LTS) 
or the last to freeze (LTF) zones. 
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1.3.3. Eutectic solidification 

According to the general theory of the solidification [31], the composition 
of the residual liquid changes due to the solute redistribution between the 
phases during the dendritic growth of the primary austenite [50]. The 
excess of carbon in the solid phase is rejected into the intradendritic liquid. 
Once the liquid region rich in carbon reaches the required undercooling, 
graphite precipitation starts by nucleation on pre-existing inclusions in the 
liquid. For lamellar graphite iron these inclusions are reported as complex 
sulfides (MnS, XS), which nucleated on complex oxides of Al, Mg, Si, Ti 
and Zr [51-54]. The eutectic phase grows as graphite and austenite, with 
the solidification front in contact with the melt. The graphite protrudes 
into the liquid ahead of the austenite, so the graphite phase is the leading 
phase in the eutectic growth (Figure 8) [55-56].  
 

 
Figure 8. Sketch of the growth mechanism in flake graphite. In the center, there 

is a primarily precipitated graphite. It thickens by the diffusion of C atoms 
through the austenite layer [57]. 

1.3.4. Density change 

Density (ρ) is defined as mass (m) per unit volume (V) and it is expressed 
as follows: 
 

 
V

m
  (1) 

 
with the unit of kgm . The density of the LGI in the solid phase is higher 
compared to the liquid phase. During the cooling, the density of the alloy 
increases due to the liquid contraction. The density reduction indicated 
with 1 in Figure 9 is caused by a graphite precipitation. The density of the 
graphite at 2.3-2.7 10 	kgm  is almost one third of the iron’s 7.9 
10 	kgm . The density reduction, indicated with 2 in Figure 9, is caused 

by a solid-state transformation. The density variation plays an important 
role in the modelling and simulation of casting processes. Therefore, large 
amounts of research work have been conducted to find the accurate way of 
measurement of this material property [58].  

C

C

C

γ

γ
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Figure 9. Density of a LGI alloy (‘K’) as a function of temperature [59]. 

The chemical composition of the alloy ‘K’ shown in Table 1. 
 

Table 1. Chemical composition of alloy “K” measured by optical emission 
spectrometer (OES) on coin samples. [59]. 

Element C Si Mn P 
wt (%) 3.80 1.74 0.53 0.03 

1.3.5. Volume change 

The density variation of the alloy results in the change of the specific 
volume. The specific volume (v) is defined as the reciprocal of the density 
and expressed as follows: 

 1

m

V
v   (2) 

 
with the unit of m kg . The change of the specific volume of the alloy ‘K’ 
is shown in Figure 10. The reduction in the volume - contraction is 
explained by the increment of the density of the metallic phase. The 
increment of the volume - expansion is explained by the graphite 
precipitation at the time of the eutectic solidification (indicated with 1 in 
Figure 10) and the solid-state transformation (indicated with 2 in Figure 
10) [52]. 
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Figure 10. Specific volume of a LGI alloy (‘K’) as a function of temperature [59]. 

The volume change that accompanies the solidification of hypoeutectic 
lamellar graphite iron is even more complicated in sand molds. The total 
volume change is a summary of the shrinkage of the alloy and the 
movement of the mold wall [60, 61]. The overall result of the volume 
change during the cooling is a shrinkage. This is a well-known 
phenomenon and it is managed by using an oversized design of the mold. 
In foundry practice, this is the ‘shrinkage allowance’ or also referred as the 
‘patternmaker’s allowance’ [24].  
 
During cooling, the structural transformations are represented on a 
macroscale as the displacement of the surface of the casting. Therefore, the 
volume change represents the character of the solidification. 

1.3.6. Volume change related casting defects 

The randomly recurring casting defects attributed to the volume change 
are the shrinkage porosity (SP) and the metal expansion penetration 
(MEP). The common feature of these defects is that they form during the 
solidification, more specifically after the CET. They are situated in the last 
to freeze zones, close to, or on the metal-mold interface [62, 63].  
 
The shrinkage porosity is a material deficit, and can be identified as an 
internal defect (Figure 11). 
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Figure 11. Scanning Electron Microscope picture of a shrinkage porosity. The 

developed dendrite arms are covered with oxide layer [64]. 

According to the literature, these types of casting defects are situated on 
the border of the dendrite crystals. The surface of the dendrites is usually 
covered with an oxide layer, which means that the dendrite was in direct 
contact with the atmosphere outside the casting cavity. The development 
stage of the dendrites inside the pore is comparable to the surrounding 
dendrites, it follows that the pore was formed after the CET. It occurs 
probably due to insufficient feeding [62, 64, 65]. 
 
The metal expansion penetration is a material surplus, it can be identified 
as an external defect (Figure 12). 
 

 
Figure 12. Color-etched surface of a casting with metal expansion penetration 
defect. The red line represents the original metal-mold interface. The area 
above the red line shows the bulk microstructure that contain both primary and 
eutectic phases, as is expected from the hypoeutectic composition. The area 
below the red line shows sand particles from the mold which are burned into 
the castings surface and the MEP defect (on the left). The penetrated metal 
seems to have an eutectic structure, without primary precipitated austenite. 

200 μm
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Some authors found, that a MEP defect is formed as a liquid is squeezed 
out from the casting and the defect tends to occur at the end of the 
solidification [66, 67]. Observations from other authors indicate the MEP 
defect formation at the beginning of the eutectic solidification [68]. An 
important study that considers the effect of the dendrite network structure 
on the MEP defect formation mechanism reports, that the MEP defect 
solidified without primary precipitated austenite [63, 69]. However, the 
alloy was a hypoeutectic LGI. It was concluded, that the penetration of the 
liquid between the sand grains of the mold occurred after the CET.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Chapter 2. Research Approach 

Chapter presentation 
This chapter describes the materials, the research methods and the 
research activities those have been applied in the thesis. The chapter begins 
with the introduction of the aim of the work and continues with the 
specification of the experimental procedures. 

2.1. Purpose and aim 

The performance of a cast component is specified by the microstructural 
features such as the output of the solidification. The process involves 
several phenomena like phase transformations, density changes, mass 
transport, fluid flow, coarsening, contraction and expansion. The majority 
of these events are present in the cooling curve and appears also as a 
macroscale displacement. Therefore, the thermal analysis and the volume 
change measurements are the most important tools in the prediction of the 
microstructure, in the investigation of the solidification, and the defect 
formation process. 
 
The aim of the present work is to obtain novel knowledge about the 
mechanisms and substantial conditions of casting defect formation during 
the solidification of hypoeutectic lamellar graphite iron. Further, to 
enhance the accuracy of the volume change measurements and the 
interpretation of the results.  

2.2. Research design 

2.2.1. Research strategy 

The research begun with the collection of relevant works in the field of 
casting defect formations and volume change of cast irons to become 
familiar with the research area. Knowledge gaps were identified, and topics 
of interest were defined. Research questions were formulated. 
Experiments were set up, data were analyzed than conclusion were made. 
The workflow applied in the thesis is summarized in Figure 13 [70]. 
 

 
Figure 13. Schematic of the research approach [70]. 
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The collection of the information is an iterative cycle of monitoring and 
evaluation of publicly available works that are relevant in the research field 
[71]. The information resources for journal and conference articles, books, 
e-books, manuscripts were online databases like the Materials Science & 
Engineering Database (including METADEX) and the library of the 
Jönköping University. 

2.2.2. Research questions 

The general theories of the solidification and the formation of volume 
change related casting defects were studied. The knowledge of the 
microstructure development of LGI in compact shaped castings can be 
extended to complex shaped castings. Also, there is lack of information on 
how the development of the micro- and macrostructure and the CET 
interacts in the volume change during solidification. A critical literature 
review on the known volume change measurement techniques helped to 
classify the possible experimental variables, to understand limitations and 
to identify the state of the art experimental methods. 
 
This thesis aims to answer the following research questions: 
 

RQ 1 How does the CET influences the development of the 
dendrite network?  

 
RQ 2 How does the development of the dendrites influences the 

morphology of the dendritic interspace? 
 

RQ 3 Does the development of the macrostructure has any 
influence on the volume change during the solidification? 

 
RQ 4 Which condition controls the direction of the residual liquid 

transport within the dendrite network? 

2.2.3. Overview of performed research 

The aim of Supplement A was to find answer to RQ 1. The progress of CET 
in LGI were investigated with three different type of determination 
techniques. The study involved thermal analysis, and the evaluation of 
expansion force values together with the released latent heat of the 
solidification.  
 
The purpose of Supplement B was to find answer to RQ2 by the 
investigation of the morphological diversity of the primary dendrites in 
complex shaped castings.  
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The morphological characterization techniques that have been developed 
in previous works were applied in the study in LGI samples with SP and 
MEP defects.   
 
The purpose of Supplement C was to find an answer to RQ3 by the study 
of the development of the macrostructure and its relation to the volume 
change. A comparison of the different volume change measurement 
techniques was presented. Furthermore, a known experimental layout was 
used by combining multiaxial volume change measurements with 
expansion force measurements.  
 
The aim of Supplement D and Supplement E was to find answer to RQ4 by 
the introduction of a new measurement method. The volume change was 
calculated from linear displacement values. Thereafter, the cooling curve 
analysis was conducted by the Fourier thermal analysis method. Finally, 
volume change values and the thermal analysis results were combined and 
introduced into the Clausius-Clayperon equation algorithm to calculate the 
pressure state of the extradendritic liquid.  

2.3. Materials and experimental layouts 

In order to determine the CET (Supplement A) and to study the problems 
of the volume change measurements (Supplement C), experiments were 
performed in a laboratory environment. The base alloy was prepared in a 
60kg medium frequency induction furnace and held at 1460 ±5 °C 
temperature for 20 minutes. Thereafter, the melt was poured into a 
preheated, 40 kg capacity hand ladle while Sr based inoculation was added 
into the stream. 
 
Experiments were also performed to investigate the dendrite coarsening 
(Supplement B) and to study the pressure state of the extradendritic liquid 
(Supplement D and Supplement E). These were performed in an industrial 
environment. The alloys were prepared in a 4 ton induction furnace and 
treated according to the production metallurgy.  

2.3.1. Determination of CET 

The study in Supplement A involves one base alloy (Table 2). 
Table 2. Chemical composition measured by OES on coin samples. 

Element C Si Mn P S Cr Mo 
min wt (%) 3.30 1.65 0.54 0.05 0.09 0.15 0.21 
max wt (%) 3.79 1.82 0.64 0.05 0.11 0.17 0.25 



18 | RESEARCH APPROACH 

The amount of inoculant, the casting temperature and the time interval 
between the inoculation and the pouring were adjusted in individual 
charges. Overall, 11 charges were prepared. However, due to measurement 
failures three charges were excluded from the investigations. The 
metallurgical parameters for the individual charges are shown in Table 3.  
 

Table 3. Metallurgical parameters of the individual charges. 

Charge id 14 15 16 19 20 21 23 34 
Tcasting 
(°C) 1440 1380 1440 1440 1440 1320 1320 1380 

tinoculation 
(min) 0 5 10 0 10 10 10 5 

wtinoculant 
(%) 

0.05 0.10 0.05 0.15 0.15 0.05 0.15 0.10 

 
The pouring temperature of the samples was 1440 ± 5 °C. The experiment 
was designed to perform a Fourier thermal analysis based on two 
temperature points, coupled with volume change and expansion force 
measurements on horizontally allocated bars (350 x Ø 50 mm). The 
samples for volume changes and expansion force measurements were cast 
simultaneously. The experimental layout is illustrated in Figure 14. 
 

 
Figure 14. Schematic of the experimental assembly. 

The material of the mold was croning sand, the dimensions of the drag and 
the cope were 45 x 100 x 407 mm. Two ‘S’ type (PtRh10) thermocouples 
were placed along the axis of the cylinder, perpendicular to the parting line 
of the mold. 

1. inlet
2. frame

3. quartz rod
4. shell mold

5. thermocouples
6. force measuring unit

7. displacement transductor
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The measurement point of the first thermocouple was located in the center 
(Tc) of the cylindric section, which is equivalent to the cylinder’s axis (inner 
temperature point). The measurement point of the second thermocouple 
was displaced by 10 mm from the axis towards to the surface (Ts) (outer 
temperature point). The thermocouples were protected by a quartz tube   
(Ø 3 / Ø 5 mm), closed in one end. Quartz push rods (Ø 10 mm) were 
inserted on the parting line to transmit the displacement and the 
expansion force towards the sensors. 
The mold for the volume change measurement was equipped with four 
push rods. The two push rods were placed as prolongation of the axis of the 
cylinder, with the scope to measure the longitudinal displacement. The 
other two push rods were inserted perpendicularly to the axis of the 
cylinder, to measure the radial displacement on the test bar. 
The second mold for the expansion force measurement was equipped with 
two push rods placed in similar positions as the push rods aimed for the 
longitudinal displacement measurements. The sensors and the push rods 
were assembled on a steel frame. The signals from thermocouples, 
displacement and force measuring sensors were recorded by a HBM-Beam 
U10 software system.  

2.3.2. Investigation of dendrite coarsening 

The study in Supplement B involves two alloys, which are defined in Table 
4.  
 

Table 4. Chemical composition of alloys, measured by OES on coin samples. 

Element C Si Mn P S Cr Mo 
Content in SP 
sample wt (%) 

3.28 1.96 0.64 0.03 0.06 0.26 0.05 

Content in MEP 
sample wt (%) 

3.18 1.77 0.56 0.05 0.09 0.15 0.24 

 
The samples were cast from a 50kg preheated hand ladle, where the casting 
temperature was 1448 ± 5°C. In both samples, the mold material was 
Epoxy-SO2 hardened quartz sand. The castings were designed to provoke 
SP and MEP defects by creating thermal conditions similar to those found 
in a complex shaped cylinder head casting.  
The SP sample (Figure 15) combines simple geometrical domains like 
cylinders and plates to initiate SP. The bottom plate (240 x 120 x 20 mm) 
and the top plate (240 x 120 x 10 mm) is connected with three cylinders 
(100 x Ø 40 mm) and a vertical plate (220 x 15 x 100 mm) parallel to the 
cylinders. The distance between the cylinders and the vertical plate is 7 
mm.  
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Figure 15. Isometric view of the SP sample. 

The MEP sample (Figure 16) combines cylindrical geometry domains with 
concave surfaces to initiate a MEP defect. The cylindrical casting (80 x Ø 
80 mm) includes an internal channel (45 x Ø 30 mm) with a rounded end 
(r 15 mm).  

  

Figure 16. Isometric view of the MEP sample. 

2.3.3. On the problems of volume change measurements 

The study in Supplement C involves the two alloys, described in Table 5.  

Table 5. Chemical composition of alloys, measured by OES on coin samples. 

Element C Si Mn P S Cr Mo 
Content in Heat 

I wt (%) 3.52 1.81 0.59 0.05 0.11 0.15 0.25 

Content in Heat 
II wt (%) 

3.51 1.85 0.54 0.05 0.09 0.15 0.24 

The amount of the additional inoculant was 0.05 wt% for Heat I and 0.15 
wt% for Heat II. Also, the experiment was performed in the same way and 
with the same equipment as it is described in chapter 2.3.1. 

10 mm

10 mm
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2.3.4. Pressure state in the extradendritic area 

The study in Supplement D and Supplement E involves one alloy, which 
chemical composition is given in Table 6.  
 

Table 6. Chemical composition measured by OES on coin samples. 

Element C Si Mn P S Cr Mo 
wt (%) 3.20 1.88 0.61 0.03 0.09 0.15 0.07 

 
The melt was poured into a 2kg capacity pre-heated hand cup. The 
temperature of the melt was 1420 ± 5°C. A spherical sampler was 
submerged into a melt in the hand-held cup for 2.5 seconds. Thereafter, 
the measurement was started as the push rods touched the surface of the 
sampler. The signals from the thermocouple, the IRs and the LVDTs were 
collected by a unique controller system with a ten records per second 
sampling rate. The schematic of the experimental layout is shown in Figure 
17.  

 
Figure 17. Schematic of the spherical sampler and arrangement of the sensors. 
1, spherical sampler. 2, lid. 3, steel tube. 4, thermocouple. 5, push rod.                    
6,  schematic representation of the field of view of an infrared (IR) thermometer. 
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The experiment was designed to perform a Fourier thermal analysis using 
two temperature points simultaneously and to make volume change 
measurements on a spherical sample (Ø 33 mm).  The experimental 
assembly consists of the following parts. A steel sphere made of two 
hemispheres with a wall thickness of 0.5 mm. The diameter of the top open 
is 13mm. Also, a lid made of the same material and the same wall thickness 
as the sphere is used. The diameter of the lid is 18mm and it is welded to a 
steel tube (inner Ø 2 / outer Ø 4 mm) made of the same material as the 
sphere and which is closed at one end. A mineral insulated N-type 
(Nicrosil–Nisil) thermocouple with a diameter of 1.5 mm was used to 
monitor the temperature. The end of the thermocouple is situated in the 
center of the sphere (inner temperature point). The IR sensors are targeted 
on the surface of the sphere (outer temperature point). The IR and the 
LVDT sensors are placed around the surface of the sample, distributed 
equally by 60°. These are the spots for the temperature measurement and 
the displacement measurement on the sampler surface. The axes of the 
sensors are situated on a plane (sensor plane), which is normal to the 
surface of the sphere. The sensor plane is identical to the horizontal 
intersection of the sphere. The application of a steel tube allows for a reuse 
of the thermocouple due to a protection from the erosion of the melt. The 
application of alumina push rods allows the protection of the LVDTs. The 
accuracy of the measurement is assured due to the low thermal expansion 
coefficient of the alumina push rod, which is 6.3 [10 grC ].   

2.4. Experimental methods 

2.4.1. Sample preparation 

The preparation of the samples started with a raw cut by a whip-saw or a 
rotary blade machine. The samples were mounted in a cold-setting two 
component epoxy resin. After the setting, the samples were manually 
ground on SiC paper (P80 FEPA) until a planar surface was obtained. The 
rest of the preparation was performed by a semi-automatic sample 
preparation system. The grinding was performed in four steps on P220, 
P500, P1200 and P2000 FEPA designation abrasive resin bonded 
diamond discs and by using a water lubrication. The polishing was 
performed in two steps by using 3 µm and 1 µm particle size diamond 
suspensions on polishing clothes. 
 
The samples in Supplement B were cut on the A-A plane, as is indicated in 
Figure 18 and Figure 19. Investigated areas are highlighted with thick 
frames. The areas with the related casting defects are marked with a cross. 
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(a) (b) 

Figure 18. (a) Isometric view of the SP sample with the gating system; (b) 
Cross section view of the SP sample. 

 
(a) 

 
(b) 

Figure 19. (a) Isometric view of the MEP sample; (b) Cross section view of the 
MEP sample. 

Samples in Supplement C were cut on a section 85 mm away from the flat 
end of the bar. The cut plane is represented by a dashed line in Figure 20.  

 
Figure 20. Isometric view of the sample bar from Supplement C. 
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2.4.2. Color etching 

Color etching is a chemical film deposition process, which is used on a 
polished surface.  The thickness of the film depends on the local silicon 
content on the surface of the specimen. Silicon segregates to the austenite 
(k>1) and become depleted in the last solidifying area. The propagation of 
the incident light waves through the air-film and film-specimen interfaces 
causes formations of colors in the reflected light by the interference 
phenomena. The observed tints differs by the thickness of the film, which 
allows for a distinction of the different phases present in a sample [72].  
 
Different alkaline picrate solutions have been developed for the color 
etching of LGI [73–77]. The Motz reagent [77] was applied to reveal the 
microstructure on the samples investigated in this thesis. The solution 
consists of 10 g NaOH, 40 g KOH, 10 g picric acid and 50 ml of distilled 
water. The temperature of the solution was 108 °C and it was maintained 
with a ±3 °C accuracy by using a thermistor controlled heating system 
during the etching. The state of the film formation was checked periodically 
by using an optical light microscope (OLM). Also, the etching process was 
repeated until a satisfactory level of the desired coloring was achieved. 

2.4.3. Evaluation of the microstructure 

Micrographs were taken from the color etched surfaces with OLM. Then, 
the primary austenite phase was outlined manually on a Wacom Cintiq 
touch-sensitive display. The pre-processing of the micrographs resulted in 
binary images, as shown in Figure 21. 
 

 
(a) 

 
(b) 

Figure 21. (a) Color etched micrograph from Supplement B. The primary 
austenite appears in dendritic shape with whitish, light blue color; (b) Pre-
processed binary image. Black color represents the space between the primary 
dendrites. White color represents the dendrites and the non-evaluable areas of 
the eutectic colonies.  

200 μm 200 μm
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2.4.4. Quantitative characterization of the microstructure 

The pre-process and the analysis of the binary images were performed in 
Adobe Photoshop CS6. The stereological parameters used in Supplement 
B for the description of the dendritic interspace are the surface area A , 
the perimeter P  and the hydraulic diameter (D ). The hydraulic 
diameter of the interspace can be calculated as follows [44, 45]: 
 

 ii
hyd
IP P/AD   (3) 

 
The secondary dendrite arm spacing (SDAS) λ  was used for the 
characterization of the primary dendrites. 

2.4.5. Calculation of fraction solid with thermal analysis 

Thermal analysis (TA) by means of cooling curve analysis (CCA) is a wide 
spread tool to interpret the solidification of an alloy. The processing of  
temperature values registered during cooling can be used to quantify 
solidification parameters like the latent heat, fraction solid, etc. [78–80].  
 
Two different methods are used, the Newtonian method and the Fourier 
method. The Newtonian TA (NTA) method uses one cooling curve and the 
temperature is usually registered at the geometrical center of the specimen 
(one temperature point). The Fourier TA (FTA) method uses at least two 
cooling curves. Consequently, the temperatures are usually registered in 
the geometrical center T  and near to the surface of the specimen T . Several 
authors have published results suggesting that the FTA method is more 
reliable than the NTA method, since it is based on the larger number of 
measured thermal points [81–84]. The FTA method used in the 
supplements has been developed at the department of Materials and 
Manufacturing – Casting, Jönköping University and it has been used in 
previous research publications [80, 82, 83, 85]. 
 

2.4.6. Calculation of pressure 

The solidification of an alloy is usually described under atmospheric 
pressure conditions. Only a few literature contributions are known where 
the effect of the pressure on the solidification is invoked [86–89].  
 
The thermodynamic equation that involves the pressure into the 
description of the phase transformation with coexisting phases is called the 
Clausius-Clapeyron relation.  
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The formula is written in Equation (4) and it represents the slope of the 
pressure-temperature boundary dP/dT between the solid and liquid 
phases, related to the specific enthalpy of the solidification ∆H (Jkg ), the 
specific volume change ∆v (kgm ), and the local temperature. 
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  (4) 

 
If the pressure and the temperature vary along the phase transition line, an 
integration of Equation (4), yields the following integral 
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which has the following solution: 
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The outcome of the calculation ∆P P P  is the pressure deviation from 
the equilibrium atmospheric pressure in the extradendritic area during 
solidification. It is obtained by inserting the calculated heat release during 
solidification along with the measured volume change. A negative value is 
considered to represent a tensile state, while a positive value is considered 
to represent a compressive state on the residual liquid within the dendritic 
interspace.  



 

Chapter 3. Results and discussion 

Chapter presentation 
In this chapter, the main results of the supplemented papers are 
summarized and discussed.  

3.1. Columnar to equiaxed transition in LGI 

As described in detail in the introduction, the CET is a key event which 
influences the development of the microstructure and macrostructure 
during solidification. The properties of the structures are crucial conditions 
from a defect formation point of view. Therefore, Supplement A focused 
on studying the process of CET in a hypoeutectic LGI. 
The idea behind the work presented in Supplement A, was to use known 
experimental techniques to investigate samples with different 
metallurgical parameters in order to explore CET values. Parts of the 
experimental setups found in the literature were reported to be used 
particularly to study  light alloys [46, 47]. The three methods introduced in 
Supplement A are based on the analysis of temperature differences (∆T) 
between the columnar and the equiaxed zones, the released heat (q ), and 
the expansion force (F ) in the solidification interval. The fundamental 
concept of the CET determination in all methods, is the shift between the 
solidification sequences of the columnar and equiaxed zones. The 
temperature differences and the solid fractions are calculated from 
measured values, while the expansion force is a directly measured value. 
 
A comparison of methods to determine CET applied, on various 
experiments, are shown in Table 7. 
 

Table 7. Summary of the CET determination results with the metallurgical 
parameters. 

Charge 
id 

 

Tcasting 
(°C) 

 

tinoculation 
(min) 

 

wtinoculation 
(%) 

 

fs at CET by 
 

∆T Fexp qs 
14 1440 00 0.05 20.3 20.3 13.0 
15 1380 05 0.10 16.7 35.7 07.3 
16 1440 10 0.05 19.7 34.6 10.9 
19 1440 00 0.15 13.8 13.8 07.9 
20 1440 00 0.15 21.4 24.9 08.8 
21 1320 10 0.05 16.8 31.4 08.0 
23 1320 10 0.15 11.7 14.9 06.3 
34 1380 05 0.10 15.7 26.7 08.1 
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It can be concluded from the results in Table 7, that the addition of 
inoculants decreased the calculated fraction of primary phase, at the event 
of CET by all conditions. Considering the growth mechanisms of the 
primary austenite grains, differences in reaching CET under similar 
thermal conditions are only possible if the number of the nucleated grains 
is different. 
 
The differences in the CET determination results within one charge are 
related to the nature of each method. For example, the ∆T method is 
insensitive to the mechanical influences. As soon as the crystals collide, the 
thermal conductivity of the system will change instantly. Therefore, this 
method is suitable to determine the beginning of the CET. The F  method 
is mechanical, as the expansion force only appears in the case of a well-
developed dendrite network. Therefore, this method is applicable to 
determine the end of the CET. The CET determination results for Charge 
14 is shown in Figure 22.  
 

 
Figure 22. Comparative graph of CET determined by different methods on 

Charge 14. 

In Figure 22 is important to note, that the expansion force is continuously 
increasing after the CET.  
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This supports the theory of a formation of a coherent network. CET 
determination results for Charge 19 is shown in Figure 23.   
 

 
Figure 23. Comparative graph of CET determined by different methods on 

Charge 19. 

In Figure 23 is important to note the break in the expansion force. The CET 
is indicated with F 	 . The expansion force starts to increase until an 
unexpected break (F ) is reached. After an idle state, the force 
accumulation continues to the end of the solidification. The break can be 
explained by the weakness of the dendrite network. At an early coherency 
when a relative low fraction of solid phase (q by	F 13.8) is 
precipitated, the compressive load developed due to the measurement 
setup led to the collapse of the austenite network at F .  
 
The differences between the results from the different determination 
methods leads to a conclusion, namely that the CET runs over a period of 
time. The application of different measurement techniques shows, that the 
CET is not represented by a single moment but rather by an interval. This 
occurs, when the morphological and mechanical properties of the dendrite 
network changes significantly. 
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3.2. Investigation of the dendrite coarsening 

The investigation of the CET by different determination methods showed 
that dendrite network can be formed by different volume fractions from an 
identic melt composition. A CET value with a low solid fraction is supposed 
to occur with long and thin dendrites, while a CET value with a high solid 
fraction is supposed to occur with short and thick dendrites. The 
morphology of the initial austenite network is demanding, as the further 
growth of the solid phase is driven by the coarsening process after the 
formation of CET. Also, this morphology defines the paths for the residual 
liquid to supply the solidifying parts through the dendritic network. The 
coarsening process has been investigated in compact geometries under 
isothermal conditions by several authors [44, 90–92]. 
 
The aim of Supplement B was to investigate the coarsening process of the 
austenite dendrites in the defected areas of complex shaped castings. The 
SP and MEP casting defects are formed during the solidification and they 
are usually situated in the last solidifying part of the casting (LTS). The LTS 
is explained as a region in the extradendritic space, where the path of the 
liquid transportation is open for the longest time. The space between the 
dendrites inside and outside of the LTS area was quantified by using image 
analysis. Also, the thermal field of the casting was characterized by using 
the simulated local solidification times.  

3.2.1. Shrinkage porosity 

By the SP sample, the simulated local solidification times indicate the 
position of the slowest cooling area (hot spot) at the bottom of the 
cylindrical component, which is close to the casting surface (indicated with 
light gray color in Figure 24). The location of hot spot can be explained by 
a local overload of the mold from a thermal point-of-view. This part of the 
mold is surrounded by the thick bottom plate, the cylinder and the vertical 
plate. Therefore, the heat transported from the melt towards to the 
atmosphere is obstructed more than in any other part of the mold. 
Accordingly, the solidification is slower in this region compared to the 
other regions in the casting. 
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Figure 24. Simulated local solidification time plotted in gray scale on the cross 

section of the SP sample (left) and the calculated hydraulic diameter of the 
dendritic interspace (right). 

The largest hydraulic diameters are found in the same positions where the 
slowest solidification times are found (Figure 24). The morphological 
differences can be recognized on the micrographs collected from the 
positions with different solidification times. Figure 25 shows a coarsened 
dendrite morphology in the slowest cooling area, where a SP defect was 
formed. 
 

 

Figure 25. Micrograph representing a local solidification time of 566t sol  s, 

2.26Dhyd
IP   µm and SDAS = 76.8 µm in the SP sample. 

Away from the defect formation area, the solidification time is shorter.  
Consequently, the morphology is finer than in Figure 25. The dendritic 
interspace decreases as it is shown in Figure 26.  
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Figure 26. Micrograph representing a local solidification time of 377t sol  s, 

6.17Dhyd
IP   µm and SDAS = 51.5 µm in the SP sample. 

A comparison between the dynamic coarsening in a hypoeutectic LGI alloy 
of a compact geometry [44] and the complex geometry of the SP sample in 
the present work is presented in Figure 27.  
 

 
Figure 27. Comparison of results of the morphologic parameters with literature 

data. 
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The compared morphology parameters fit well with each other, except for 
the SDAS values. The longer the solidification time, the more distortion 
appears in the morphology of the dendrites. Thus, the accuracy of the SDAS 
measurement become less. The distortion is caused by the dendrite 
fragmentation phenomena, which has been reported recently [90]. 

3.2.2. Metal expansion penetration 

Considering the MEP sample, the simulated local solidification times 
indicate the position of the slowest cooling area at the concave surface. This 
is close to the thermal center of the cylinder specimen. The location of a 
hot spot can be explained, by the thermally overloaded mold. The melt 
surrounds the sand insert, which is not able to transfer away heat of that 
intensity in this region compared to other parts of the mold. Consequently, 
in this section the solidification takes a much longer time. Therefore, there 
is more time for a coarsening of the dendrites to take place. Because of the 
coarsening, the largest hydraulic diameters were found in the same 
positions where the slowest solidification times were found (Figure 28).  
 

 
Figure 28. Simulated local solidification time plotted in gray scale on the cross 
section of the MEP sample (left) and the calculated hydraulic diameter of the 

dendritic interspace (right).  

The morphological differences by the MEP sample can be recognized even 
with bare eyes on the micrographs collected from the positions with 
different solidification times. Figure 29 shows a coarsened dendrite 
morphology in the slowest cooling area, where MEP defects are formed. 
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Figure 29. Micrograph representing a local solidification time of 570t sol  s,   

 
hyd
IPD = 35 µm and SDAS = 59.7 µm in the MEP sample. 

In an area where the solidification time is shorter, the morphology is finer 
compared to Figure 29.  Therefore, the dendritic interspace decreases as is 
shown in Figure 30. 
 

 
Figure 30. Micrograph representing a local solidification time of 220t sol  s, 

hyd
IPD = 18.5 µm and SDAS = 30.4 µm in the MEP sample. 

A comparison of the morphological parameters with the literature data 
[44] shows a decent fit of the dynamic coarsening between a compact and 
a complex geometry of the MEP sample (Figure 31). 
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Figure 31. Comparison of results of the present morphologic parameters with 

literature data. 

 

The presented results of the dendrite coarsening are in correlation with 
earlier observations [44, 90–92]. The morphological parameters such as 
SDAS and hydraulic diameter of the dendritic interspace are strictly time 
dependent. In both cases of the SP and MEP samples, the coarsening of the 
primary austenite creates a discontinuity in the columnar shell under the 
LTS area (Figure 32). 
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Figure 32. Schematics of dendrite coarsening in the LTS area covered region 
of the columnar zone for compact and complex casting geometries. Dashed 

lines indicate the LTS area determined by the numerical simulations. 

The increment of the interspace within the dendrite network in the areas 
where the solidification is slowest is a result of the coarsening phenomena.  

3.3. Volume change measurements in LGI 

Volume, as defined by thermodynamics, is an extensive parameter for the 
description of the thermodynamic state of a system [93]. Hence, the 
volume change measurements have been used for more than one hundred 
years to study the solidification of different alloys [94]. However, the in-
situ or the real-time observation of the solidification is difficult due to the 
high temperature and due to the fact, that the material behaves different in 
a liquid state and in a solid state. Every volume change measurement 
methods used for in-situ investigation follows the same principle. 
Therefore, they can generally be identified as a dilatation analysis.  
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During solidification, the movement of the surface of the specimen is 
registered. Thereafter, the volume change is calculated based on the 
displacement. The measurement of the surface movement is usually 
indirect, where an intermediary medium connects to the surface with a 
displacement sensor. This medium is usually made of a material with a low 
linear expansion such as sapphire or polycrystalline alumina, to avoid the 
disturbance of the measured results. The main component in most of the 
known measurement methods is the specimen holder. The material and 
the geometric design both vary on the specimen holder. Also, it’s shape 
defines the thermal field of the specimen. 
 
Although the volume change measurement has a history of 150 years, there 
is only one apparatus available on the commercial market namely, the 
dilatometer. In a dilatometer, the specimen holder is a cylindrical 
chamber. Therefore, the specimen has a cylindrical shape. Three different 
versions of the method are known to register displacements: the 
capacitive-, the optical- and the push rod method. The most common 
version is the push-rod type: a specified size of cylindrical sample 
(diameter 6mm, length 12mm) is placed into the ceramic chamber with 
ceramic pistons in the ends, where the surrounding furnace provides the 
requested temperature. The movement of the pistons is registered by a 
displacement sensor, which usually is a LVDT sensor.  
 
Whereas only the dilatometer exists as a commercial solution to study the 
solidification by volume change measurements, many different layouts 
have been used in scientific investigations. Several methods have been 
developed during the period of 1874-2017, 34 experimental setups were 
found from 28 authors / groups [61, 95–130]. Overall, the scientific 
versions are all self-developed methods by the authors, created 
individually for solidification research. Besides certain differences in the 
design (eg. various layout of the displacement sensors), they follow the 
same dilatation principle as mentioned above. Also, the sample holder is 
usually a sand mold and the investigated alloy is cast into the mold.  
 
The sand mold plays an important role in the solidification as it is the first 
medium to be in contact with the melt. Several studies have been published 
on the effect of the mold on the solidification [60, 126, 128, 129] together 
with investigation of the thermo-physical properties of different sand 
mixtures [85]. 
 
The indirect volume change measurement is usually referred to as a linear 
measurement, as the push rods and the displacement sensors are aligned 
along an axis.  
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The linear volume change measurement can be classified into basic 
concepts by the number of axes and direction of the displacement 
recording as it is represented in Figure 33. 
 

 
Figure 33. Examples for the classification of linear volume change 

measurements by the number of axes and the direction of the displacement 
registration. 

The experiment in Supplement C was conducted with the three axis 
multidirectional measurement layout equipped with the two point cooling 
curve recording and expansion force measurement on a cylindrical 
specimen. The linear axial ∆l  and the linear radial ∆l  displacement 
together with the expansion force are presented as a function of time in 
Figure 34 for Heat I and in Figure 35 for Heat II.  
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Figure 34. Axial ∆l  and radial ∆l  displacement and F  registered in Heat I. 

 

Figure 35. Axial ∆l  and radial ∆l  displacement and F  registered in Heat II. 
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The starting point of the measurement is t 0, when the registered 
temperature starts to increase over the ambient temperature. A 
displacement starts in both the axial ∆l  and radial ∆l  directions at the 
same time right after the mold filling, in every case. Only fluctuations can 
be registered at the early stage of the solidification, based on the expansion 
force measurements. The continuous increment of the values starts later, 
the point is at 100s for Heat I and 139s for Heat II. This was discussed in 
more details in Chapter 2.3.1. Specifically, the start of the continuous 
increment of the expansion force is associated with the CET. This is the 
macrostructural development phase, from where the specimen can be 
considered as an aggregate. Therefore, the displacement values that were 
registered before the CET represent a combination of the effect of the 
metallostatic pressure, the plastic deformation of the columnar zone (the 
mantle of the cylindrical specimen), and the wall movement of the mold 
that originates from the thermal dilatation of the sand. Consequently, 
volume change calculations for cylindrical shaped specimens should 
implement displacement values only after the CET.  
The linear axial ∆l  and the linear radial ∆l  displacement values that have 
been reset to the point of CET determined by the expansion force 
measurements are shown in Figure 36 for Heat I and in Figure 37 for Heat 
II.  

 

Figure 36. Axial ∆l  and radial ∆l  displacement values as a function of time, reset at 

CET by F  in Heat I. 
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The displacement values for Heat I and Heat II show a difference within an 
alloy. The deviation between the axial and the radial surface displacement 
characteristics can be explained by the interaction of the movements in 
different directions. For example, the shrinkage in the axial direction may 
counteract or assist the displacement in the radial direction. The opposite 
may also occur, due to the low tensile strength of the columnar zone in the 
mantle of the cylinder.  
 

 

Figure 37. Axial ∆l  and radial ∆l  displacement values as a function of time, reset at 

CET by F 	in Heat II. 

The comparison of the displacement values in distinct directions show the 
anisotropic character of the solidification, which has an impact on the 
evaluation of the volume change. Figure 38 and Figure 39 show the 
calculated volume change results for multidirectional measurements. The 
∆V  values are based on a single axis measurement, where the volume 
change is calculated based on only the axial displacement. The ∆V  value 
represents a multiaxis measurement, where the axial and the radial 
displacement values have been used in the calculations.  
 
Based on the comparison of the volume change measurements, the 
multiaxial experiment layout clearly shows the advantage over the single 
axis by specimens, which solidify with an anisotropic characteristics. 
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Figure 38. Volume change based on axial vs. axial and radial displacement values as a 

function of the temperature in Heat I. 

 
Figure 39. Volume change based on axial vs. axial and radial displacement values as a 

function of the temperature in Heat II. 
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3.4. Pressure state in the extradendritic liquid area 

The outcome of the work in Supplement B, is that the increased dendritic 
interspace facilitates the transport of the residual liquid leading to RQ 4. 
To answer which condition controls the direction of the liquid transport 
within the dendrite network, a new measurement method was introduced. 
The extensive literature review on the existing volume change 
measurements and the outcome of  Supplement C, that the solidification is 
anisotropic on thermally unbalanced geometries, led to a specimen design 
to optimize the thermal field. More detailed information is presented in 
chapter 2.3.4. 

 
The aim of Supplement E, is to investigate the pressure state of the 
extradendritic liquid during the solidification by using the newly developed 
spherical sample.  
 
The measured temperatures and the calculated volume change are 
represented as a function of the fraction solid in Figure 40. 
 

 
Figure 40. Cooling curves and the calculated volume in the solidification 

interval. 

The contraction from the beginning of the solidification is assigned to the 
decrease of the specific volume as the liquid transforms into a solid.  
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During cooling, a columnar zone is developed on the internal surface of the 
sampler. When the temperature in the columnar zone T  reached a 
required undercooling value, an eutectic phase transformation started in 
this zone. This led to a precipitation of graphite into the intradendritic 
space. The increment in the specific volume is supposed to cause an 
expansion of the whole sample from f 0.32. At the end of the eutectic 
transformation in the columnar zone, the volume is expected to contract 
again. Parallel to this event, the temperature of the equiaxed zone T  also 
reaches the required undercooling to start the eutectic transformation with 
the related increment of the specific volume. Therefore, the whole volume 
continues to expand until the volume increment of the graphite 
precipitation is larger than the contraction of the columnar shell. From f
0.52 to the end of the solidification the reduction of the volume continues 
according to the decrease of the specific volume.  
 
With the introduction of the results of the FTA together with the volume 
change measurement into the Clausius-Clayperon equation, the pressure 
state in the extradendritic liquid P can be calculated in the solidification 
interval as it is presented together with the volume change derivative 
dV/df  in Figure 41. 
 

 
Figure 41. Liquid pressure and volume change during solidification. 

The dV/df  curve in Figure 41 illustrates the direction of the volume 
change. 
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Negative values of the dV/df  curve indicate a contraction and positive 
values indicate an expansion of the specimen. The deviation of the pressure 
of the extradendritic area from the atmospheric pressure ∆P 0 starts as 
soon as the solidification starts and continues until the end of 
solidification. The positive values of the calculated pressure are interpreted 
as a compressive pressure, while the negative values are considered to be 
an expansion pressure. The solidification interval can be divided into five 
periods with respect to the pressure state of the extradendritic liquid.  
The first period is from f 0 to f 0.32 and is indicated with I. in Figure 
41. In this zone, the solidification starts with the formation of the columnar 
dendritic zone. The contraction of this columnar zone causes a compressive 
load that results in a pressure increment in the extradendritic liquid.  
In the solidification interval between f 0.32 to f 0.52 indicated with 
II. in Figure 41, the extradendritic liquid is supposed to be exposed to a 
tensile load due to the expansion of the columnar zone. It is important to 
note that a short reduction of the expansion pressure occurs at f 0.52, 
which is indicated with III. in Figure 41. This coincide with the start of the 
eutectic phase precipitation in the equiaxed zone. The precipitation of the 
graphite in the equiaxed zone compensates for the expanded sample 
volume. It is worth to note that for values from f 0.52 until f 0.72 
which is indicated with IV. in Figure 41., the contraction of the columnar 
zone starts while the extradendritic liquid continues to be exposed to a 
tensile load. 
The fifth period is from f 0.72 to f 1 and indicated with V. in Figure 
41. In this zone, the interaction between the contracting columnar zone and 
the graphite precipitation in the equiaxed zone expose the residual liquid 
to a compressive load. With a further contraction of the columnar zone the 
pressure on the residual liquid increases in this interval of the 
solidification. 

3.5. Concluding discussion 

The general aim of this work was to promote an understanding of the 
mechanism of volume change related to casting defects formations in 
lamellar graphite iron. The literature was reporting the shrinkage porosity 
and the metal expansion penetration as volume change related 
phenomena, where the density variation of the different phases in various 
combinations cause the defect formations. An important result from the 
literature study was the observed shrinkage cavity found in the austenite 
grain boundary, which  indicates a metal deficit in the extradendritic area 
[62]. The surface of the naked austenite dendrite was oxidized, which 
indicated a contact with the surrounding gaseous atmosphere. In other 
words, the gaseous atmosphere was driven from the surroundings in 
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between the extradendritic area. In the case of a metal expansion 
penetration, a metallic phase was squeezed between the sand grains. 
Here, the penetrated metal has an eutectic composition which was 
interpreted as liquid metal formed in the extradendritic area. 
Consequently, a basic mechanism to promote both defect formations is the 
gas intrusion alternatively liquid transport in the extradendritic area. The 
gas intrusion respectively the liquid transport is supposed to happen in 
opposite directions over the casting surface.  The investigations in this 
thesis were dedicated to understand under which conditions it is possible 
to have those gaseous and liquid flows in opposite directions. Furthermore, 
to find hindering methods in the future and to avoid those casting defects. 
The obtained results and how they are related to the liquid transport can 
be illustrated in the sketch given in Figure 42. 

 
Figure 42. Summary of the outcomes and the relations of the supplements with 
the main condition of the casting defect formation in lamellar graphite iron. 
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The extradendritic area where the gaseous and liquid flow are supposed to 
take place was investigated in Supplement A. Since the study of the primary 
dendrite network in lamellar graphite iron has previously been neglected, 
the study of the columnar to equiaxed transition in LGI represents a 
pioneering attempt to describe the related phenomena. It has been 
observed that the CET is an interval rather than a single moment and that 
it can be identified with different interpretation methods.  
 
The wide variation in the solidification kinetics of LGI was indicated by the 
observations where samples with similar chemical composition were cast 
and where the CET take place at different fractions of solidified primary 
austenite. 
  
The importance of the casting geometry and its influence on the dendritic 
network was studied in Supplement B. Complex shaped casting 
geometries, known to promote shrinkage porosities and metal expansion 
penetrations were investigated. The common properties of the samples 
provoking the different type of defects was the interference between the 
casting surface and the thermal hot spot of the studied geometry. In both 
cases, a coarsened dendrite morphology was observed in the metal-mold 
interface. Furthermore, the dendrite morphology in the entire casting was 
found to be related to the local solidification time. This has previously only 
been observed in separate cast samples with various solidification times. 
The presence of a directed extradendritic space, which is a result of the 
dendrite coarsening process, indicate the liquid and gaseous transport 
directions through the casting surface.  
 
Since the liquid and gaseous transport directions were determined, the 
focus was transferred to understand what is the driving force of the 
transport phenomena and why it takes place in either the one or the other 
direction.  
  
The macrostructure of the LGI is formed by an outer / columnar dendritic 
shell, which is also called a casting skin. It separates the bulk material, also 
called the equiaxed zone, from the surrounding. In earlier literature [94], 
the columnar zone was termed as a container containing the solidifying 
equiaxed dendrites and the adjacent liquid phase under solidification. A 
deformation of the container was supposed to give rise to a formation of a 
tensile stress in the solidifying liquid phase, which is necessary to drive the 
gaseous atmosphere into the extradendritic area under the formation of a 
shrinkage porosity. The same deformation was supposed to be the reason 
for the presence of a compressive stress in the extradendritic liquid. This 
causes a squeezing effect of the eutectic liquid to the outside surface of the 
casting.  
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Since many different methods have been reported in the literature [94] to 
investigate LGI with inconsistent interpretations, Supplement C is focused 
on investigating the problems related to volume change measurements.  
 
The main effect of the observations is the uncertainty of the volume change 
measurements, due to the thermal instability of the used samples and the 
volume change anisotropy because of the shape and curvature of the 
columnar zone. 
 
Based on the observed problems during the traditional volume change 
measurements, a novel instrument was built. The aim was to create a 
thermally stable field, and from a volume change point of view, an isotropic 
columnar zone.  
 
The instrument is described in Supplement D and some basic 
measurements and interpretations of the results is presented in 
Supplement E. Thermal analysis based on temperature differences, and 
volume change calculations based on dilatation measurements are 
introduced on a thermally stable spherical sample. The released latent heat 
in relation to the volume change is interpreted as a function of the local 
stress state in the extradendritic liquid. The temperature of the coherent 
columnar zone is always below the temperature of the bulk in the equiaxed 
zone. In the beginning of the solidification and in the later stage of the 
solidification interval the columnar zone is contracting faster relative to the 
equiaxed bulk causing a compressive stress in the extradendritic liquid. In 
between when the temperature and composition of the columnar zone 
reach the eutectic state the columnar zone start to expand. This, in turn, 
causes an overall volume increase. This volume increase is interpreted as 
the reason for the formation of a tensile tension in the extradendritic 
liquid. The alternation between the compressive and tensile stresses 
during the solidification within the same solidifying zone is considered as 
the possible driving force for the shrinkage and metal expansion 
formations, respectively. These observations are considered valid even for 
the case of complex shaped casting solidification. Thus, the expansion of 
the columnar zone causing a tensile stress in the liquid will drive the 
gaseous atmosphere in between the extradendritic area. However, the 
contraction of the columnar zone causes a compressive stress and a 
squeeze of the extradendritic liquid to the metal-mold interface. 



 

Chapter 4. Conclusions 

Chapter presentation 
In this chapter, the conclusions from the present work is drawn. 
 
The investigation of the CET in LGI was conducted by the evaluation of an 
experiment that used FTA and records the expansion force during the 
measurements. An evaluation of the microstructure was carried out to 
investigate the effect of the dendrite coarsening phenomena on the 
morphological properties of the dendritic interspace. An extensive 
literature work has been performed to summarize the known volume 
change measurement methods. Also, the investigation of the development 
of the macrostructure was carried out based on the evaluation of a 
dilatation experiment on a thermally unbalanced specimen. In addition, a 
new measurement method based on a thermally balanced specimen was 
developed. Also, pressure calculations were performed to compliment the 
investigations of the substantial conditions that controls the casting defect 
formation mechanisms by the transport of the residual liquid within the 
dendritic network. After the completion of these studies, the following 
main conclusions can be stated: 
 
Supplement A 
 

 The CET determination methods shows differences both with 
respect to time and the precipitated amount of solid fraction when 
the CET is reached. 
 

 The CET determination method based on a temperature 
differences is applicable for the identification of the beginning of 
the CET. 

 
 The CET determination method based on the expansion force 

measurement is applicable for the identification of the end of the 
CET. 

 
 The differences in the results of the determination methods 

indicate that the CET progresses over a period of time. 

Supplement B 
 

 A solidification time dependent coarsening was identified within a 
casting in complex shaped casting geometries. This was found to 
locally influence the austenite morphology. 
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 The increment of the dendritic interspace creates a favorable 
condition for the transport of the residual liquid towards or away 
from the LTS area. 

 
 The accurate measurement of the SDAS is disturbed by the 

morphological changes during the coarsening process. 

Supplement C 
 

 The comparison of the axial and radial displacement values in a 
linear volume change measurement on a cylindrical specimen 
showed an anisotropic character of the solidification. 

 
 The interpretation of the solidification is more accurate when 

using multidirectional and multiaxial linear dilatation 
measurements compared to when using uniaxial measurements. 
This is due to that the former considers the volume change in 
multiple dimensions. 

 
 The anisotropic character of the solidification is a result of the 

thermally unbalanced geometry of the specimen. 

Supplement D 
 

 A new measurement concept was developed, which included the 
implementation of FTA and a dilatation analysis on a specimen in 
combination with using an optimized thermal field. 

Supplement E 

 Based on the calculations, the solidification of the LGI showed a     
-1.5x107 Pa expansion pressure value in zones II. and IV. 
Moreover, different maximum contraction pressure values were 
obtained in zone I. III. and V. 

 
 During the solidification, both compressive and tensile loads can 

be identified in the liquid within the columnar shell. 
 
 The presence of the pressure deviation from the atmospheric value 

demonstrates the driving force that controls the direction of the 
transport of the residual liquid within the dendrite network, when 
SP or MEP appears in the casting. 
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The research questions are answered as follows 
 

RQ 1 How does the CET influence the development of the 
dendrite network?  

Answer 1: The obtained results indicate a considerable influence on the 
formation and progress of coherency due to variation of casting 
parameters. The investigation of the CET by different determination 
methods showed that dendrite network can be formed by different volume 
fractions.  
 

RQ 2 How does the development of the dendrites influence the 
morphology of the dendritic interspace? 

 
Answer 2: The investigation of the morphology in the defected positions 
indicates a maximum space between the dendrites, which can be explained 
by the dynamic coarsening process of the primary dendrites. 
 

RQ 3 Does the development of the macrostructure has any 
influence on the volume change during the solidification? 

 
Answer 3: Yes. The investigation showed the anisotropic nature of the 
solidification process. This is also influencing the interpretation of the 
dilatation results. 
 

RQ 4 Which condition controls the direction of the residual liquid 
transport within the dendrite network? 

 
Answer 4: It is shown, that there is a deviation in the pressure of the 
residual liquid from the atmospheric pressure during solidification in LGI. 
The existence of the tensile respective compressive stress in the 
extradendritic liquid is considered as a condition for a volume change 
related casting defect formation. 
 
 
 
 
 
 
 



 

Chapter 5. Future work 

Chapter presentation 
In this chapter, a number of proposals for future investigations are 
presented. 
 
The studies presented in this thesis treat the solidification of hypoeutectic 
LGI where a novel measurement method was introduced. In future work a 
study using the spherical sampler with different diameters would be of 
interest to investigate the effect of the cooling rate on the pressure of the 
extradendritic liquid. 
 
The investigation in Supplement E involves one alloy. Different 
metallurgical parameters like carbon content, oxygen content and 
inoculation materials are also of interest for future studies. 
 
Volume change measurements could be used to compare results from 
dilatometric measurements. 
 
Since the molding material is supposed to play an important role in the 
solidification rate and the volume change in interaction with the columnar 
shell, the interaction between the mold and the metallic part must be 
studied.  
 
The use of the novel instrument with the spherical sample and the adjacent 
interpretation algorithms should be possible to use instantaneously in the 
casting process to identify if the ongoing solidification will end up or not 
with defect formation. 
 
Calculated thermo-physical properties by using FTA in combination with 
the volume change measurements are considered suitable for input data to 
numerical calculation of solidification. Consequently, the methods are 
supposed to be suitable for validation of numerical simulation. 
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