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ABSTRACT 
 

Automotive industry products portfolio includes a wide variety of complex-shaped 
cast iron products, such as truck engine components. Urged by strict environmental 
regulations on emissions, these components constantly need to combine higher 
demands on performance with lighter designs. As a result, cast iron industry 
continuously faces new challenges related to solidification of new alloys, component 
designs and casting processes. 

Complex shapes, variations in the thickness of the casting and the molding material 
strongly influence the solidification time for a component, thus varying its 
microstructural coarseness and hence showing different properties depending on the 
local shape of the casting. 

This work increases our understanding of the morphological evolution of primary 
austenite occurring during isothermal coarsening at the semi-solid state. New 
experimental techniques have been developed to show that primary austenite 
coarsens according to the Ostwald ripening model in lamellar (LGI), compacted (CGI) 
and spheroidal (SGI) graphite iron. Significant morphological changes occur after 
long coarsening times, including dendrite fragmentation and coalescence. The 
quantitative characterization of the morphological changes during coarsening is 
accurately described by morphological parameters, i.e.,M , D  and D . 

Subsequently, the impact of primary austenite morphology on the eutectic 
microstructures in CGI and SGI has been investigated. It was observed that the 
eutectic microstructures are not significantly affected by the surface area of primary 
austenite and the size of the interdendritic regions. Fraction, nodularity, shape 
distribution of graphite particles and the number of nodules and eutectic cells are 
similar as a function of coarsening time. These results suggest that the nucleation 
frequency and growth of eutectic microstructures are not significantly influenced by 
the morphology of primary austenite. 

Furthermore, miniaturized tensile tests demonstrated that the UTS in CGI is directly 
related to the primary austenite morphology. The UTS decreases with the increasing 
coarseness of primary austenite, showing an inverse linear relation to M , D  and 
D . These results demonstrate the strong impact of primary austenite morphology 
on UTS when the eutectic and eutectoid microstructures are similar, emphasizing the 
importance of incorporating the morphology of primary austenite in our models. 

Keywords: Solidification, Cast Iron, Primary Austenite, Microstructure Evolution, 
Coarsening, LGI, CGI, SGI, UTS. 
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SAMMANFATTNING 
 

Fordonsindustrins produktportfölj innehåller en mängd olika gjutjärnskomponenter 
med komplicerad geometri, exempelvis komponenter till lastbilsmotorer. Skärpt 
lagstiftning beträffande olika miljöpåverkande utsläpp har höjt kraven på sådana 
komponenter vad gäller både mekaniska egenskaper och vikt. Gjutjärnsgjuterierna 
måste ständigt hantera nya utmaningar beträffande stelning av ny legeringar, 
komponentkonstruktion och gjutprocesser. 

Den lokala stelningstiden kommer att variera med varierande tjocklek på såväl 
gjutstycke som formmaterial vilket ger stora variationer i mikrostrukturens grovlek. 
Denna mikrostrukturvariation leder till väsentliga skillnader i mekaniska egenskaper 
inom ett gjutstycke med komplex geometri. 

I detta arbete studeras hur den primära austenitens morfologi förändras under så 
kallad isoterm förgrovning i gjutjärn i delvis stelnat tillstånd. Nyutvecklade 
experimentella metoder har använts för att visa att austeniten i gjutjärn med lamellär 
grafit (LGI), vermikulär/kompakt grafit (CGI) samt sfärisk grafit (SGI) förgrovas i 
enlighet med Ostwalds modell för förgrovning. Austenitmorfologin förändras högst 
avsevärt efter långa hålltider vid relevanta temperaturer för förgrovning, även 
genom dendritfragmentering och koalescens. Morfologiförändringarna kan 
kvantifieras tämligen väl med morfologiparametrarna M , D  och D . 

Vidare har den primära austenitens påverkan på den eutektiska mikrostrukturen i 
CGI och SGI studerats. En observation var att den eutektiska mikrostrukturen inte 
påverkas av ytarean av den primära austeniten eller av storleken av de 
interdendritiska områdena. Fraktionen grafit, nodulariteten, grafitens 
formfördelning, antalet noduler samt antalet eutektiska celler påverkas på likartat 
sätt av förgrovningsprocessen. Detta antyder att kärnbildningsfrekvensen och 
tillväxten av eutektisk struktur inte påverkas i någon större utsträckning av den 
primära austenitens morfologi. 

Dragprovning av stavar i miniatyrformat visade att dragbrottgränsen (UTS) hos CGI 
är direkt beroende av den primära austenitens morfologi. UTS är linjärt avtagande 
med ökande M , D  och D  vilket visar att den primära austenitens morfologi har 
en stark påverkan på gjutjärns mekaniska egenskaper. Alltså bör de modeller som 
används för att prediktera gjutjärns egenskaper innehålla den primära austenitens 
morfologi. 

 
Nyckelord: stelning, gjutjärn, primär austenit, mikrostrukturbildning, förgrovning, 
LGI, CGI, SGI, UTS. 
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CHAPTER 1  

INTRODUCTION 
 

CHAPTER INTRODUCTION 

The purpose of this chapter is to provide the fundamental principles on solidification 
of cast iron alloys. This chapter covers some of the most important definitions and 
concepts that are used in the following chapters. The chapter starts with a small 
introduction on cast iron and continues with a short description of the 
microstructure formation in cast iron during solidification and solid-state reaction. 

1.1 BACKGROUND 

Casting is one of the oldest and most direct metal manufacturing process [1]. Based 
on solidification, casting remains one of the most important commercial processes 
for many materials [2] with an increasing global production during the last years, 
where the global economy almost stagnated [3]. Due to its versatility in terms of 
geometry, material composition and size, combined with its cost-efficiency, casting is 
used for a wide range of applications, e.g., from decorative parts to engineering 
components. Cast parts can be found in approximately 90% of manufactured goods 
and equipment [1], including critical components for aircraft and automobiles, home 
appliances and medical equipment. 

Iron casting has been known and used for more than 2500 years [1]. The wide range 
of properties combined with design flexibility and cost efficiency make cast iron a 
material with numerous technological applications. Despite the development of novel 
alloys and materials over the last decades, cast iron remains dominant in energy 
generation, machinery, and heavy vehicle applications. One of the largest users of cast 
iron alloys is the automotive industry producing engine blocks, cylinder heads or 
piston rings among many other components with different cast iron alloys [4]. 
However, solidification of cast iron is challenging, and numerous variables must be 
tailored to optimize the production of these components. The continuous strive for 
increasing performance in the component with a defect-free production process 
turns the control of solidification of cast iron into a technological challenge. 

1.2 CAST IRON 

Cast iron refers to the multicomponent Fe-C-based alloys that solidify with a eutectic 
reaction and usually contain more than 2 wt.% of C and 1 to 3 wt.% of Si. Using this 
definition we can easily distinguish cast iron and steel, which has a lower carbon 
content and solidifies according to the metastable Fe-C diagram, while cast iron 
solidifies on the stable Fe-C diagram shown in Figure 1 [5]. 

The eutectic point on this Fe-C binary diagram is assumed at 4.26 wt.% C. Cast irons 
with a C content below 4.26% are called hypoeutectic and solidification will start with 
the crystallization of primary austenite. On the contrary, cast irons with a C content 
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above 4.26% are called hypereutectic, and solidification starts with the 
crystallization of graphite. In both cases, the solidification ends below the eutectic 
temperature, where the eutectic reaction occurs, and the remaining liquid transforms 
into eutectic austenite and graphite. 

Commercial cast iron alloys include, however, the addition of several alloying 
elements which are added to the melt to control the solidification and tailor the 
properties of the material. The main alloying element is Si, usually in content between 
1 to 3 wt.%. Si promotes the solidification of cast iron according to the stable Fe-C 
diagram having a strong graphitizing effect [6]. The addition of Si increases fluidity 
and reduces shrinkage and hardness [7]. Due to this strong influence, some authors 
consider cast irons a stable ternary Fe-C-Si alloy [8, 9]. 

Depending on the required properties of the material, other alloying elements are 
added to cast iron alloys. Common alloying elements found in cast iron alloys with 
engineering applications are P, S, Mn, Ni, Sn, Cu, Cr, and Mo. 

Some of these alloying elements, such as Si, S, Al, Sn or Cu, are known as graphitizers 
due to their ability to promote the formation of graphite by reducing the solubility of 
carbon in the eutectic iron-carbon melt. On the other hand, elements such as, Ca, Mn, 
Mo, Ti or Cr retain carbon in the form of iron carbides forming metallic carbides in 
the solidification process. These elements are known as carbide stabilizers [10]. 

 
Figure 1: The stable binary Fe-C phase diagram. Calculated with Thermo-Calc 2016b and TCFE7 

database [11]. 

 Carbon equivalent 

The concept of carbon equivalent (CE) is used in cast iron to account for the effect of 
the alloying elements on solidification. CE is usually defined considering the amount 
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of carbon, silicon, and phosphorus as main elements affecting the eutectic reaction 
[12]: 

CE %C
1
3

%Si
1
3

%P 1  

The CE is used, to account for the effect of these elements on the solidification of the 
alloy, defining hypoeutectic or hypereutectic compositions based on the CE of the 
alloy. Despite its general use in foundry practice, it must be noted that the same CE 
can result on different properties depending on many other factors, such as the rest 
of alloying elements or cooling conditions among many others. 

 Classification of graphite cast irons 

The most extended way to classify graphite cast irons nowadays is based on the 
dominant form of graphite in the microstructure. This classification determines three 
main families [1, 13] as shown in Figure 2: 

- Lamellar graphite iron (LGI), where the graphite is present in the shape of 
lamellae or flakes. This type of iron is also known as grey iron. 

- Compacted graphite iron (CGI), where the graphite particles adopt an 
intermediate compacted worm-like shape, also called vermicular graphite. 

- Spheroidal graphite iron (SGI), where the predominant shape of graphite is 
spheroidal, also called graphite nodules. This variety is also referred as to 
nodular iron. 

   

(a) (b) (c) 

Figure 2: Main graphite forms in cast iron materials: (a) lamellar graphite (LGI), (b) compacted 
graphite (CGI), and (c) spheroidal graphite (SGI) [14]. 

Another possible classification is done based on the dominant phase formed in the 
metallic matrix after the eutectoid transformation, e.g., ferritic or pearlitic iron. 
Examples of these different matrices are shown in Figure 3. 
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(a) (b) 

Figure 3: Microstructures of cast iron samples under optical microscopy after a color etching process 
with Motz’s reagent showing: (a) spheroidal graphite (SG) and compacted graphite (CG) surrounded 

by ferrite, and (b) lamellar graphite (LG) in a pearlitic alloy. 

The graphite morphology promotes different physical and mechanical properties in 
the three leading families of cast iron alloys. SGI provides excellent mechanical 
properties favored by the nodular particles, while LGI has good thermal properties 
due to the graphite lamellae. CGI, as a transitional behavior between LGI and SGI (due 
to the intermediate character of the vermicular graphite shape), shows an interesting 
balance between thermal and mechanical properties. 

Different methods have been used to characterize the different industrial cast iron 
grades among the main cast iron families. Nowadays, due to the existence of accurate 
image analysis tools, the concept of nodularity is widely applied by cast iron users 
and industry, and it is defined by various standards, e.g., ASTM [15] and ISO [16]. 
Nodularity is based on the concept of the roundness of the graphite particles which 
is defined as: 

Roundness
𝐴

𝐴
4
𝜋

∗
𝐴

𝑙
 2  

Where A is the area of the particle and 𝐴  is the area of a circle with a diameter 
equal to the maximum distance between the two boundary points of the 
particle, 𝑙 . 

In CGI and SGI, graphite nodules are the graphite particles with a roundness higher 
than 0.625, considering intermediate particles those with a roundness between 0.525 
to 0.625. Compacted (vermicular) graphite has a nodularity lover than 0.525. 
Measuring the roundness of every graphite particle observed on a two-dimensional 
polished surface, i.e., particles with 𝑙 lm ≥ 10 μm, the nodularity is calculated by ISO 
according to: 

Percent Nodularity  100 ∗
∑ A 0.5 ∗ ∑ A

∑ A   
 3  

The classification according to ISO standard determines that CGI should have less 
than 20% nodularity with no presence of lamellar graphite particles. 
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The classification of LGI is based on the lamellar graphite distribution in the 
microstructure. The different distributions are named from A to E and are 
schematically represented in Figure 4 [14]  

     

Figure 4: Different graphite distribution types in LGI [14]. 

1.3 MICROSTRUCTURE FORMATION IN CAST IRON: 
SOLIDIFICATION AND EUTECTOID REACTION 

 Cast iron solidification 

Solidification is the phase transformation from liquid to solid. During this 
transformation, the atoms in the melt rearrange from short-range order in the liquid 
phase to regular positions on a crystallographic lattice. The atoms release energy in 
order to rearrange [17, 18]. This energy is released in the form of extracted heat via 
the surrounding walls of the mold. 

The final microstructure, and hence the properties of cast irons, are highly influenced 
by the metallurgical conditions during the solidification. Chemical composition, 
modification treatment, inoculation, cooling rate and atmosphere in the furnace are 
some of the variables that influence the final casting properties [1, 18, 19]. 

 Solidification of primary austenite 

The solidification process of a hypoeutectic cast iron alloy can be divided into two 
different events: solidification of primary austenite and the eutectic reaction [1, 4]. 

1.3.2.1 Nucleation of primary austenite 

According to the thermodynamic equilibrium diagram, the first even of solidification 
starts below the liquidus temperature with the nucleation of the primary austenite. 
The formation of nuclei of a critical radius during nucleation requires certain 
undercooling in the melt. If this undercooling is reached, the nuclei will grow and 
become stable nucleants. Otherwise, the nuclei will dissolve in the melt. The 
maximum undercooling observed in commercial castings is not sufficient to trigger a 
homogenous nucleation event, and therefore, all nucleation events during cast iron 
solidification are assumed as heterogeneous [1, 19]. Impurities in the melt and the 
surface of the mold wall are preferential sites for the nucleation of the primary 
austenite. After the filling, the mold wall is the coldest part of the system and can 
generate sufficient undercooling for the first nucleation to occur. 

It has been shown that the effectiveness of a compound acting as a substrate in 
heterogeneous nucleation is related to the lattice disregistry between the nucleating 
agent and the nucleated phase [20]. On that sense, the most effective nucleating agent 
for primary austenite should be pure iron particles as they have the same crystal 
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structure [21]. Other compounds acting as effective nucleants for austenite are silicon 
carbide (SiC) [21], or graphite in the case of hypereutectic irons [22]. Despite the 
large lattice disregistry with austenite, silicon dioxide powder (SiO2), was also found 
to be an effective inoculant [23]. 

1.3.2.2 Growth of primary austenite 

The stable nuclei of austenite usually grow in the form of dendrites which form 
primary grains [24, 25]. The dendrites are comprised of the main arm (primary arm) 
that branches into lateral arms (secondary arms and tertiary arms) if the distance 
with neighboring dendrites is sufficient [17], see Figure 5(a). 

 
 

(a) (b) 

Figure 5: (a) Schematic representation of a dendrite [4], (b) schematic representation of columnar 
dendritic growth from the surface of the mold. The dendrite grains are formed by one dendrite per 

grain. All dendritic arms within a dendrite have the same crystallographic orientation [19]. 

Primary austenite crystals will first grow favorably oriented to the heat extraction, 
perpendicular to the mold wall towards the center of the casting, forming a structural 
region known as columnar zone [2], Figure 5(b). This columnar growth will form the 
skeleton or skin of the casting which has a significant influence on defect formation 
[26]. 

Additionally, if the critical undercooling is reached ahead of the columnar growth, 
austenite will nucleate on impurities floating in the melt [2]. Due to the anisotropy of 
the face-centered cubic crystal of austenite, equiaxed dendrites grow in six 
orthogonal directions, constituting the second growth type and creating a region in 
the casting known as the equiaxed zone [27]. Each of these crystals is formed by a 
single dendrite of the same crystallographic orientation [17, 24]. Both types of 
growth occur until the austenite dendrites impinge on each other and block their 
growth, reaching dendrite coherency, which defines the macrostructure of the 
casting [28]. Dendrite coherency occurs during a time interval and not 
simultaneously throughout the casting. The region when columnar and equiaxed 
dendrites meet is called the columnar to equiaxed transition (CET) as seen in Figure 
6 (right). 
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Figure 6. Fe-C-Si phase diagram at 1.8% Si, obtained using Thermocalc® with the TCFE6 database 

(left). A typical cooling curve with a schematic illustration of the microstructure formed during 
solidification (right) [29]. 

1.3.2.3 Coarsening of primary austenite 

After reaching coherency, dendrites have impinged on each other, as shown in Figure 
7. The macrostructure of the casting is defined, and the morphology of the dendritic 
microstructure is then controlled by coarsening until the end of solidification. 

 
Figure 7: Dendritic microstructure after quenching after dendrite coherency in LGI. 

Coarsening, also known as Ostwald ripening, is a diffusion-controlled phenomenon 
that minimizes the interfacial free energy of a liquid-solid region. The initial dendritic 
structure is not in thermodynamic equilibrium due to its large interfacial area [30]. 
Coarsening includes dissolution and reprecipitation of the solid phase, increasing the 
overall length scale of the system while the total interfacial area decreases [31]. This 
mass diffusion process is associated with the curvature dependence of the 
equilibrium concentration, represented by the Gibbs-Thomson equation (4) [30]: 

𝐶  𝐶  𝑙 𝐻 4  

where C  is the composition of the liquid at the solid-liquid interface, C  is the 
composition at the flat interface, 𝑙  is the capillary length, length scale for the solid-
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liquid interface which is dependent on material parameters, and H  is the mean 
interfacial curvature. 

Smaller dendrite arms remelt at the expenses of the large ones during coarsening 
[32]. This competitive growth of the dendritic microstructures is usually 
characterized by the secondary dendrite arm spacing (SDAS) [4, 17, 33, 34], 
illustrated in Figure 5 (b). The SDAS follows a linear relation with the cube root of 
total solidification time, t1/3, [35-37]. 

Subsequently, further coarsening leads to dendrite fragmentation [38] and 
coalescence [39, 40] promoting severe morphological changes after long coarsening 
times [41]. The dendritic structure is no longer interconnected, and the detached 
particles adopt a globular shape with increasing coarsening time [42]. Under these 
conditions, the application of SDAS to two-dimensional micrographs might not be 
accurate and shape independent parameters have been introduced in the literature 
[41, 43] for the morphological characterization of highly coarsened microstructures 
in two-dimensional [44] or three-dimensional studies [39, 45]. 

During normal solidification conditions, there is continuous precipitation of solid 
phase until the end of solidification, first during the primary solidification and later 
during the eutectic reaction. Thus, the study of primary austenite morphology during 
coarsening is quite challenging, as it is influenced by nucleation and growth of the 
eutectic microstructure. In order to avoid the interaction between primary and 
eutectic microstructure, the evolution of primary microstructures has been 
previously performed under isothermal conditions at the mushy zone for other 
technical alloys such as Al-Cu [45, 46] and Pb-Sn [31, 45] as shown in Figure 8. 

(a) (b) 
Figure 8: Three-dimensional reconstructions of Al–Cu microstructures isothermally coarsened for 

(a) 10 min and (b) 3 weeks [45]. 

In cast iron alloys, some alloying elements, such as B, Ti, Zr, Al, and Bi, have been 
reported to have an influence on the morphology of primary austenite in 
hypoeutectic LGI based on as-cast observations. Previous studies suggested a 
significant refining effect on the austenite promoted by these elements [25, 47-49]. 
However, the characterization of the microstructural coarseness and primary 
morphology was described on qualitative terms, such as “short”, “random” and 
“loosely packed”, rather than based on quantitative measurements.  

Quantitative characterization of the morphological evolution of primary austenite 
during solidification of cast iron is scarce, limited to a few studies in hypoeutectic LGI 
[43]. 
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 Eutectic reaction 

During dendritic growth, the interfacial composition of the austenite follows the 
solidus line in the Fe-C diagram shown in Figure 1, resulting in the rejection of the 
excess of C to the melt. Once the liquid reaches the eutectic composition and the 
required undercooling is reached, the eutectic reaction occurs. The eutectic 
solidification starts with a nucleation event followed by a growth process. In this 
eutectic reaction C precipitates as graphite. 

1.3.3.1 Nucleation of graphite 

The nucleation of graphite is generally assumed heterogeneous, occurring on pre-
existing inclusions in the liquid [50-54]. For lamellar graphite, these inclusions are 
complex sulfides (Mn,X)S [55] that previously nucleated on complex oxides of Al, Si, 
Zr, Mg, and Ti [50, 51, 54]. On the other hand, it has been observed that spheroidal 
and compacted graphite have similar nucleation sites [13]. These nuclei are formed 
by complex Mg silicates (MgO.SiO2) that nucleated on the external layer of MgS and 
CaS sulfides [52]. 

1.3.3.2 Growth of graphite and eutectic microstructures 

Extensive research is still dedicated to elucidating the growth mechanism of the 
different types of graphite found in cast iron. It is well accepted that the growth of 
graphite nuclei is primarily affected by two factors: the presence of surface-active 
elements in the melt, and the cooling rate during solidification of the alloy [1]. The 
effect of higher cooling rates is accepted to be promoting the formation of SGI. The 
influence of trace elements can be divided into two categories [1]: 

a) reactive elements, promoting SGI formation such as Mg, Ce, Ca, Y, and La, called 
compacting or spheroidizing elements, 

b) surface-active elements, which favor LGI formation, such as S, O, Al, Ti, As, Bi, Te, 
Pb, and Sb, called anti-compacting or anti-spheroidizing elements. 

The presence of trace elements affects the principal growth direction of graphite [56-
58] which can occur on the a-axis or c-axis of the hexagonal structure of graphite, 
shown in Figure 9. The surface-active impurities are absorbed on the prism face of 
the hexagonal graphite lattice, creating a non-faceted atomically rough interface, that 
requires low driving forces to grow, i.e., low undercooling, e.g., the case of LGI, while 
for SGI the growth on the faceted interface requires larger undercooling [13, 51, 53].  

 
Figure 9. Hexagonal structure of graphite showing possible growth directions a and c [59]. 
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It is fairly well understood that for LGI, the dominant growth takes place along the a-
axis where graphite sheets bend, twist and branch [60]. It has been shown by 
transmission electron microscopy (TEM) investigations that the internal structure of 
LGI reveals parallel graphite layers and a large number of defects between graphite 
sheets [61]. In this case, the edges of the lamella lead the growth into the liquid, with 
austenite growing behind [62] and forming a cell of a smaller scale size than the 
existing primary austenite grains [25]. This usually results in austenite grains hosting 
several eutectic cells that share the same crystallographic orientation [24, 63]. The 
lamellae are estimated to reach an approximate maximum length of 75-95% of the 
maximum eutectic cell diameter [64]. 

The growth mechanisms of SGI and CGI are still subject of debate, but recent theories 
assume that growth occurs along the c-axis in SGI and an intermediate situation is 
assumed for CGI since the dominant growth direction continuously varies between 
the a-axis and the c-axis [56, 57]. The eutectic growth of CGI shows similarities to LGI, 
and a cell is formed comprised of graphite and austenite showing a highly three-
dimensional branched morphology [65-67], as shown in Figure 10. Several 
observations suggest however that in this case austenite leads the growth and 
constrains the growth of graphite, that similar to SGI is reported to grow 
perpendicular to the basal plane of the crystal [68]. 

(a) (b) (c) 
Figure 10: Three-dimensional reconstruction of: (a) lamellar (LG), (b) compacted (CG) and (c) 

spheroidal graphite (SG) microstructures [69]. 

SGI eutectic growth proceeds in a significantly different way. After nucleation, the 
spheroidal graphite particle grows in contact with the molten metal but is rapidly 
encapsulated by austenite following a divorced eutectic [70]. The spheroidal graphite 
particle grows then through solid diffusion of carbon through the austenite shell 
throughout the cooling process [60]. Several mechanisms have been suggested to 
explain the spheroidal growth of SGI. The observation of internal sectors in SGI in 
two-dimensional investigations suggested that graphene layers were bending and 
wrapping upon themselves as conical helices that might grow into a sphere [57]. 
However, later TEM observations contradicted the previous theory, suggesting that 
graphite blocks grow in a two-dimensional nucleation and growth mechanism 
stacking upon each other in the c-direction radiating from the nucleus [71]. Further 
observations, based on scanning electron microscopy (SEM), suggested that graphite 
grows radially in the form of foliated dendrites from a common center [60]. 

Size distribution analysis of the graphite spheroids in hypereutectic SGI has shown a 
bimodal distribution [70]. Primary graphite particles, the first graphite to nucleate in 
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the liquid, will have a longer time to grow and thus will represent the population with 
the largest size, while the eutectic graphite spheroids will represent the second 
population. However, in thick sections, a third population of graphite spheroids has 
been observed [72, 73]. This population of graphite spheroids has also been 
qualitatively observed in CGI [74]. These graphite spheroids of the small size usually 
appear embedded in the matrix without surrounding austenite shell and connected 
to the last solidifying regions close to the austenite grain boundaries [72, 75]. It is still 
unclear, but this third population of graphite spheroids could suggest a subsequent 
nucleation event during the last solidification instants and perhaps an associated 
different internal structure. 

1.3.3.3 Graphite morphology control in practice 

Empirical evidence suggests that in the total absence of active surface elements the 
preferred shape for graphite growth is in the form of spheroids and would solidify as 
SGI [57]. These conditions are impossible to reach in practice, and therefore reactive 
elements are added to the melt to scavenge the active elements, especially O and S, 
forming stable oxides and sulfides, and controlling graphite morphology in a 
nodularization treatment [1, 13]. The most common element used to this purpose is 
Mg, but Ce or RE metals are also used for this treatment [13]. The main purpose of 
this treatment is to reduce the oxygen activity in the melt, by the formation of oxides, 
and control the graphite shape during solidification [76, 77]. 

The main problems associated with this nodularization treatment, that challenge the 
accurate control of the graphite morphology are: 

a) the narrow window to produce CGI treatment over time: the abrupt transition in 
terms of Mg content from CGI to LGI is complex to control during production of CGI 
components, as shown in Figure 11 [78]. 

b) the fading of the nodularization treatment during production: Mg content fades 
over time if the melt is held at elevated temperatures [79]. Several expressions and 
different values for the fading rate of Mg as a function of time are reported in the 
literature [79-84].  

 
Figure 11: Nodularity values depicted as a function of total Mg content. Vertical lines show the 

narrow CGI production window [78]. 
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 Eutectoid reaction 

The transformation of austenite during the eutectoid reaction can lead to the 
production of ferrite, pearlite, bainite, and martensite [85]. This section will focus on 
the most usual products formed during the eutectoid reaction of the most common 
as-cast graphitic cast irons, i.e., ferrite and pearlite. 

Pearlite is formed by several consecutive lamellae of ferrite and cementite parallel to 
each other. The distance between these lamellae, known as pearlite lamellar spacing 
(PLS), is influenced by the cooling rate during the eutectoid reaction, where faster 
cooling rates promote finer PLS [86]. 

The presence of Si affects the eutectoid reaction in a similar way as the eutectic 
reaction leading to the formation of ferrite, promoting in conventional cast irons a 
matrix consisting of ferrite and pearlite. The ratio between them will depend on the 
rest of the elements present, being Mo, for instance, a ferrite promoter while Cu, Mn, 
Sn, and Ni are austenite stabilizers and thus promote pearlite formation [87, 88]. 

The graphite shape will also have a great impact on this reaction. The negative 
segregation of silicon into austenite during solidification, and the lower carbon 
content near graphite precipitates, will promote the nucleation of ferrite at the 
interface between austenite and graphite, which may occur in different locations 
along the surface of a given graphite particles whether it is lamellar, compacted or 
spheroidal graphite [85, 89]. It is thus well known that spheroidal graphite will favor 
the presence of ferrite, also promoted in some case by addition of Si in some 
applications like high-Si ductile irons [90]. A fully pearlitic matrix, usually preferred 
in LGI applications, is promoted by additions of Cu, Sn, and Mn and the presence of S 
[85, 87, 88]. CGI which presents an intermediate behavior is, therefore, expected to 
have an intermediate effect on the kinetics of ferrite formation. Ferrite is usually 
found in the center of CGI cells and around the nodules in SGI while pearlite would 
follow the same rules as in LGI [13], Figure 12(a). 

Ausferrite, a mixture of acicular ferrite and austenite, Figure 12(b), is intentionally 
produced for some applications after heat treatment [63]. However, some elements 
like Mo can promote its appearance in the microstructure and have a significant 
impact on mechanical properties [91, 92]. 

 
 

(a) (b) 
Figure 12: (a) Schematic illustration of the preferential formation of ferrite around an SG and at the 

tips of an LG [89], (b) EBSD phase distribution map of ausferrite showing acicular ferrite (Alpha) and 
austenite (Gamma) [63]. 
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1.4 INFLUENCE OF MICROSTRUCTURE ON MECHANICAL 
PROPERTIES 

The main factors affecting the microstructure in as-cast components are chemical 
composition, liquid treatment, cooling conditions, and heat treatments [93]. For 
many decades, the basic scope of the metallurgical processing of cast iron has been 
focused on manipulating the type, amount, and morphology of the eutectic during 
solidification to achieve a set of desirable properties avoiding the presence of 
metallurgical defects [93]. 

In this regard, as introduced earlier, several studies have shown that the eutectic 
promotes different physical and mechanical properties where SGI has the higher 
mechanical properties, LGI the best thermal properties and a promising intermediate 
character is achieved by CGI. Based on these observations numerous models for 
prediction of static mechanical properties in cast iron have been created. This section 
tries to make a summary of the vast existing literature on this field for LGI and CGI 
alloys introducing the most popular models used to this effect. 

From early statistical models based on regression analysis [94, 95], physical models 
were developed based on Griffith model for the fracture of brittle materials [96]. This 
model uses the maximum length of graphite as the critical parameter to determine 
the ultimate tensile strength (UTS) [64, 95]. This model was further modified 
considering the diameter of eutectic cells and the so-called diameter of primary 
austenite [97]. It is well known the detrimental effect of increasing graphite length 
on the mechanical properties. However, the effect of eutectic cells is still not clear. 
Several studies have shown that increasing eutectic cells size will promote a decrease 
in properties [98-100]. However, there have been observations of the opposite effect, 
where the smallest eutectic cell size yields the lowest UTS values [101]. The effect of 
the eutectoid reaction was incorporated into the models, adding the effect of the PLS 
as a new modeling parameter in combination to graphite length [102]. 

In the last decade, a new approach based on the Griffith model introduced the 
primary microstructures as a modeling parameter of the static mechanical properties 
in LGI [44]. The model is based on experiments with simultaneous variations of the 
morphology of primary austenite, eutectic cell size, and PLS as a result of constant 
cooling conditions. The morphology of the interdendritic region, corresponding to 
the maximum defect size in the metallic matrix was defined as the parameter to 
model UTS in LGI (with an A-type graphite distribution in a fully pearlitic matrix). 
This concept adds the effect of the primary microstructure to the eutectic 
microstructures, usually considered as the main parameter governing mechanical 
properties. 

Compacted graphite iron (CGI) has become a popular material due to its excellent 
combination of mechanical and thermal properties [13]. However, there is limited 
understanding of the correlation between microstructure and the mechanical 
properties of CGI which challenges its optimization. 
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1.5 STATE OF THE ART 

 Gap between previous research and the present study 

The literature presented in this section shows that we have learned an extensive 
knowledge of cast iron over the last decades. However, there are still several aspects 
that remain unsolved. These are translated into daily challenges for producers and 
users of cast iron alloys. 

In hypoeutectic alloys, the primary microstructure is the most critical solidification 
phase contributing to the mechanical properties [103]. However, there is a limited 
number of works studying the influence of primary austenite on the subsequent 
eutectic reaction and properties of the material. 

The transformation of austenite during the eutectoid reaction, occurring around 
730˚C, makes its characterization at room temperature quite challenging. Only 
etching techniques allow the observation of the former primary austenite 
transformed into pearlite or ferrite in the as-cast microstructure [74, 104]. 
Experimental techniques, like interrupted solidification experiments, are required to 
preserve the primary austenite at room temperature [105]. 

The characterization of primary austenite macrostructure is also complicated; 
experimental treatments are required to partially retain the primary austenite and 
reveal the primary grain structure [21, 24]. 

These experimental limitations challenge the investigation of the primary austenite 
as they are not available techniques for all researchers on the field. 

On the contrary, the presence of graphite is revealed just after a polishing process. 
This fact promoted that graphite microstructures receive great attention and 
comprehensive knowledge is available regarding eutectic microstructures in cast 
iron, which was intensively studied by numerous researchers [50, 51, 53, 57, 60, 106-
109]. 

Previous studies have investigated the growth of primary phase [63], which has been 
demonstrated to influence the eutectic cell size [110]. Additionally, the study of 
coarsening of primary austenite in LGI has been recently introduced through 
quenching experiments with constant cooling conditions and correlated to the 
eutectic cell fraction and size [44]. On similar experimental work, the morphology of 
primary austenite was correlated to the static mechanical properties of the material 
[43]; and to the existence of defects such as shrinkage and metal expansion 
penetration [111, 112]. 

However, eutectic microstructures are still generally considered as the main 
parameter governing properties in prediction and simulation tools. The major 
influence of the graphite in the properties of cast iron should never be neglected, 
however only by promoting the knowledge on primary austenite to a similar level 
and clarifying its influence on the final microstructure we will be able to achieve 
optimization of the properties of cast iron components.  

This study tries to enhance the knowledge on primary austenite in the three main 
families of cast iron alloys, used for automotive applications, LGI, CGI, and SGI. An 
area that requires further investigation is the characterization of the coarsening of 
primary austenite, responsible for the final morphology of the primary 
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microstructure and thus seems related to the final properties. The evolution of the 
primary austenite during solidification, reported in the literature as subjective 
qualitative descriptions, requires quantitative parameters and empirical relations for 
its prediction. 

The study of primary austenite in CGI and SGI remains poorly understood due to the 
limitations during the production of CGI presented in this literature section. This 
work aims to provide an experimental technique to extend the study of primary 
solidification to CGI and SGI under laboratory conditions. The development of such a 
technique also allows the study of the eutectic reaction for CGI and SGI which have 
received less attention than LGI eutectic reaction. 

The relationship between primary austenite morphology and eutectic 
microstructures remains unclear in cast iron. This work addresses the effect of the 
morphological evolution of primary austenite on the subsequent eutectic 
microstructure in CGI and SGI. 

Previous studies showed that primary austenite influences mechanical properties. 
However, simultaneous variations of the morphology of primary austenite, eutectic 
cell size, and PLS are found in the microstructure as a result of constant cooling 
conditions. Further experiments are thus required to clarify these results and isolate 
the influence of primary austenite on the mechanical properties. 

In summary, this study aims to study the morphological evolution of primary 
austenite during coarsening and elucidate its role on the eutectic microstructure and 
static mechanical properties in cast iron. 
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CHAPTER 2  

RESEARCH OBJECTIVE 
 

CHAPTER INTRODUCTION 

This chapter describes the research objective of this thesis. The purpose and aim of 
the thesis are described and connected to the research questions. 

2.1 PURPOSE AND AIM 

Automotive industry product portfolio covers an extensive variety of complex-
shaped cast iron products, such as truck engine components. These components 
continuously need to endure more strict environmental regulations on emissions. 
These higher demands are translated into requirements of higher properties at 
performance and lighter designs of the components. 

The design of the component and the casting process govern the final microstructure 
of the material and hence its final performance. The thickness of the casting and the 
molding material strongly influences the solidification time, varying the morphology 
and coarsening of the microstructure during solidification. This variations in 
microstructure lead to different properties depending on the local geometry of the 
component and are also related to defect formation as coarsening influences the 
interdendritic feeding during solidification. 

This thesis aims to provide a deeper understanding of the coarsening of primary 
austenite, which has received little attention in cast iron literature, but is however 
essential to improve our ability to predict the formation of some casting defects after 
dendritic coherency and control the mechanical properties. 

The purpose of this work is to improve the knowledge of primary austenite 
morphology providing the required experimental tools for study and 
characterization of primary austenite morphology during coarsening in cast iron. 
These tools will allow the study of the morphological evolution of primary austenite 
during isothermal coarsening in LGI, CGI, and SGI. Furthermore, the interaction 
between primary austenite morphology and the subsequent eutectic microstructure 
will be studied in CGI and SGI. To conclude, the effect of primary austenite 
morphology on the mechanical properties will be studied in CGI. 

The data and the knowledge generated in this work contributes to the future 
development of enhanced prediction and control tools of microstructural features 
formed during cast iron solidification, aiming to a further improvement in properties 
and reduction of defect formation. 
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2.2 RESEARCH DESIGN 

 Research perspective 

Research within the discipline of material science is mostly based on deductive 
reasoning supported by empirical quantitative data. Deductive reasoning transfers 
the argument from general principles to particular cases using hypothesis testing to 
validate the truth of the conclusion [113]. The research starts with the statement of 
the topic of interest and continues with an iterative information gathering process 
that will lead to the definition of a hypothesis. This hypothesis will later be validated 
or refuted by observations, data collection and analysis to state a general law based 
on empirical observations, Figure 13. 

 
Figure 13: Schematic representation of the applied research approach [113]. 

The importance of the initial literature review is crucial since it narrows down the 
possible experimental variables to study, set limitations and identify the last trends 
on experimental techniques existing in the research community working with similar 
materials and challenges. The information is first retrieved, selected and evaluated. 

This is an iterative process; constantly resumed if new relevant variables, relations 
or publications related to the research topic were published [114]. The information 
resources used were mainly online databases (Scopus and Web of Science) that 
granted access to journal and conference publications but also resources such as 
books, e-books, and standards. 

 Research questions 

Solidification and coarsening of metallic alloys were central parts of the literature 
review. It was observed that coarsening of primary microstructures is of 
technological importance in the solidification of industrial hypoeutectic cast alloys 
due to the connection with mechanical properties and defect formation. From the 
literature review, it was easy to conclude that there is a lack of literature on this topic 
for one of the most important material family in the casting industry, i.e., cast iron 
alloys. In contrast to other technical alloys, coarsening of primary microstructures 
have received insufficient treatment in the previous years. After these observations, 
the main goals of the research work were defined. 

This research work tries to extend the knowledge on the coarsening of primary 
austenite in LGI, CGI, and SGI, the three main industrial types of cast iron alloys and 
its relationship with eutectic microstructure and mechanical properties. The main 
objective of this thesis is then translated into three research questions: 

RQ1: What are the morphological changes in primary austenite microstructures 
during coarsening? 

RQ2: What is the relationship between primary austenite morphology and 
eutectic microstructures? 

RQ3: What is the impact of primary austenite morphology on the mechanical 
properties? 



The Role of Primary Austenite Morphology in Cast Iron 

19 
 

CHAPTER 3  

RESEARCH APPROACH 
 

CHAPTER INTRODUCTION 

This chapter describes the research approach and research strategy used in this work 
aimed to answer the research questions introduced in the previous chapter. The 
material, experiments, and characterization techniques used in this work are 
described in this chapter. 

3.1 RESEARCH STRATEGY AND METHODOLOGY 

 Research strategy 

The experimental method is the primary research technique applied throughout this 
work. The principal objective is to explore possible causal links between 
solidification variables, e.g., temperature, time, chemical composition, coarsening of 
primary austenite, eutectic microstructures, and mechanical properties in cast iron. 

The effect of coarsening on the morphology of primary austenite during solidification 
of cast iron must be characterized in order to predict its impact on the subsequent 
metallurgical variables of interest in this work, e.g., eutectic microstructure and 
mechanical properties. 

In the previous section of this thesis, it was introduced that the absence of 
appropriate experimental techniques and common characterization terminology are 
some of the main challenges delaying the investigation of the primary solidification 
and primary austenite in cast iron. 

It was, therefore, the purpose of Supplement I and Supplement II to develop an 
experimental technique that could enable the study of coarsening of primary 
austenite in LGI proposing a solution to the current experimental limitations. The 
primary outcome of Supplement I is the description of an experimental technique 
enabling the study of the isothermal coarsening of primary austenite and the 
suggestion of a qualitative model of the isothermal coarsening of primary austenite, 
hence addressing RQ1. 

The main parameters used for quantitative characterization of coarsening in cast 
alloys are related to the solidification time. As shown earlier, previous attempts to 
describe the morphology of primary austenite were made using qualitative terms, 
such as “short”, “random” and “loosely packed”, rather than based on quantitative 
measurements. Supplement II introduces the quantitative characterization of 
primary austenite during coarsening using shape-independent parameters avoiding 
the vague description of coarsening and the associated morphological changes in 
primary austenite. Coarsening of primary austenite is characterized for LGI, and the 
full morphological changes during coarsening are described as a function of time, 



 

20 
 

from short to long coarsening times. The model suggested in Supplement I is 
confirmed in Supplement II. 

The experimental technique introduced in Supplement I is complemented in 
Supplement III by a novel etching technique to characterize primary austenite 
morphology in quenched samples. 

Previous studies had suggested the influence of some alloying elements on primary 
austenite morphology. The influence of some of these elements on the morphology of 
primary austenite is studied in Supplement IV. The possible modification of 
coarsening kinetics of primary austenite in LGI inferred by chemical composition 
variations, i.e., the addition of alloying elements, is studied in Supplement IV. 

Aimed to promote a similar knowledge of CGI and SGI solidification, Supplement V 
presents a novel experimental technique allowing the production and 
characterization of CGI and SGI samples under laboratory condition. The results 
introduced in Supplements I, II and III can now be applied to the characterization of 
primary austenite morphology in SGI and CGI in future research. 

To that purpose, Supplement VI characterizes the morphological evolution of 
primary austenite during coarsening in CGI in quenched samples. The techniques and 
quantitative parameters developed in Supplements I and II are now applied to CGI. 
In Supplement VII, the characterization of primary austenite morphology during 
coarsening is extended to quenched samples of SGI. 

Additionally, the eutectic microstructure formed in the interdendritic region after 
coarsening of primary austenite is characterized in fully-solidified samples of CGI and 
SGI in Supplement VII. The analysis shows the relation of primary morphology and 
eutectic microstructure, addressing RQ2.  

Supplement VIII, analyzes the effect of the morphological changes in primary 
austenite on eutectic and eutectoid microstructures isolating the impact of primary 
austenite morphology on mechanical properties in CGI, addressing RQ3. 

The eutectic microstructures of CGI and SGI are further studied in Supplements IX 
and Supplement X to increase the knowledge of eutectic solidification in CGI and SGI, 
referring to RQ2. In Supplement IX the samples produced during Supplement V are 
analyzed to study the relation between nodularity and the size of graphite spheroids. 
Additionally, the mechanism behind the appearance of a third population of graphite 
spheroids at the boundaries of austenite grains in thick sections remains unclear in 
the literature. Supplement X studies the internal distribution of a primary graphite 
spheroid as a first attempt to elucidate the mechanism behind this third population 
to be further addressed in future work. 

Figure 14 summarizes the connection between the research questions studied in this 
thesis and the appended supplements. 
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Figure 14: Schematics of the research strategy and the connection between research questions and 

supplements. 

3.2 MATERIAL AND EXPERIMENTAL PROCEDURE 

 Material 

The material used in the experimental work performed in this thesis is shown in 
Table 1. Material related to Supplements I and II, consists of a hypoeutectic LGI, noted 
as L. 

The material for Supplement IV consists of 6 alloys with different contents of Mo and 
Ti added on a similar base hypoeutectic lamellar graphite iron (similar to L). 
Supplement III is based on one of these alloys, Mo . Note that the composition listed 
here is the correct one and not the one specified in Supplement III. 

The material used in Supplements V and IX is a hypereutectic SGI, labeled S . 

Supplements VI, VII, and VIII, use a hypoeutectic SGI alloy, S . Supplement X uses a 
eutectic SGI, S . 

Alloys L, Mo , Mo , Mo  and S  were produced in an industrial foundry, while the rest 
of the alloys were produced in an experimental foundry plant. 

The nodularization treatment in S , S  and S  was performed with FeSiMg. 

The chemical compositions listed in Table1 were obtained using optical emission 
spectrometry (OES) according to ASTM E1999-18 standard [115] on rapidly 
solidified coins produced immediately before the pouring process. 

All alloys, except S , were cast in furan bound sand molds, in the shape of cylindrical 
specimens of Ø50 mm diameter and 300 mm in height. Specimens of 38 mm diameter 
with a weight of 400 ± 0.5 g and an approximate height of 42 mm were machined 
from the cast cylinders for all the solidification experiments, Supplements I-IX. 

S , used in Supplement X, was cast in a plate geometry of 140x240x30 mm. 
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Table 1: Chemical composition (wt. %) of the experimental materials. Measured using OES. 
CE=C+1/3(Si+P) 

Supplement Alloy CE C Si Mn P S Cu Mo Ti Mg Fe 

I, II L 3.9 3.3 1.8 0.58 0.034 0.086 0.9 0.22 - - Bal. 

III, IV Mo  4.0 3.4 1.9 0.57 0.052 0.089 0.9 0.05 - - Bal. 

IV Mo  4.0 3.4 1.9 0.59 0.053 0.085 0.9 0.48 - - Bal. 

IV Mo  4.0 3.4 1.9 0.60 0.053 0.085 0.9 0.94 - - Bal. 

IV Ti  3.9 3.4 1.5 0.63 0.037 0.025 1.0 - 0.05 - Bal.	

IV Ti  3.9 3.4 1.5 0.61 0.034 0.027 1.1 - 0.15 - Bal. 

IV Ti  4.0 3.5 1.5 0.57 0.034 0.026 1.0 - 0.41 - Bal. 

V, IX S  4.7 3.9 2.6 0.64 0.030 0.010 0.8 - - 0.065 Bal. 

VI, VII, VIII S  4.2 3.4 2.5 0.68 0.030 0.010 0.9 - - 0.063 Bal 

X S  4.3 3.5 2.3 0.41 - - 0.3 - - 0.036 Bal 

 Experimental procedure 

The main experimental work performed in this thesis is based on the melting and 
subsequent solidification of the experimental alloys introduced above, i.e., all the 
above alloys except S , which was analyzed as-cast. 

The solidification experiments can be divided into three types: 

1) experiments to study primary solidification and coarsening of primary austenite 
in LGI, reported in Supplements I, II, III, and IV; 

2) experiments to develop a new technique for production of CGI and SGI under 
laboratory conditions, reported in Supplement V, and the study the relationship 
between the nodularity and size of graphite spheroids in Supplement IX; 

3) experiments studying primary solidification and coarsening of primary austenite 
in CGI and SGI in Supplements VI, VII and VIII.  

3.2.2.1 Experimental equipment for solidification experiments 

The main element in the experimental equipment is a vertical tube electrical 
resistance furnace, shown in Figure 15. The specimens were placed in the middle of 
the heating elements with graphite rods and melted inside an alumina crucible. A flow 
of Ar gas of 99.999% purity was introduced inside the furnace to preserve the 
chemical composition of the alloy during the experiments. Three thermocouples can 
be used to record the temperature during the experiments. The thermocouples used 
in the solidification experiments are calibrated type S (Pt/Pt+10%Rh) mounted in an 
alumina case which insulates the thermocouple wires, only leaving the welded joint 
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accessible. The thermocouples are protected by a glass tube to prevent direct contact 
with the melt and are connected to a commercial data acquisition system that records 
all the data measured during the cooling process. 

The experimental equipment is completed with a tank containing a pump that allows 
quenching samples in agitated water at room temperature. 

 
Figure 15: Experimental equipment [43]. 

3.2.2.2 Experiments to study primary solidification and coarsening of 
primary austenite in LGI (Supplements I, II, III, IV) 

The process is described in detail in Supplement I and II. The main details of the 
process can be summarized as follows. First, preliminary experiments (PE) were 
conducted to study the solidification of LGI. The specimens were remelted in a 
heating cycle of 90 minutes from room temperature to 1450 °C and held for 30 
minutes for alloys L, Mo and Ti . Next, the furnace was switched off, and the samples 
were allowed to solidify while the temperature was recorded with two 
thermocouples. One thermocouple was located in the center of the sample (Tcenter) 
and the other next to the inner wall of the crucible (Twall) at the same depth. 

Thermal analysis was conducted in the data obtained from the PE. Solidification of 
the alloys started with the primary solidification. Thermal coherency was determined 
as the maximum temperature difference between center and wall thermocouple after 
nucleation [116], shown in Figure 16(a). At coherency, the dendrites have impinged 
on each other and coarsening becomes the dominant growth mechanism [116]. This 
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thermal information is used to design an isothermal treatment for each alloy to study 
the coarsening of primary austenite after dendrite coherency and safely above the 
eutectic temperature. The isothermal profile for alloy L is shown in Figure 16(b). 

  
(a) (b) 

Figure 16: (a) Cooling curve and temperature differences, and (b) isothermal temperature profile 
applied to alloy L (Supplements I and II). 

After the PE, the isothermal coarsening experiments (ICE) were performed. The same 
thermal cycle was applied to the specimens; however, in this case, the solidification 
was halted after thermal coherency, and the specimens were isothermally coarsened 
for different holding times safely above the eutectic temperature(1175°C for alloy L, 
and 1168°C for alloys Mo and Ti ) as shown in Figure 16(b). This resulted in samples 
with different morphology but a similar fraction of primary austenite. At the end of 
the isothermal coarsening time, the samples were quenched into flowing water to 
suppress the eutectic reaction and preserve the primary dendritic microstructure at 
room temperature. The different isothermal coarsening times applied to each alloy 
are listed in Table 2. The morphological evolution of primary austenite in L was 
studied for different coarsening times up to 5760 min to observe the morphological 
changes during coarsening in LGI after long times previously non-studied in cast iron. 
The aim was to characterize the full morphological changes of primary austenite 
occurring during coarsening and answer RQ1. 

Table 2: Isothermal coarsening temperatures and times for LGI (Supplements I, II and IV) 

Alloy Tiso (°C) Coarsening times (min) 

L 1175 30 90 180 360 720 1440 2880 4320 5760 

Mo , Mo , Mo  1168 30 90 180 360 720 - - - - 

Ti , Ti , Ti  1168 10 30 180 360 720 - - - - 
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3.2.2.3 Experiments to produce CGI and SGI with controlled nodularity at 
laboratory scale (Supplements V and IX) 

These experiments aimed to produce cast iron of the main three families with a 
controlled graphite morphology and nodularity, ranging from LGI to SGI. The 
experimental procedure was similar to the one previously described for the 
experiments studying primary solidification. 

The main difference is that the holding time at 1450 °C was varied to adjust the 
chemical composition of the melt before solidification by partially reacting the initial 
Mg present in the alloy and thus obtaining samples with varying nodularities at the 
end of the solidification. The samples were cooled down to room temperature 
promoting the same cooling conditions for the different experiments. 

The experimental set up was slightly modified from the one used in the previous 
experiments. Production of CGI required a stable flow of argon gas of 4 l/min from 
the bottom part of the chamber of the furnace. The holding time was changed in 
increments of 10 minutes until LGI was produced, as shown in Table 3. 

Table 3: Holding times at 1450 °C for experiments related to Supplement V 

Alloys S  H0 H10 H20 H30 H40 H50 H60 H70 H80 H90 H100 H110 H120 H130 H140 

Holding 
time (min) 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 

A series of quenching experiments was additionally performed to examine the 
chemical composition of the alloy after different holding times and before the cooling 
process, see Table 4. In these experiments, the sample was re-melted at 1723 K 
(1450 °C), held for the corresponding time and quenched immediately into flowing 
water to promote a white solidification and avoid graphite precipitation. This 
experimental series provided samples suitable for OES. 

Table 4: Holding times at 1450°C for quenching experiments related to Supplement V 

Alloys S  Q0 Q10 Q20 Q30 Q60 Q110 

Holding time (min) 0 10 20 30 60 110 

3.2.2.4 Experiments on primary and eutectic solidification in CGI and SGI 
(Supplements VI, VII, and VIII) 

The experiments aimed to study the relationship between coarsening of primary 
austenite and eutectic solidification in CGI and SGI were performed in a similar 
sequence to that followed for LGI alloys. The main differences are described below. 

Based on the results from Supplement V, the holding times required to produce CGI 
and SGI alloys from the same base SGI, alloy S , were determined. The production of 
SGI with the highest possible nodularity required a holding time of 10 min, while the 
production of CGI with a nodularity below 5% required a holding time of 80 min [117]. 

Once the holding time was determined, the PE for CGI and SGI were conducted 
following the same procedure as in the LGI experiments. 
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Next, the ICE were performed following the same sequence described for LGI, 
producing quenched samples of different microstructural coarseness. For CGI and SGI 
alloys, the study was focused on shorter coarsening times compared to those studied 
in LGI, with a closer correlation to solidification times in industrial cast components 
[118]. Isothermal coarsening times up to 90 min were studied for both alloys, as 
shown in Table 5. Primary austenite was coarsened at 1163°C in CGI and 1161°C in 
SGI both above the eutectic temperature. 

After the ICE, the coarsening and furnace cooling experiments (CFCE) were 
conducted to study the possible effect of the primary austenite morphology on the 
eutectic microstructures of CGI and SGI, thus addressing RQ2. 

In this series of experiments, the samples were subjected to the same procedure as 
in the ICE, but in this case, the samples were cooled to room temperature inside the 
furnace after the isothermal treatment. Therefore, similar cooling conditions were 
applied during solidification after coarsening of primary austenite. Figure 17 
illustrates the CFCE for the SGI alloy for different isothermal coarsening times. 

An additional series of CFCE was performed in CGI to study the impact of primary 
austenite morphology on mechanical properties, thus addressing RQ3. 

Table 5: Isothermal coarsening experiments (ICE) and coarsening and furnace cooled experiments 
(CFCE) performed in Supplements VI, VII, and VIII for CGI and SGI alloys 

Alloy Tiso (°C) Coarsening times (min) 

S - CGI 1163 0 10 30 60 90 

S - SGI 1161 0 10 30 60 90 

 
Figure 17: Cooling curves during the coarsening and furnace cooling experiments (CFCE) for SGI. 
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3.3 CHARACTERIZATION AND TESTING 

 Sample preparation 

All the samples produced after the different solidification experiments were 
sectioned approximately at their middle section, around 20 mm from the bottom 
edge. Samples were mounted in thermosetting resin and ground with SiC papers of 
different granulometry from a grit size of P80 (FEPA) to P2000 (FEPA). Subsequently, 
they were polished with solutions containing diamond particles of 3 and 1 µm applied 
on, respectively, satin woven acetate and short synthetic nap clothes. 

In the fully solidified samples, the graphite was successfully retained after this 
process. However, some graphite particles were partially covered by ferrite. The 
samples requiring graphite characterization were subjected to an additional 
polishing step with an oxide slurry which was manually applied to solve this issue. 

Quenched samples produced for characterization of the chemical composition in 
Supplement V were ground to produce a flat surface suitable for OES. OES was 
performed with a Spectro SPECTROMAXx stationary metal analyzer following ASTM 
E1999-18 standard [115]. At least 3 measurements per sample were performed. 

3.3.1.1 Color etching 

Samples where the characterization of primary austenite or eutectic cells was 
required, i.e., samples from Supplements I, II, VI, VII, VIII, and IX, were etched at 
108 °C with Motz’s reagent [104]. A solution consisting of 10 g NaOH, 40 g KOH, 10 g 
picric acid and 50 ml of distilled water was used in this etching process. This process 
revealed the microstructure and made the primary austenite discernible from the 
eutectic microstructure. Quenched samples were etched for approximately 2 minutes. 
Fully solidified samples required longer etching times, between 5-7 minutes. 

A new tinting technique for quenched samples, introduced in Supplement III [105], 
made the austenite dendrites in quenched samples distinguishable after additional 
polishing steps of 20 seconds with the 1 µm diamond suspension. This procedure was 
applied to the quenched samples from Supplements IV and VI. 

 Microstructure evaluation 

Microstructural analysis was performed by optical microscopy (Olympus GX71F). 
Micrographs were captured with different magnifications according to the different 
RQs aimed to be answered in each Supplement. 

The color-etched micrographs, Figure 18(a), aimed for the characterization of the 
coarsening of primary austenite were transformed into binary images, where 
dendrites were represented in black, Figure 18(b). A Wacom Cintiq interactive pen 
display was used for this purpose. In Supplement II this operation was done manually. 
However, in Supplements III, IV and VI, a semi-automatic technique was applied with 
a significant reduction in processing time. 
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(a) (b) 

Figure 18: (a) Color etched micrograph from Supplement II and (b) its equivalent binary image. 

Electron backscatter diffraction (EBSD) analysis of representative samples from 
Supplement II, i.e., after 0 min, 30 min, 6h, 24h, and 48 h of isothermal treatment was 
carried out using an EDAX detector mounted on a JEOL 7001F scanning electron 
microscope (SEM). Using an accelerating voltage of 20 kV and a step size of 1 µm, an 
approximate area of 0.6 mm × 3.3 mm was scanned for each sample. EBSD maps were 
further analyzed using TSL-OIM v.7.3 package. Additionally, Energy Dispersive X-ray 
Spectroscopy (EDS) was used in the samples to analyze the chemical distribution of 
some elements like Si, Mn, Cu or Sn. 

High resolution focused ion beam (FIB) 3D tomography was used in Supplement X, 
using a plasma Xe source (XEIA 3, TESCAN). The SEM combined with localized 
chemical analysis via EDS was used to reveal the internal structure of a graphite 
spheroid in S . A specimen was cut randomly and prepared by mechanical grinding 
and polishing and slight etching with Nital solution. A graphite spheroid was 
speculated under the surface, and a trench around it was made by rough FIB milling 
of ~1 μA at 30 kV, Figure 19. Fine polishing and slicing of the region of interest were 
conducted using FIB current of ~30 nA at 30 keV. 

 
Figure 19: SEM micrograph (secondary electron (SE) image on the left and backscattered electron 

(BSE) image on the right) of the trench FIB milled around the speculated graphite particle, 
showing the volumetric region of interest. 

This led to around 700 two-dimensional slices, each of a thickness of 100 nm. Slice 
SEM imaging was done at 5 keV using high-sensitivity in-beam BSE detector, and 3D 
reconstruction of images and customization were conducted using ORS visualization 
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software package v.1.9. Distinct phases were identified and selected for 3D 
processing using the contrast difference between various microstructural features in 
the region of interest. The EDS analysis was conducted intermittently on some of the 
slices during the 3D acquisition. 

3.3.2.1 Sampling Area 

Previous literature demonstrated that the amount of area analyzed has a direct 
impact on the accuracy of the results as a function of the morphology of the 
microstructure [119]. On a similar investigation [120], is it recommended the 
selection of a sampling area based on the coarser microstructure. Accurate 
characterization of coarse microstructures requires a larger area. Thus, the larger the 
size of the area analyzed the lower error in the characterization of coarse 
microstructures. In the current work, the sampling area for microstructural 
characterization is rather high compared to other investigations. Two areas of 19 
mm2 are analyzed from each sample are used for in Supplement II and IV. Due to the 
severe microstructural changes observed at long coarsening times, and in agreement 
with previous literature [119], an extra area of 19 mm2 was analyzed to improve the 
accuracy of the characterization of the samples coarsened for long times. Two areas 
of 19 mm2 were analyzed in Supplements VI and VII, in which the microstructure is 
finer due to short coarsening time. Due to the presence of eutectic cells, thus requiring 
more area to achieve an accurate characterization, four different regions covering a 
total area of about 80 mm2 were analyzed in Supplement VIII. The analysis of such a 
large area for each sample provides strong statistical support for the quantitative 
analysis. 

 Characterization of primary austenite morphology 

The morphology of primary austenite was quantitatively characterized based on 
stereological relations [121] on features measured in the binary images using 
Olympus Stream Motion Desktop software 1.9.1. 

The perimeter, P , and area, A , of the primary austenite are measured in order to 
calculate the relevant morphological parameters associated with the microstructural 
evolution during coarsening. 

The modulus of primary austenite, M  [μm], is defined as the ratio between the 
volume of primary austenite, V , and the surface area, S . Some authors refer to this 
parameter as the specific interface area, Ss, in three-dimensional studies [39]. It is 
related to the modulus of geometry employed in Chvorinov’s analytical calculation of 
solidification [122], which represents the volume of a solidifying domain to the 
cooling surface of that domain. 

Based on stereological relations [119, 121], V  is approximated by V A  and S  by 

S P . Thus, M  [μm] was calculated as: 

M
V
S

π
4

A
P

 5  



 

30 
 

It is worth mentioning, that when estimating S  through P  in Supplements III, VII 
and VII it is used the Underwood approximation described above, while in the 
Supplements II and IV [123], the approximation was made without the factor  , as 
described in [119]. This is simply a scale factor that does not change the validity of 
the previous results but that should be considered when directly comparing the 
numerical values between different supplements. In this thesis, all the values 
presented in the result section use the Underwood approximation. 

Using a similar approach, the hydraulic diameter or modulus of the interdendritic 
phase, D  [μm], is defined to characterize the space existing between the dendrites. 
This parameter represents the evolution of the interdendritic region as a result of the 
coarsening of austenite dendrites. D  [μm], was calculated as the ratio between the 
volume of the interdendritic region, V , and the surface area, S . Considering that 
S S , the same stereological relations and the relationship between primary 
austenite area ( A ) and the total area of the micrograph ( A ), the area of the 

interdendritic region (A ) is calculated as A A A  thus, D  was calculated 
as: 

D
V
S

π
4

A
P

π
4

A A
P
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The distance to the nearest neighbor, D [μm], is the shortest distance between 
centers of gravity of austenite dendrites, characterizing the spatial distribution of 
primary austenite during coarsening.  

The volume fraction, f , was determined as the ratio between A  and A  as: 

f
V
V

A
A

 7  

The variables: V, A, S, and P, are volume, area, interfacial surface area, and perimeter, 
respectively. The subscripts: T, γ, and ID, refer to total, primary austenite, and 
interdendritic region, respectively. The complete mathematical derivation of the 
parameters can be found elsewhere [43, 119]. 

SDAS characterization was performed on a minimum of 10 measurements per sample 
with at least 3 parallel secondary arms per measurement. 

 Characterization of eutectic microstructures 

The graphite shape is characterized using the concept of nodularity described in the 
introduction section, Equation 3, and based on ISO [16] and ASTM standards [15]. 
Microstructural features smaller than 10 µm are considered micro porosities, defects 
due to sample preparation or particles that should be excluded from graphite analysis. 
Graphite particles in contact with the limits of the image are not considered in the 
analysis. 

A preliminary analysis of the microstructures revealed a large graphite particle size, 
enabling the use of low magnification. This allowed the characterization of a much 
larger surface area than required in the standards in a reasonable amount of time 
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improving result soundness. A minimum of 40 micrographs for each specimen is used 
for this purpose, representing a minimum area of 137 mm2 for each specimen was 
analyzed in Supplement V. 

In Supplements VII and VII, the number of spheroidal, vermicular and intermediate 
graphite particles is measured in SGI and CGI on multiple regions covering a total area 
of about 24 mm2. In CGI, the characterization of graphite is completed with the 
fraction, and the mean and maximum length of graphite. The maximum length was 
calculated considering the 1% of the largest graphite particles in the sampling area. 

In Supplement VIII, the characterization of eutectic microstructure in CGI is 
performed based on the fraction, number count, size and spatial distribution of 
eutectic cells in the same areas analyzed for primary austenite characterization. 

 Miniaturized tensile test 

Miniaturized tensile bars were machined from the coarsened samples in Supplement 
VII. Tensile samples were extracted at a half-radius distance from the center of the 
cylinder, Figure 20(a). The thickness of the tensile samples was set to 1.8±0.2 mm to 
contain several eutectic cells. 

Miniaturized tensile tests (MTT) were performed at room temperature using a 
miniature loading stage (produced by Kamath & Weiss) with a crosshead 
displacement rate of 10 µm/s with 4 bars for each condition. After the test, the 
samples were etched to reveal the microstructure. 

 

 
(b) 

 
(a) (c) 

Figure 20: (a) Sample machined to extract miniaturized tensile bars, (b) 
dimensions and (c) a three-dimensional representation of the miniaturized 

tensile bars. 
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CHAPTER 4  

SUMMARY OF RESULTS AND 
DISCUSSION 

 

CHAPTER INTRODUCTION 

In this chapter, the main results presented in the appended papers are summarized 
and discussed. This chapter is divided into three main parts: 1) characterization of 
the coarsening of primary austenite, 2) nodularity and Mg fading control in CGI and 
SGI production on a laboratory scale and 3) impact of primary austenite morphology 
on eutectic microstructures and mechanical properties. 

4.1 CHARACTERIZATION OF PRIMARY AUSTENITE 
MORPHOLOGY DURING COARSENING  

The characterization of primary austenite morphology during coarsening comprises 
the main body of this research work and it is treated in Supplements I, II, III, IV, VI, 
VII and VIII. First, a qualitative description of the morphological evolution is 
presented, to continue with the quantitative characterization of primary austenite 
morphology during coarsening. 

 Qualitative description of primary austenite morphology during 
coarsening 

The study of the isothermal coarsening of primary austenite in cast iron was 
introduced in Supplement I. This study aimed to answer RQ1 providing a qualitative 
description of the morphological changes occurring in primary austenite under 
isothermal holding. 

The first goal of this study was to develop the experimental technique required to 
investigate the microstructural evolution of the primary austenite during primary 
solidification. This technique combines re-melting experiments, usage of thermal 
analysis to determine dendrite coherency, interrupted solidification experiments to 
preserve the primary austenite at room temperature and application of color-etching 
techniques to reveal the microstructure. 

The isothermal temperature applied during the experiments was safely above the 
eutectic temperature in order to avoid the interaction of eutectic microstructure 
during coarsening of primary austenite in LGI. In this study, the holding temperature 
for the isothermal profile was 1175°C, above the equilibrium eutectic temperature 
for the alloy (L) used in this work.  

Color-etched micrographs of quenched samples after the ICE of LGI are shown in 
Figure 21. To facilitate the interpretation of further results in this thesis, Figure 21 
shows the micrographs those characterized in Supplement II, from the same 



 

34 
 

quenched samples after the ICE of LGI. The morphological changes occurring in the 
primary austenite dendritic microstructure during coarsening are visible in the 
micrographs. 

The microstructure of the sample quenched at coherency and 0 min of isothermal 
holding, Figure 21(a), is comprised of highly branched and interconnected equiaxed 
dendrites. Several primary crystals are observed where secondary arms visible. This 
microstructure is consistent with a coherent dendritic network where the equiaxed 
crystals have impinged on each other [124]. 

After 30 min of isothermal holding significant coarsening has already occurred and 
the secondary dendrite arms of primary austenite appear thicker, Figure 21(b). The 
dendritic network is visible in most of the regions of the micrographs up to 360 min 
of isothermal holding, showing an increase in the length scale of primary austenite, 
Figure 21(c-d). 

In Figure 21(e-f) the length scale of the secondary dendrite arms has increased 
further, and they show a heavily coarsened, almost globular morphology after 720 

   

   

   
Figure 21: Micrographs of the quenched and color-etched samples from the ICE of LGI (alloy L) as a 
function of coarsening time at 1175°C: (a) 0 min, (b) 30 min, (c) 90 min, (d) 360 min, (e) 720 min, 

(f) 1440 min (24 h), (g) 2880 min (48 h), (h) 4320 min (72 h), and (i) 5760 min (96 h). 
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and 1440 min of isothermal coarsening respectively. Remnants of the dendritic 
network are observed as a regular spacing of crystals in local regions of the 
micrographs which overall show a more globular structure. However, it is possible 
that the crystals are not interconnected in three dimensions due to dendrite 
fragmentation. The samples coarsened for 48, 72 and 96 h contain fewer and larger 
globules, Figure 21(g-i). Some have an irregular, non-spherical appearance that is an 
indication of coalescence. 

EBSD was performed to investigate the crystallography of primary austenite as a 
function of coarsening time in the same samples shown in Figure 21, i.e., the 
quenched samples from the ICE in LGI. 

The sample quenched after coherency shows a highly dendritic microstructure with 
clear secondary dendrite arms,  Figure 22(a). The crystallography of all austenite is 
identical indicating that they are the same crystal. After 30 min of isothermal 
coarsening, Figure 22(b), the microstructure shows a coarsened dendritic 
appearance where most of the primary austenite show the same crystallography. In 
Figure 22(c), larger globules are observed, and many have the same crystallographic 
orientation. 

 

 

 

Figure 22: Crystallographic orientations in the quenched samples from the ICE of LGI. Inverse 
pole figures after (a) 0 min, (b) 30 min, (c) 6h, (d) 24h, and (e) 48 h of isothermal coarsening. RD 

and RA stand for Radius Direction and Rotational Axis of the sample, respectively. 

The microstructure after 24h of holding shows that the globules have increased in 
size and have different crystallographic orientations, Figure 22(d). These differences 
indicate that they are detached from each other, floating freely in the liquid, and 
therefore their spacings are no longer determined by the classical coarsening 
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mechanism. The fragmentation sequence during coarsening has been recently 
studied by Cool and Voorhees [38], finding that coalescence has a more significant 
impact on microstructural coarsening than fragmentation. This is in accordance with 
the observations in Figure 21 and the EBSD analysis in Figure 22(e) that shows an 
indication of the coalescence of globular particles with the identical crystallography, 
pointed with arrows that were previously detached due to dendrite fragmentation. 

The schematic representation of the morphological changes in primary austenite 
during coarsening based on the observation of the micrographs and the EBSD 
analysis is shown in Figure 23. 

 
Figure 23: Schematic representation of the morphological evolution of primary austenite observed 

during coarsening. 

 Quantitative characterization of primary austenite morphology 
during coarsening 

Supplement II focuses on the quantitative characterization of primary austenite 
morphology during coarsening in LGI. The study is based on the experimental work, 
results, and observations from Supplement I, i.e., the quenched samples produced 
after the ICE of LGI. 

The application of the findings of Supplement V (explained in later) allowed a similar 
characterization for CGI and SGI samples in Supplements VI and VII. Despite having 
been performed chronologically later, after Supplement V, the morphological 
characterization of primary austenite during coarsening in CGI and SGI are also 
presented in this section to facilitate the understanding and comparison of the results. 

The morphological parameters described in the experimental section, SDAS, M , D , 

and D , are determined on austenite microstructures from the quenched samples 
from the ICE. The use of shape-independent parameters allows the quantitative 
characterization of the microstructure during coarsening, including long coarsening 
times where dendritic microstructures are no longer visible. 

First, the results of the LGI alloy, which was studied for long coarsening times, are 
shown to describe the full morphological evolution of primary austenite during 
coarsening. Second, the parameters for CGI and SGI alloys, measured for coarsening 
times up to 90 min, are shown together with the results corresponding to the same 
coarsening times for LGI. 

The temporal relations presented in this investigation are valid for the range of times 
shown in the corresponding figure. 
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4.1.2.1 Secondary dendrite arm spacing (SDAS) 

The severe changes on primary austenite morphology during coarsening, including 
dendrite fragmentation, made that only the samples coarsened for short coarsening 
times were suitable for accurate SDAS characterization. The SDAS was hence 
measured on the LGI samples that showed a dendritic microstructure with 
observable secondary arms, i.e., up to 90 min of coarsening time, and all the samples 
of CGI and SGI. 

Figure 24 shows the SDAS as a function of the cube root of coarsening time, t1/3, for 
the three alloys. The initial values for SDAS correspond to SDAS of the microstructure 
at the coarsening temperature after coherency. LGI has the largest SDAS which is 
slightly larger than SGI and SDAS for CGI is significantly smaller.  

All alloys have a linear relation to t1/3 in agreement with the classical Ostwald 
ripening relation [125, 126]. This is similar to the relationship observed in a previous 
investigation in cast iron [120] and other alloys previously studied in the literature 
[35] valid in systems ranging from Al-Cu [46, 127], Pb-Sn [31] and Fe-Ni [33]. 

 
Figure 24: SDAS as a function of coarsening time in LGI, CGI, and SGI. Error bars show 95% 

confidence intervals. 

The coarsening rate calculated for the three alloys shows no significant differences. 
CGI shows a slightly lower rate. This difference could be caused by a difference in 
alloy composition, surface tension and solid fraction [30, 35, 128]. Future work is 
required to elucidate the mechanism responsible for these differences, but these 
observations suggest a negligible effect of the Mg content on the coarsening of 
primary austenite.  

The morphological changes on primary austenite shown in Figure 21 make the 
observation of secondary dendrites arms challenging with increasing coarsening 
time. The microstructure shows a globular appearance suggesting that there is no 
regular arrangement between the globules hence making SDAS challenging to 
measure. Therefore, the error in SDAS increases for increasingly coarsened 
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microstructures, as seen in Figure 24. This suggests that SDAS is only valid for 
accurate characterization after relatively short coarsening times. Shape-independent 
parameters should be considered for more accurate characterization of the 
morphology of primary austenite for longer coarsening times. 

Note that the SDAS values for the samples Q5 and Q6 shown in Supplement I were 
estimated considering austenite crystals not belonging to a secondary dendrite arm 
and were subsequently revised and corrected in Supplement II and VII. 

4.1.2.2 Modulus of primary austenite phase (𝐌𝛄) 

The dendritic microstructure reduces its free energy by increasing its length scale 
and reducing its surface area during coarsening. The modulus of primary austenite 
phase, M , is a length scale parameter that reflects the reduction of surface area 
occurring during coarsening. It is, therefore, independent of the shape of primary 
austenite. Some authors refer to this parameter as the specific interface area, Ss, in 
three-dimensional studies [39]. 

The results from LGI, Figure 25 (a), show a strong linear relationship between M  and 
cubic root of coarsening time, t1/3, even for long isothermal times, i.e., up to 4 days. A 
similar liner relation to t1/3 is also found for CGI and SGI, as seen in Figure 25 (b). Thus, 
the three alloys systems show a similar relation to coarsening time, indicating no 
significant influence of the chemical composition of the alloy, i.e., Mg content, on the 
morphology of primary austenite. 

It is worth noting that despite all the morphological transformations occurring during 
coarsening M  shows a stable relation with coarsening time, even for long times. The 
results of this study agree with recent literature studying the evolution of interfacial 
area in dendritic microstructures of different alloys [31, 39] reporting a relation to 
t1/3 for coarsening up to long times. This suggests that M  provides a more accurate 
characterization than SDAS for heavily coarsened microstructures. 

  
(a) (b) 

Figure 25: Modulus of the primary austenite phase, M , as a function of coarsening time: (a) for 
LGI, and (b) for LGI, CGI, and SGI. 
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4.1.2.3 Distance to the nearest austenite particle (𝐃𝛄) 

Micrographs in Figure 21 suggest that the spatial distribution of primary austenite 
changes simultaneously to the reduction of the surface area during coarsening. The 
distance between centers of gravity of primary austenite, D , characterizes this 
spatial distribution. 

In LGI, Figure 26(a), D  increases linearly with the cube root of coarsening time, t1/3, 
even for long coarsening times. D  show however larger scatter for coarsening times 
longer than 1 day. Figure 26 (b) shows that D  increases linearly to the cube root of 
coarsening time, t1/3, also for CGI and SGI. D  shows a similar rate as a function of 
coarsening time for the three alloys. 

  
(a) (b) 

Figure 26: Distance to the nearest austenite particle,D , as a function of time. 

This parameter is similar to SDAS when a dendritic microstructure is no longer 
visible after the severe morphological changes occurring during coarsening. Both 
SDAS and D  follow a similar relation with coarsening time [32, 123]. 

4.1.2.4 Hydraulic diameter of the interdendritic region (𝐃𝐈𝐃
𝐡𝐲𝐝) 

The reduction of surface area and the spatial redistribution of primary austenite 
during coarsening necessarily result in morphological changes in the interdendritic 
region. The hydraulic diameter of the interdendritic region, D , characterizes the 
morphology of the region between primary austenite dendrites [43, 119]. Following 
an equivalent principle to M , D  is determined as the ratio between the volume of 
the interdendritic region and its surface area. 

Figure 27 shows that D follows a linear relation to the cube root coarsening time, 
t1/3, for LGI up to 1 day of isothermal holding. However, it shows significant scatter 
for longer coarsening times, i.e., 2 and 4 days of isothermal holding showing even a 
decreasing trend. 

After these long coarsening times, the morphological changes occurring in the 
microstructure are so drastic that finite 2-D sections are not sufficient to represent 
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the spatial distribution of the coarsened austenite [119]. The mathematical definition 
of D , considers the total volume of the sample and the volume occupied by 
austenite, making the parameter sensitive to possible variations in austenite volume 
fraction. Thus, local variations of f , a result of the coalescence of detached austenite 

crystals occurring after long coarsening times, might affect D . Hence, the lower 

values of D  after long coarsening times are a result of the small variations of  f  
between samples of the same alloy (shown in Supplement VII) which are due to the 
severe coarsening of the microstructure. As shown in the literature [119], selecting a 
finite number of control volumes in a two-dimensional investigation will result in an 
inaccurate characterization of f  for heavily coarsened samples. f  reported in this 
work is measured on several areas from a single two-dimensional section of the 
sample which could be the reason for the scatter in D  after long coarsening times. 
The large scatter in D  in LGI for long coarsening time, Figure 26(a), is also the result 
of the same limitation. 

A similar relation to the isothermal holding time, t1/3, is found for LGI and SGI for 
coarsening times up to 90 min, Figure 27 (b). CGI shows a lower rate with the cube 
root of isothermal coarsening time. 

  
(a) (b) 

Figure 27: The hydraulic diameter of the interdendritic region, D  , as a function of coarsening time 
in the quenched samples of (a) LGI, and (b) LGI, CGI, and SGI. 

 Novel characterization technique for primary austenite in 
quenched samples 

Supplement III presents an alternative etching technique to reveal the dendritic 
microstructure of quenched samples in hypoeutectic cast iron. 

This etching technique is based on the application of a last polishing step on a 
synthetic short napped cloth with a 1 µm diamond suspension. Additional polishing 
steps of 20 s colored the dendritic uniformly, on a more repeatable and safer process 
than the picric based color-etching methods. 
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This new method considerably reduces the processing time for quenched samples 
and eliminates chemical hazards to the operator compared to the use of Motz’s 
reagent. 

This technique for characterization of quenched samples is used in Supplements IV, 
VI and VII, as shown in Figure 28 for the samples after the ICE in CGI. 

Based on the color-etched micrographs, two quantification methods for estimation of 
the microstructural parameters are compared: the application of a semi-automatic 
color selection method on Photoshop combined with the further application of the 
image analysis software, and the measurement of the same parameter based on point 
counting and line intercept methods. The agreement between the measurements 
depended on the coarseness of the measured dendritic microstructure. Some 
measurements showed significant systematic disagreement correlated with the 
coarseness of the measured dendrites as reported in Supplement III. 

 
(a) (b) 

  
(c) (d) 

Figure 28: Micrographs of the quenched samples of CGI after the ICE. Samples were isothermally 
coarsened for (a) 0 min, (b) 10 min, (c) 30 min and (d) 90 min. The color-etched micrographs are 
prepared using the technique developed in Supplement III. All micrographs have the same scale. 

 Modification of the coarsening rate of primary austenite 

Supplement IV studies the influence of Ti and Mo additions on the morphology of 
primary austenite during coarsening as previous observations in the literature 
suggested [25, 47-49]. Applying the experimental set up introduced in Supplement I, 
the quantitative morphological parameters introduced in Supplement II, combined 
with the etching technique developed in Supplement III [105], the morphological 
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evolution of the primary austenite during isothermal coarsening was studied for 
alloys Mo , Mo , Mo , Ti , Ti  and Ti . 

The addition of Mo or Ti showed no significant effect on the morphological evolution 
of the primary austenite during isothermal coarsening. M  and  D  show a linear 
relationship with the coarsening time, t1/3, with a similar rate as a function of 
coarsening time for all alloys. This contradicts the suggested refining effect of these 
elements on primary austenite morphology, previously described on qualitative 
terms, such as “short” “random” and “loosely packed” [25, 47-49]. It could be, 
however, that the refining effect could be shown at a different step of solidification, 
rather than on isothermal coarsening, requiring further experiments to be elucidated.  

An important outcome of this Supplement is that M  also showed a stable linear 
relation to t1/3 for all the samples in this work, regardless of the chemical composition 
and volume fraction measured in the sample, confirming its robustness for 
quantitative characterization of coarsening and in agreement with the results from 
Supplements VII. 

4.2 NODULARITY AND Mg FADING CONTROL IN CGI AND SGI 
PRODUCTION 

The description of the Mg fading process and the nodularity evolution during SGI and 
CGI solidification are covered in Supplement V. These are critical factors during the 
production of CGI and SGI, especially under laboratory conditions. Therefore, they 
were significant parameters to control in the context of this research, since the 
knowledge obtained for LGI solidification should also be transferred to CGI and SGI 
alloys. 

 Nodularity as a function of the holding time 

In Supplement V, alloys with different nodularities and graphite morphologies were 
produced from a single base SGI alloy with a high content of Mg, alloy  
S . The initial SGI alloy was remelted at 1450 °C and held for different times to reach 
chemistries corresponding to SGI, CGI, and LGI by reacting the Mg in the alloy. From 
an initial nodularity of 96 %, the holding time at 1450 °C was varied in intervals of 10 
min to study its effect on the solidification of the alloy. The holding time controls the 
amount of Mg reacting in the melt and thus gives place to different solidification 
conditions. 

The effect of holding time at 1450 °C can be observed in Figure 29. The micrographs 
of the samples after 0 and 10 min of holding time, Figure 29 (a-b), show that the 
graphite spheroids are the predominant morphology present in the microstructure. 

The presence of compacted graphite increases with increasing holding time, Figure 
29 (c-l). A decrease in the number of graphite nodules is associated with the increase 
of compacted graphite particles between 30 and 60 min of holding time. 

It can be observed, Figure 29 (c-g), that the transition between SGI and CGI occurs 
gradually. Subsequently, similar micrographs are observed between 70 and 110 min 
of holding time, showing a dominant presence of compacted graphite particles. The 
transition between CGI and LGI is observed to occur suddenly, after 130 minutes of 
holding time, Figure 29 (o). In this case, the predominant appearance of lamellar 
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graphite indicates that most of the Mg in the alloy must have been reacted after this 
time. 

   

   

   

   

   
Figure 29: Micrographs of the samples in Supplement V as a function of holding time: (a) 0, (b) 10, (c) 

20, (d) 30, (e) 40, (f) 50, (g) 60, (h) 70, (i) 80, (j) 90, (k) 100 (l) 110, (m) 120, (n) 130, and (o) 140 
minutes of holding time at 1450 °C. 

The nodularity of the samples, Figure 30, shows a linear decay with the holding time 
for the SGI region, i.e., 0-20 min of holding time. An intermediate regime is found 
between 30 and 60 min of holding time, where the nodularity is still above 20%, thus 
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indicating values of an SGI alloy, but with a high presence of CGI in the alloy. The 
nodularity of the samples shows a different behavior 60 min. The decay of the 
nodularity slow down up to 120 minutes slows down, indicating an almost 
asymptotic behavior during the region for CGI (nodularity values lower than 20%) 
until a sudden drop occurs resulting in the appearance of LGI. These results are in 
agreement with the observations of the micrographs in Figure 29. 

 
Figure 30: Nodularity as a function of holding time. Circles represent nodularity values according to 

ISO 16122 standard [16], and squares represent nodularity values according to E2567 ASTM 
standard [15]. Error bars represent the 95 percent confidence interval. 

 Cooling curves as a function of the holding time 

The cooling curves from the re-melting experiments of Supplement V are shown in 
Figure 31. Three different thermal behaviors can be observed connected with the 
dominant shape of the graphite nucleating and growing during the eutectic reaction 
of the alloy. 

The presence of SGI after 10 and 20 min of holding time (H10 and H20), with 
nodularity values of 86 % and 70 %, shows high undercooling and low recalescence 
rate. This is in accordance with previous literature on SGI solidification [129]. 

When the presence of compacted graphite in the microstructure starts to be 
significant, even if the final nodularity values yield to SGI values (>20%) the 
undercooling and the recalescence increase showing accordance to the literature 
[129]. It is worth mentioning the significant increase in recalescence in H40, which 
measured nodularity is 41 %, far from CGI nodularity. This behavior is also observed 
in the samples H60, H80, and H100, with nodularities of 14 %, 10 %, and 5 % 
respectively, all within the CGI range according to ISO standard [16]. 

The last group of cooling curves reflects the presence of lamellar graphite in the 
microstructure. The samples H130 and H140 show low undercooling and 
intermediate recalescence. These results are in agreement with previous studies on 
LGI solidification [129]. 
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Figure 31: Cooling curves from as a function of holding time at 1450 °C. 

 Chemical composition as a function of the holding time 

The chemical composition of the samples produced in quenching experiments from 
1450 °C after different holding times was measured by OES [115]. The results show 
that most of the main elements influencing cast iron microstructure, such as C, Si, S, 
P, Mn, Cu or Sn show a stable behavior as a function of the holding time, as shown in 
Table 6. 

Table 6: Chemical composition (wt. %) of the samples from the quenching experiments after 
different holding times at 1450 °C in Supplement V 

Sample C Si Mn P S Cu Sn 

Base SGI 3.86 2.59 0.64 0.030 0.010 0.84 0.098 

Q0 3.51 2.64 0.66 0.035 0.008 0.84 0.096 

Q10 3.75 2.52 0.70 0.036 0.011 0.89 0.123 

Q20 3.52 2.69 0.70 0.035 0.009 0.86 0.105 

Q30 3.67 2.66 0.65 0.035 0.008 0.83 0.094 

Q60 3.83 2.56 0.65 0.037 0.009 0.84 0.098 

Q110 3.94 2.59 0.66 0.033 0.010 0.84 0.093 

A certain loss of C could be expected after long holding times at 1450 °C. However, 
the results on chemical composition and measured graphite fraction indicate that the 
Ar-rich atmosphere inside the chamber of the furnace avoids the decarburization, 

Results show, however, that Mg content is affected by holding time at 1450 °C. The 
amount of residual magnesium, i.e., total Mg, is shown in Figure 32 as a function of 
holding time at 1450 °C. Mg follows a polynomial relation with the holding time, valid 
for 0<t<110, where t time in minutes. The decrease in Mg is the combination of some 
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Mg reacting with the O inside the chamber and the loss of Mg due to its high vapor 
pressure at this temperature. 

 
Figure 32: Residual Mg content as a function of holding time at 1450 °C. Error bars represent the 95 

percent confidence interval. 

 Nodularity as a function of magnesium in the alloy 

Residual Mg and nodularity in CGI and SGI alloys can be related. Dawson showed the 
relation between both variables for an alloy with 0.013 wt % S as shown in Figure 
33(a) Figure 11[78]. In this case, 0.006 wt % Mg is established as the lower limit for 
CGI production with an upper limit of 0.016 wt % Mg. On the other hand, the lower 
limit for SGI production is set around 0.030 wt % Mg, and contents around 0.050 wt % 
Mg establish the upper limit above which increasing Mg concentration does not 
produce higher nodularities. These values are however linked to several casting 
parameters like inoculation, O and S content, cooling conditions. If these conditions 
change the curve shifts horizontally or vertically. 

Experimental results of this work, shown in Figure 33(b), confirm the same overall 
trend when representing nodularity as a function of the residual Mg, also referred to 
as total Mg in literature. The mentioned figure from literature, based on qualitative 
observations [78], and later attempts to describe this relation between nodularity 
and Mg levels [84], never proposed a mathematical expression that could allow its 
modeling based on experimental values. In the present work, a relation is derived, 
connecting nodularity, according to ISO standard, to the residual Mg content at the 
beginning of the solidification valid for 0.0066<Mg<0.065, where Mg in wt %. 

The regions producing CGI and SGI can be delimited in Figure 33. The residual Mg 
limits for CGI production are 0.008 to 0.025 wt % of residual Mg and can be translated 
into holding time. The same observation can be done on the SGI region of the curve 
where an asymptotic behavior can be presumed for higher Mg values than 0.06 wt % 
of residual Mg. 
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(a) 

(b) 
Figure 33: (a) Nodularity values depicted by Dawson as a function of total Mg content [78], and (b) 

Nodularity values, according to ISO 16122 standard [16], as a function of residual (total) Mg content 
for CGI and SGI region in the present work. Error bars represent the 95 percent confidence interval. 
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4.3 IMPACT OF PRIMARY AUSTENITE MORPHOLOGY ON 
EUTECTIC MICROSTRUCTURES AND MECHANICAL 
PROPERTIES 

 Eutectic microstructures after coarsening of primary austenite in 
CGI and SGI. 

The morphology of primary austenite determines the interdendritic channels 
available for the nucleation and growth of the eutectic microstructure. This suggests 
a possible relation between primary austenite morphology and eutectic 
microstructure as has been previously suggested in the literature [110]. 

Thus, after the isothermal coarsening experiments (ICE) of LGI, CGI and SGI, the 
coarsening and furnace cooling experiments (CFCE) were conducted to investigate 
the influence of primary austenite morphology on the eutectic microstructures in CGI 
and SGI in Supplements VII and VIII. 

In the CFCE the samples were isothermally coarsened as in the ICE, but in this case, 
the samples were cooled to room temperature inside the furnace after the isothermal 
treatment. Samples of CGI and SGI alloys were isothermally coarsened for 0, 10, 30, 
60 and 90 min, and then cooled down to room temperature following similar cooling 
conditions for all the experiments. The eutectic microstructures of CGI and SGI after 
different isothermal coarsening times can be observed in Figure 34. 

Micrographs of the color-etched samples of CGI show eutectic cells comprised of 
vermicular graphite particles and eutectic austenite, Figure 34 (a-e). Primary 
austenite in the micrographs shows the clear effect of increasing coarsening time, 
showing the same morphological changes described earlier in the samples from the 
ICE. Eutectic cells do not seem, however, significantly affected by coarsening time 
showing a similar appearance in all the samples, i.e., a nearly-spherical shape of 
similar size. 

The SGI samples, Figure 34 (f-j), show nodular graphite particles surrounded by 
eutectic austenite, the result of the completely divorced eutectic during solidification 
of SGI [8]. The number of nodules and size distribution appear similar in all the 
micrographs. In this case, the morphological changes of primary austenite during 
coarsening are difficult to observe, suggesting that the morphological 
characterization of primary austenite in fully solidified SGI requires a different 
method, i.e., different characterization parameters. This challenge seems associated 
with the completely divorced eutectic present in SGI. 
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(a) 

 

(f) 

 

(b) 

 

(g) 

 

(c) 

 

(h) 

 

(d)
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(e) 

 

(j) 

 
Figure 34: Representative micrographs of the samples produced during the coarsening and 
furnace cooled experiments (CFCE) in CGI after (a) 0, (b) 10, (c) 30, (d) 60, and (e) 90 min of 
isothermal coarsening time, and in SGI after (f) 0, (g) 10, (h) 30, (i) 60 and (j) 90 min (o) of 

isothermal coarsening time. 
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The fraction of graphite, measured on as-polished samples from the CFCE in the CGI 
and SGI, is shown in Figure 35 (a) as a function of the coarsening time. The fraction 
of graphite in SGI is around 8.5% for all coarsening times, while the fraction in CGI is 
around 10%, also independent of coarsening time. The slight difference in graphite 
fraction between the alloys may be a result of the graphite morphology, thus 
underestimating the graphite fraction in SGI. These results indicate that the 
morphology of the interdendritic does not influence the amount of graphite, and the 
constant values as a function of coarsening time are a consequence of the same C and 
Si contents in the alloy. 

The nodularity of the graphite in CGI and SGI is shown in Figure 35 (b) as a function 
of coarsening time. The nodularity of SGI is around 85% for 0 min of coarsening time 
showing a gradual decrease with increasing coarsening time, reaching 70% after 90 
min coarsening. The nodularity of CGI is very low (around 2%) and shows 
insignificant variations with coarsening time. 

(a) (b) 
Figure 35: (a) Graphite fraction for CGI and SGI samples after CFCE as a function of isothermal 

coarsening time and (b) nodularity evolution as a function of isothermal coarsening time 
according to ISO 16112. 

The distribution of graphite particles in CGI and SGI is analyzed as a function of 
coarsening time and based on the roundness shape factor according to ISO 
classification of graphite particles, i.e., nodular, vermicular and intermediate [16]. 

The total number of graphite particles and the number of vermicular graphite 
particles in CGI are relatively constant for different coarsening times, as shown in 
Figure 36(a). Most of the graphite particles are vermicular particles. 

However, the number of nodules in SGI decreases with increasing coarsening time, 
Figure 36(b). The most significant decrease in nodular particles occurs in the first 30 
min, remaining similar for longer coarsening times. Simultaneously, the number of 
vermicular particles increases significantly after 10 min of isothermal coarsening, 
remaining constant for longer times. However, the number of intermediate particles 
increases linearly with coarsening time. The total number of graphite particles seem 
quite similar for all coarsening times after 10 min of coarsening. These observations 
are in agreement with the results on nodularity in the SGI samples, being the lower 
nodularity a consequence of the lower proportion of nodular particles. 

In SGI, each nodular graphite particle is the result of a nucleation and growth event. 
The slight decrease in the number of nodules in the previous results as a function of 
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coarsening time is compensated by the nucleation of intermediate graphite particles 
which have a similar nucleation mechanism but are not considered as nodules due to 
their lower shape factor. This indicates, that despite the slightly lower number of 
nodules with coarsening time the nucleation frequency of eutectic in SGI was not 
altered as a consequence of the coarsening time. Thus, the changes in nodularity are 
connected to fading of Mg rather than the morphology of primary austenite. 

The number of vermicular particles in a two-dimensional section cannot be related 
to the nucleation frequency of eutectic microstructures during the eutectic reaction 
of CGI. Eutectic austenite and vermicular graphite grow cooperatively as eutectic cells 
in CGI [13]. Thus, the number of eutectic cells will be similar to the number of 
nucleation events occurring during the eutectic reaction in CGI. Therefore, the 
number of eutectic cells is measured to study the possible influence of primary 
austenite morphology on the nucleation of eutectic cells in CGI. 

The number of eutectic cells in CGI is similar for the different samples as a function 
of coarsening time, as shown in Figure 36(c), and hence, not significantly influenced 
by the morphology of primary austenite. 

  
(a) (b) 

 
(c) 

Figure 36: Graphite particles distribution for (a) CGI and (b) SGI, and (c) number of eutectic cell in 
CGI as a function of coarsening time. 
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The similar number of nodular graphite particles and eutectic cells as a function of 
coarsening time indicates that the nucleation frequency and growth of eutectic 
microstructures in SGI and CGI are not affected by the morphology of primary 
austenite and hence by the size and morphology of the interdendritic region. 

The results of the present study are in contradiction with previous literature [110], 
reporting a relationship between the SDAS of primary austenite and the size of 
eutectic cells in LGI. The cause for this disagreement can be found in the differences 
in cooling conditions applied between the experiments. In the experiments by 
Elmquist and Diószegi [110], the cooling conditions were similar throughout 
solidification, thus promoting the coarsening of both the primary and eutectic 
microstructures. In the current work, the isothermal coarsening of primary austenite 
occurs decoupled from the eutectic reaction, which occurs under similar cooling 
conditions in the CFCE. 

The similar nodularity and shape factor of graphite particles in all CGI samples 
indicates that the morphology of primary austenite does not influence the 
morphology of eutectic microstructures. Mg fading could explain the decrease in the 
number of nodular graphite particles and nodularity in SGI samples with increasing 
coarsening time. Results from Supplement V show that the rate of Mg fade is higher 
for higher Mg contents in the alloy [117], as is the case for SGI. The isothermal 
coarsening treatment at 1161°C in SGI promotes the fading of Mg while coarsening of 
primary austenite occurs. However, the fading of Mg is lower in CGI, showing an 
asymptotic behavior until a sudden drop occurs resulting in the appearance of LGI 
[117, 130]. This explains the unaffected nodularity of the CGI samples as Mg fading is 
almost negligible during the isothermal coarsening treatment. Thus, the reason for 
the slight variation in the nodularity of SGI is not associated with the Mg fading in SGI 
and not the morphology of primary austenite. 

 Effect of coarsening of primary austenite on the ultimate tensile 
strength of hypoeutectic CGI 

In recent studies[44], the mechanical properties of LGI were modeled as a function of 
the primary microstructure. The UTS of LGI was modeled based on the size and 
morphology of the interdendritic regions assuming that they control the mechanical 
properties regardless of the size and distribution of the eutectic cells. 

Supplement VIII investigates the validity of the concept developed in [44] for 
modeling of the mechanical properties with an additional series of CFCE in CGI. The 
morphology of primary austenite is characterized using the parameters introduced 
in Supplement II on miniaturized tensile bars extracted from the fully solidified 
samples after the CFCE. 

The morphological changes occurring in the dendritic microstructure analyzed in this 
Supplement VIII, shown in Figure 37, are similar to those reported in quenched 
samples (Supplement II) and previous CFCE samples (Supplement VII). The 
microstructure is initially very dendritic, highly branched and interconnected, with 
secondary arms clearly visible, Figure 37(a). The surface area of the dendritic 
microstructure is reduced as the coarsening time increases, thus increasing the 
length scale of primary austenite which adopts a more globular microstructure that 
leads to the disappearance of secondary dendrite arms, Figure 37(d). 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 
Figure 37: Micrographs of CGI samples after (a) 0, (b) 10, (c) 30, and (d) 60 min 

of isothermal coarsening time from the CFCE. 
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These morphological changes on primary austenite are characterized by the 
coarsening parameters introduced in Supplement II which are shown in Table 7. 

SDAS, Figure 38 (a), shows a perfectly linear relation with the cube root of coarsening 
time, t / , up to 30 min. This is in good agreement with the literature [32, 35]. 
However, after 60 min of coarsening time SDAS does not fit the relationship and 
shows a large error. This could be because SDAS is measured on a random 2-D section 
of the microstructure and detached arms may move in the liquid after coarsening 
time. 

The modulus of austenite, M , increases as a result of the reduction of surface area to 
volume of primary austenite during coarsening. There is a linear relationship 
between M  and the cube root of coarsening time, t / , Figure 38 (a) in agreement 
with results from quenching experiments in Supplements II and VI [123, 131] and 
observations for other alloys [31, 41, 46, 132]. 

The hydraulic diameter of the interdendritic region, D , and the distance between 
primary austenite crystals, D , increase with increasing coarsening time, following 
both a linear relationship with the cube root of coarsening time, t / , as shown in 
Figure 38 (a). 

Summarizing, all the parameters characterizing the morphology of primary austenite 
in the CFCE show a linear relationship with the cube root of coarsening time, t / , 
except for SDAS for the longest coarsening time, i.e., 60 min. This is the typical 
Ostwald ripening relation, in agreement with the previous results from Supplement 
II and VI, and previous studies in other alloys [32, 39, 125, 126, 132, 133]. Therefore, 
shape-independent parameters describe more accurately the morphological 
characteristics of primary austenite during coarsening in both quenched and fully 
solidified samples. 

Table 7: Microstructural characteristics of the samples measured in Supplement VII. The error shows 
the standard deviation. 

Coarsening 

time min  

Primary Austenite Eutectic Cells Graphite Particles Pearlite 
UTS 

MPa  𝑓∗ 
SDAS 

[µm] 

M  

[µm] 
D  

[µm] 

D  

[µm] 
f  

EC
/mm  

Diam  

µm  

D  

[µm] 

Nodularity 

ISO %  

Fraction  

%  

L  

µm  

L  

µm  

PLS 

µm  

0 0.35±0.05 65±14 16±1 27±3 95±6 0.52±0.03 2.8±0.2 443±45 471±36 2.6±1.1 9.9±0.7 48±39 222±30 0.38±0.10 311±2 

10 0.36±0.02 102±28 20±1 35±3 127±6 0.48±0.06 2.6±0.1 459±36 483±30 1.9±0.9 10.5±0.9 50±41 246±52 0.37±0.08 298±3 

30 0.34±0.01 136±23 21±1 41±2 142±9 0.48±0.03 3.0±0.4 431±33 461±30 2.6±1.4 9.9±1.0 50±40 223±32 0.34±0.08 276±4 

60 0.37±0.03 212±53 27±1 47±5 183±5 0.51±0.02 2.8±0.5 464±33 489±34 2.9±1.1 10.6±1.1 50±42 247±46 0.33±0.11 267±4 

Micrographs in Figure 37 show that the eutectic microstructure does not show 
significant differences as a function of coarsening time as it was also observed in 
Supplement VII. Table 7 shows that the fraction ( f ), number ( EC/mm ), size 
( Diam ) and spatial distribution ( D ) of eutectic cells are not substantially 
influenced by the coarsening time. Similarly, and in agreement with Supplement VII, 
the nodularity, fraction, and the mean and maximum length of graphite do not change 
considerably with coarsening time. Thus, the characteristics of the eutectic 
microstructure in CGI are not significantly affected by the morphology of primary 
austenite. 
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These results agree with the observations from Supplement VII regarding eutectic 
microstructures in CGI, confirming that the morphology of primary austenite does 
not influence the nucleation and growth of eutectic cells in CGI and thus does not 
influence the size and distribution of eutectic cells. The similar eutectic 
microstructures for all coarsening times is a result of the similar cooling conditions 
during the eutectic reaction for a constant alloy composition. 

  
(a) (b) 

  
(c) (d) 

Figure 38: (a) Morphological characteristics SDAS, M , D , and D  as a function of coarsening 
time, (b) UTS as a function of coarsening time, (c) UTS as a function of morphological 

characteristics, and (d) UTS as a function of D
 

. Error bars show the standard deviation. 

The pearlite lamellar spacing, PLS, in Table 7, is not significantly affected by 
coarsening time. In this study, as shown in Figure 39, it can be observed that ferrite 
is surrounding the compacted graphite particles, while the pearlite is observed in the 
interior of the primary austenite in the regions far from the graphite particles. Since 
the fraction of austenite and eutectic cells are not affected by coarsening time, we can 
then expect a similar ratio of pearlite/ferrite in all micrographs. These results 
indicate that the morphology of primary austenite does not influence the eutectoid 
reaction. 
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Figure 39: Micrograph of the sample after 0 min of isothermal coarsening time. The boundaries of 

the fully observable eutectic cells are delimited. Examples of pearlite (P) and ferrite (F) regions are 
marked with arrows. 

UTS shows a linear decrease with increasing coarsening time, Figure 38 (b). 
Analyzing UTS as a function of the morphological characteristics of primary austenite 
(SDAS, M , D  and D ) we can observe in Figure 38 (c) that UTS decreases in all 
cases. As shown previously in Figure 38 (a) SDAS is not an accurate characteristic of 
the primary austenite morphology for long coarsening times, and thus, UTS does not 
correlate well, Figure 38 (c). This shows that M , D  and D  more accurately 
describe the effect of primary austenite on UTS. 

These results demonstrate the critical role of primary austenite for the mechanical 
properties of hypoeutectic CGI. For similar eutectic and eutectoid microstructures, 
primary austenite morphology controls the mechanical properties regardless of 
graphite length, eutectic cell size and PLS thus contradicting previous models. 

These observations are in agreement with the model developed by Fourlakidis and 
Diószegi [44] for pearlitic LGI. Their model uses D  in the Griffith fracture model, 
as it more accurately describes the length scale of the interdendritic region 
corresponding to the largest possible defect in the material. Figure 38 (d) shows the 
model prediction of UTS as a function of D . The model is developed based on 
experiments with simultaneous variations on the morphology of primary austenite, 
eutectic cell size, and PLS as a result of constant cooling conditions. 

However, in this study, the morphology of primary austenite has been varied during 
the isothermal coarsening time, independently of the eutectic and eutectoid 
microstructures occurring under similar cooling conditions. As can be observed in 
Figure 38 (d), the UTS is larger in the present work because of the stronger eutectic 
microstructure in CGI, a result of the different graphite morphology. At D  0, the 
material is however pure austenite, and thus the two lines in Figure 38 (d) meet. At 
the opposite end, the material is fully eutectic and shows the strength of the eutectic 
microstructure. Further experiments are required to explore the validity of this 
model in CGI. 
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 Relation between nodularity and graphite nodules 

The size distribution of graphite nodules from the SGI samples from Supplement V, 
i.e., H10-H60, is analyzed in Supplement IX. It shows a bimodal distribution [70], 
suggesting that a population of primary graphite and a second population of eutectic 
graphite nodules coexist. The third population of graphite nodules observed in 
micrographs of thick sections in previous literature [72, 73] is not observed in the 
size distribution analysis performed in this work or the analysis of the cooling curves 
[134]. 

However, the observation of these graphite nodules of smaller size is found 
repeatedly in regions of the microstructure associated with the austenite grain 
boundaries, see Figure 40. 

The small size of these graphite nodules, close the lower limit of the definition of 
graphite particles in the ISO standard [16] possibly complicates its identification in 
the size distribution analysis. Additionally, the lack of austenite around them makes 
it difficult to capture the heat extraction during their presumed fast nucleation and 
growth with our current thermal setup. 

 
Figure 40: Cross section of H10 tinted with Motz’s picric solution [104]. The diameter of an arbitrary 
primary nodule is given to emphasize scale. Arbitrary graphite nodules from the third population are 

pointed out with arrows. 

 3D Characterization of graphite spheroids 

The inconclusive results from Supplement IX regarding the third population of 
graphite nodules required further investigation. A novel characterization technique, 
including high resolution focused ion beam (FIB) 3D tomography was used in 
Supplement X to analyze the internal structure of graphite nodules. The aim was to 
test if this methodology is valid to investigate the internal structure of the third 
population of graphite nodules in future research. 

The successful results of the application of FIB–3D tomography to the 
characterization of the internal structure of graphite nodules show the presence of 
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iron particles elongated in the radial direction inside graphite nodules not visible 
using conventional metallography techniques, as shown in Figure 41. 

This might be a result of the competitive and divorced eutectic growth in SGI that 
leads to entrapment of the molten iron inside the graphite nodules. The 
reconstruction also shows a region at the center of the graphite nodule that appeared 
to have a minimum amount of Fe particles, which could be attributed to the two 
different growth mechanisms in the central and outer regions of the graphite nodule, 
see Figure 41(c). 

  
(a) (b) 

 
(c) 

Figure 41 (a) 3D reconstruction of the graphite nodule, showing the Fe particles along the 
radius direction (yellow), the voids (red) and the nucleus (blue). Graphite is transparent; 
(b) cut-through of the 3D image, showing the radial positioning of entrapped Fe particles; 
(c) two distinct regions are shown in a disk-cut of the 3D image through the center of the 

graphite nodule, representing 2 different growth stages, R1 and R2. 

Additionally, two types of micro-voids were observed inside the graphite nodule, 
Figure 42(a): 

(i) along the radial direction and associated with the presence of Fe particles, 
black features in Figure 42(b), and 

(ii) perpendicular to the radial direction and without any associated Fe 
particles around them, Figure 42(c). 

The micro-voids type (i) could be formed mainly due to the shrinkage of entrapped 
Fe inside the graphite nodule during solidification and cooling to the room 

R1 

R2 
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temperature while the type (ii) was attributed to the curved-circumferential growth 
during the early stages of graphite solidification. 

  
(a) (b) 

 
(c) 

Figure 42: a) 2-dimensional cross-section of the graphite nodule precisely at its center; the 
arrows indicate the voids; b) a binary sketch of the same cross-section, showing the Fe 

particles in yellow, the nucleus in blue, type (i) micro-voids in black and type (ii) micro-
voids in green. Most of the type (i) voids are associated with the entrapped Fe particles; c) 

the binary sketch in Fig.2b only showing the type (ii) voids perpendicular to the radial 
direction in the graphite, mostly located in the R1 (see Figure 41c also). 

These observations, performed on a primary graphite nodule in a hypereutectic SGI, 
connected with the solidification process, suggest the possibility that the third 
population of graphite nodules could show a different internal structure. Further 
investigations could help us understand the mechanism behind their nucleation and 
growth next to austenite grain boundaries presumably during the last stages of 
solidification. 
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CHAPTER 5  

CONCLUSIONS 
 

In this chapter, the conclusions from the present work have been summarized. 

Understanding the mechanisms governing the coarsening of primary structures in 
cast alloys is of significant importance to predict and tailor the final performance of 
the material and control the formation of defects. This study introduced the 
morphological characterization of primary austenite during coarsening for LGI, CGI, 
and SGI. The results of this work promoted a better understanding of the influence of 
primary austenite on the subsequent solidification. The following conclusions are 
highlighted: 

 A descriptive model covering the different steps of the coarsening process of 
primary austenite has been presented. EBSD measurements successfully 
proved the mechanisms of dendrite fragmentation and coalescence of primary 
austenite during coarsening. 

 The morphological parameters M , D , and D allow the quantitative 
characterization of the coarsening of primary austenite, showing a linear 
relationship with the cube root of coarsening time, t / , the typical Ostwald 
ripening relation. 

 A novel technique for etching and semi-automatic image analysis for the 
characterization of quenched dendritic microstructures in cast iron has been 
presented. 

The complete characterization of the coarsening process achieved in this work has 
proved that coarsening is the source of major changes in the morphology of primary 
austenite and controls the morphological evolution of primary austenite in LGI, CGI, 
and SGI. This work intends to increase the awareness on the need of including these 
morphological changes when creating models of the solidification of cast iron. 

A new experimental technique to produce cast iron with controlled nodularity under 
laboratory scale was developed during this study. Additionally, it was found that: 

 Nodularity fading decays linearly to holding time for SGI, while CGI shows a 
slower rate of reversion. The transition between SGI and CGI occurs gradually 
while the transition between CGI and LGI is abrupt. 

 The analysis of the cooling curves indicates that all the samples with a 
significant presence of compacted graphite show a similar solidification 
behavior, regardless of the final nodularity of the sample. 

 Mg fading was successfully characterized during the production of CGI and SGI 
on a laboratory scale. The relation between nodularity and residual Mg in the 
alloys was quantitatively described in this work. 
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These results will have an impact on future research on CGI and SGI solidification, as 
they will support other researchers to produce CGI and SGI alloys on demand under 
laboratory conditions. 

The eutectic microstructures of CGI and SGI were studied after coarsening of primary 
austenite, showing the small influence of primary austenite morphology on the 
subsequent eutectic microstructure: 

 The volume fraction, number and type of particles, and nodularity of graphite 
seem not influenced by the morphology of primary austenite in CGI and SGI. 

 Eutectic cells in CGI also seems independent of the morphology of primary 
austenite. 

The mechanical properties in CGI show a direct correlation to primary austenite 
morphology: 

 The coarsening parameters M , D , and D  show a direct relation to UTS 
while eutectic and eutectoid microstructures are similar. UTS decreases with 
the increasing coarseness of primary austenite. 

 These results are compared with literature results for LGI [44], validating the 
concept introduced in that study and extending its application to hypoeutectic 
CGI alloys. 

These results show the isolated effect of austenite on UTS, emphasizing the 
importance of incorporating the morphology of the primary microstructure in the 
models. 

The characterization of eutectic microstructures was further advanced in SGI: 

 The relation between nodularity and graphite spheroids was studied, and the 
presence of a third population of graphite nodules in the austenite grain 
boundaries was observed in the microstructure. 

 3D characterization of graphite nodules was performed successfully setting 
the methodology for a more in-depth study in the third population of graphite 
nodules. 

 Additionally, the application of FIB–3D tomography showed the presence of 
iron particles elongated in the radial direction and micro-voids inside a 
graphite nodule suggesting different growth mechanisms in the central and 
outer regions of primary graphite nodules. 

This methodology will be applied in future research to try to elucidate the mechanism 
behind the nucleation and growth of a third population of graphite nodules next to 
austenite grain boundaries presumably during the last stages of solidification. 
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CHAPTER 6  

FUTURE WORK 
 

CHAPTER INTRODUCTION 

In this chapter, some ideas on how to continue the future work are presented. 

There are various directions related to the performed work that can be considered as 
future routes to complement the knowledge developed in this work. The findings of 
this work could be extended in future work by exploring several research routes: 

Relation	between	nucleation	of	primary	austenite	and	properties	

The influence of nucleation of primary austenite in cast iron has received little 
attention in the literature. The possibility to inoculate primary austenite and control 
its nucleation and growth, thus tailoring the equiaxed to columnar transition, should 
be explored. This could lead to new ways of improvement of mechanical properties 
in cast iron alloys. 

Influence	of	eutectic	microstructures	and	mechanical	properties	

In continuation to work presented in this thesis, which studies the isolated influence 
of primary austenite on the mechanical properties, the influence of eutectic 
microstructures should be explored similarly to determine the contribution of 
different graphite nodularities, eutectic cells size, and other eutectic characteristics 
to mechanical properties. 

Modification	of	the	coarsening	rate	of	primary	austenite	

The morphology of primary austenite from the quenched and the fully solidified 
samples should be compared to study the differences between isothermal coarsening 
and that occurring during the precipitation of new phases. This would show the 
influence of the precipitation of new phases, microsegregation and eutectic 
microstructures on the morphology of primary austenite. This could lead to 
alternative routes to achieve a modification of the coarsening rate at different stages 
of solidification. For instance, the effect of the elements studied in this work on 
primary austenite morphology, not significant under isothermal coarsening, could, 
however, be reflected in the coarsening process at other solidification stages. 

Influence	of	primary	austenite	morphology	on	the	mechanical	properties	in	SGI	

The characterization of the morphology of primary austenite in fully solidified 
samples of SGI resulted impossible with the morphological parameters applied in this 
work. New methods to study the influence of primary austenite morphology on the 
mechanical properties in SGI should be explored in future work. 
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