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Abstract 

In the recent years there has been an increasing interest in light constructions in order to save 
weight in e.g. cars. Ductile cast iron has good mechanical properties but it is necessary to re-
duce the wall thicknesses of the castings in order to reduce the weight. Reducing the wall 
thicknesses of the casting will increase the cooling rates and by that change the conditions for 
nucleation and growth during solidification. 

Solidification of thin walled castings has been investigated experimentally using thermal ana-
lysis and metallographic examination. Castings with plate thicknesses from 1.5 to 8 mm have 
been investigated with the main focus on plate thicknesses from 2 to 4.3 mm. Both hyper-
eutectic, near eutectic and hypoeutectic melts have been investigated with the main focus on 
the hypereutectic and near eutectic melts. 

An experimental method for reproduceable temperature measurement in thin walled iron 
castings has been developed. The temperature measurements can give useful information 
about the solidification process. The measured temperature will however be about 20°C too 
low in the thinner castings (thickness ≤ 4 mm) while in an 8 mm plate the measuring error 
will be in the order of 3°C. 

Temperature measurement and metallographic examination has revealed that in thin walled 
hypereutectic castings (thickness ≤ 4.3 mm) off-eutectic austenite dendrites precipitate before 
the main eutectic reaction. Due to nucleation of graphite nodules further undercooling is ne-
cessary before the onset of the main eutectic reaction. The effect of off-eutectic austenite den-
drites was not observed in the 8 mm plates.  

The near eutectic castings have higher undercooling and recalescence than the hypereutectic 
castings. The maximum temperature after the recalescence is however similar for the thin 
plates for both the hypereutectic and near eutectic castings. The difference in undercooling 
and recalescence can be explained by differences in nucleation of graphite.   

The experimental results have been combined with 1-D numerical simulations using a solidi-
fication model that takes the precipitation of off-eutectic austenite dendrites into account. Re-
sults from the numerical model have confirmed the effect of precipitation of off-eutectic 
austenite dendrites in thin walled hypereutectic castings and have shown that nucleation and 
growth kinetics of austenite play an important role in solidification of thin walled ductile cast 
iron. 
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Danish abstract 

Igennem de senere år har der været en stigende interesse for lette konstruktioner for at kunne 
spare vægt f.eks. i biler. SG jern har gode mekaniske egenskaber, men det er nødvendigt at 
reducere vægtykkelsen på de støbte emner for at kunne reducere vægten. Mindre vægtykkelse 
på de støbte emner vil forøge afkølingshastigheden og på den måde ændre forholdene for 
kimdannelse og vækst under størkningen. 

Størkning af tyndvæggede støbte emner er eksperimentelt undersøgt ved hjælp af termisk ana-
lyse og metallografisk undersøgelse. Støbte plader med vægtykkelser på 1,5 til 8 mm er un-
dersøgt med hovedvægt på vægtykkelser på 2 til 4,3 mm. Både undereutektiske, eutektiske og 
overeutektiske støbninger er undersøgt med hovedvægt på overeutektiske og eutektiske støb-
ninger. 

Der er udviklet en eksperimentel metode til at foretage reproducerbare målinger af temperatu-
rer i tyndvægget SG jern. Temperaturmålingerne kan give brugbar information om størkne-
processen. Den målte temperatur vil dog være ca. 20ºC for lav i tyndvæggede plader (med 
tykkelser ≤ 4 mm), mens måleafvigelsen i en 8 mm plade vil være ca. 3ºC. 

Temperaturmålingerne og de metallografiske undersøgelser har vist at i tyndvæggede 
overeutektiske støbninger (tykkelser ≤ 4,3 mm) vil der dannes pre-eutektiske austenit den-
dritter før den egentlige eutektiske reaktion. På grund af kimdannelse af grafit noduler er det 
nødvendigt med en yderligere underafkøling før den egentlige eutektiske reaktion starter. Pre-
eutektiske austenit dendritter er ikke observeret i 8 mm pladerne. 

De eutektiske støbninger har en større underafkøling og recalescence end de overeutektiske 
støbninger. Den maksimale temperatur efter rekalescens er dog ens for de tynde plader for den 
overeutektiske og eutektiske støbninger. Forskellene i underafkøling og rekalescens skyldes 
forskelle i kimdannelse af grafit. 

De eksperimentelle resultater er kombineret med 1-D numeriske beregninger, hvor der er an-
vendt en størkningsmodel, som tager højde for dannelse af pre-eutektiske austenit dendritter. 
Resultaterne fra den numeriske beregninger har bekræftet effekten af dannelsen af off-eutek-
tisk austenit dendritter i tyndvæggede overeutektiske støbninger. Det er desuden vist, at kim-
dannelse og vækst kinetik af austenit spiller en stor rolle i størkningen af tyndvægget SG-jern. 
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1 Introduction 1 

1 Introduction 

Cast iron is a Fe-C-Si alloy that has been used for many years because of its price, excellent 
cast ability and relatively good mechanical properties [1.1]. One of the main reasons for the 
great cast ability is that during solidification the carbon will precipitates as graphite. When 
carbon precipitates as graphite there will be an expansion which counteracts the general 
shrinkage of the metal during solidification. The graphite will however have a laminar struc-
ture which gives some limits in the strength and elongation of the material. 

In 1948 it was discovered that by adding small amounts of Ce or Mg to cast iron the shape of 
graphite would be as spheroids instead of laminar [1.2]. This new type of cast iron was called 
spheroidal graphite iron (SG-iron) or ductile iron. This new type microstructure in cast iron 
gave an increase in both strength and elongations, which gave new possibilities in the use of 
cast iron. 

In the recent years there has been an increasing interest in light constructions. The automobile 
sector has played a leading role in this in order to save weight and by that to reduce fuel con-
sumptions of cars. Other sectors are or will follow the automobile sector in the demands or 
reducing the weight of constructions. Traditionally aluminium has been used to replace cast 
iron as an easy way to reduce weight.  

There is however still some possibilities in the development of cast iron. If it can be produced 
at the same weight as aluminium casting it will have equal or higher yield strength. In addi-
tion to that cast iron is more economical both in production and in energy consumption than 
many other materials including aluminium castings [1.3, 1.4]. The key factor for producing 
lighter constructions of cast iron is to design parts with thinner wall thicknesses and building 
up stiffness into the parts e.g. by using rips and hollow sections. By that it can be possible to 
reduce the weight of construction parts with up to 50% [1.5]. For all this the key word is thin 
walled castings.  

From a metallurgical view ductile iron is one of the most complicated materials. During so-
lidification several phases can be nucleated and the interaction of the different phases during 
growth is very complicated. The presence and amount of the different phases have the major 
influence on the final mechanical properties of the casting. It is therefore important to under-
stand how the different phases nucleate and grow during solidification in order to be able to 
control the casting process and achieve the right mechanical properties. 

In comparison to normal castings thin walled castings cool and solidify very fast. The cooling 
rate has the major influence on nucleation and growth of the different phases in ductile iron 
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and by that the presence and amount of the different phases in the final material. It is therefore 
important to understand the nucleation and solidification of thin wall ductile iron in order to 
be able to control the casting and to improve the material. 

1.1 Aim of project 

The main task of the project is to investigate the solidification process of thin walled ductile 
cast iron. The aim is to build up knowledge of how to cast thin walled ductile iron castings. 
One of the tasks in this is to understand the nucleation and growth of the different phases in 
thin wall ductile iron, so it can be possible to model the solidification process and by that to 
control the casting microstructure. 

This objective will be achieved by a literature review of solidification process of ductile cast 
iron. Experimental work will be performed to compliment the theory about the solidification 
process in thin walled castings. The experimental work will comprise casting of thin plates of 
ductile iron with varying composition and cooling rate. The different cooling conditions will 
be achieved by casting in different plate thicknesses, from 1.5 to 8 mm. The main focus will 
be on thicknesses in the range of about 2-4 mm. The influence of the different parameters will 
be investigated by temperature measurement during casting and examination of the corre-
sponding microstructure. 

The experimental results will be combined with numerical modelling of the solidification. 

As temperature measurement is an important tool in the research of solidification the project 
will also involve literature review and investigation of the possibilities and limits in using 
temperature measurement during solidification of thin walled ductile iron. 
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2 Theory 

Solidification of metals is of great importance since many components has experienced a 
melting and solidification process. One of the most important engineering materials is cast 
iron. It is an alloy of Fe with normally 3-4% C and 2-3% Si. The phase diagram of Fe-C is 
shown in Fig. 2-1. Cast iron can solidify either as stable with the phases austenite (γ) and gra-
phite or as metastable with the phases austenite (γ) and carbide (Fe3C). The stable Fe-C phase 
diagram has an eutectic point at 4.26%C. Below 4.26%C is called hypoeutectic and above 
4.26%C is called hypereutectic. 

 

Fig. 2-1 Phase diagram for Fe-C. Full line is stable and dotted line is metastable diagram [2.1] 

The addition of Si and other elements to cast iron will change the phase diagram including the 
eutectic point. This is expressed in the classically used carbon equivalent value, CEV [2.2]:  

 P330Si3170CCEV %.%.% ⋅+⋅+=  (2.1) 

The melt will be hypoeutectic when CEV < 4.26 and hypereutectic when CEV > 4.26. 

The content of Si will also have an influence on the austenite-liquidus and graphite-liquidus 
temperature. Based on calculations in Thermocalc in [2.3] Lazace et.al. have found that for 
less than 5 w% of Si the austenite liquidus line can be calculated by [2.4]: 

 [ ] ( )Si%23.0C%3.971569CTAL +⋅−=°  (2.2) 

and the graphite liquidus temperature TGL can be calculated by: 
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 [ ] ( ) 5.534Si%28.0C%389CTGL −+⋅=°  (2.3) 

This will give a slightly different equation for carbon equivalent CE: 

 Si%278.0C%CE ⋅+=  (2.4) 

The eutectic valley will be at CE = 4.34 instead of 4.26. 

The eutectic temperature Teut will be: 

 Si%67.47.1153Teut +=  (2.5) 

The metastable eutectic temperature Tmet can be calculated by [2.5]: 

 [ ] Mn3Si151148CTmet %% ⋅+⋅−=°  (2.6) 

The difference between the stable and metastable temperature in a pure Fe-C alloy is about 
6ºC. If the temperature during solidification comes below the metastable temperature the so-
lidification will change from stable to metastable. Different elements will affects this dif-
ference between the two temperatures, see Fig. 2-2. The most important of these is Si, which 
increase the stable and decrease the metastable eutectic temperature. 

 

Fig. 2-2 Influence of different elements on stable and metastable eutectic temperature 

Effects of various elements in ductile iron are shown in Table 2-1. 
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2.1 Nucleation 

Solidification of metals is a transformation from the amorphous liquid phase to a crystalline 
solid phase, which normally will happen during cooling. This involves rearrangement of the 
atoms, which requires a transfer of atoms from the liquid phase to the solid. Before that can 
happen it is necessary that some solid phase already exist. Therefore some stable regions of 
atoms have to be form before the solidification process can start. The creation of this first sta-
ble regions or clusters is called nucleation. Without nucleation the solidification process will 
not start and continuous cooling will lead to a glass phase. 

2.1.1 Homogeneous nucleation  

The formation of clusters of atoms in liquid is a result of thermal fluctuations. When a cluster 

is formed there will be a change in the free energy ΔG. The free energy is a function of two 

different energies. One is the volume free energy, ΔGv, due to the change in structure. The 

other is a surface energy, ΔGi, due to the creation of a new interface between the two phases. 
The change in free energy can be written as: 

 23
iv rr

3
4gAgVGGG σπ+πΔ=σ+Δ=Δ+Δ=Δ  (2.7) 

where r is radius of cluster, Δg is difference in volume free energy between the two phases, σ 
is the surface energy between the two phases.  

Volume free energy, Δg, is a function of temperature, see Fig. 2-3. Close to the freezing tem-

perature it can be assumed that Δg is proportional to undercooling ΔT. Above freezing tem-

perature, Tf, the Δg will be positive and the total free energy the cluster will be positive inde-
pendent of the radius. The cluster will therefore not be stable above the freezing temperature. 

Below the freezing temperature the Δg will be negative but there will still be a positive sur-
face energy. As the volume energy is proportional to the cube of cluster radius and surface 
energy to the square of radius, the cluster must have a minimum radius r0 before it is stable, 
see Fig. 2-4. The minimum radius will be equal to: 

 
g

2r0

Δ
σ

−=  (2.8) 

The number of required atoms will be: 
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Table 2-1 Effects of various elements in ductile iron [2.1, 2.6-2.11] 

Maximum for 
matrix 

El
em

en
t 

Ty
pi

ca
l 

am
ou

nt
 

Positive effect Deleterious effect 

 [wt%] Fe
rr

ite
 

Pe
ar

lit
e 

  
“Spheroidizing elements” 

Mg 0.03-
0.05 

  Is a deoxidizer and desulphurizer and cause C 
to form spheroids. Decrease the metastable 
eutectic temperature  

High content promotes dross defects and 
carbides, low content compact graphite. 
Fades at high temperature. Decrease the 
stable eutectic temperature. 

Rare 
earths 

RE 

0.0-
0.30 

About 
0.035 

About 
0.035 

Inoculants containing Bi and RE have the 
greatest effect in thin wall sections; decrease 
the amount of carbides. Increases nodule count 
and quality in combination with Mg; 
neutralizes subversive elements such as Pb, 
Sb, Bi and Ti 

Excess promotes carbides in thin sections 
and chunky graphite in heavy sections  

Ca <0.01   Increase nodule count and improves nodule 
quality; optimises inoculation. Reduces rate of 
fading of Mg. Reduces the violence of FSM-
treatment alloys when present. 

Can give problems with slag. Cancels the 
effect of Sr. 

Ba <0.01   Increase nodule count; optimises inoculations.  
Ce Up to 

0.01 
  Cause C to form spheroids. Improves Mg 

recovery. Neutralize undesirable trace 
elements. Has a lower reaction rate and fades 
more slowly than Mg. 

Mg compared to Ce is more adaptable and 
economical. Promote chunky graphite in 
heavy sections. Is a strong carbide former 
if used in excess. Ce decrease the eutectic 
temperature. 

“Primary elements” 
Si 
 

1.8-3.0 1.8-3.0 1.8-
2.75 

Is a deoxidizer. Increase graphitization 
potential, increase the stable and decrease the 
metastable eutectic temperature, refines 
graphite distribution, promotes ferrite. High 
content: Helps to avoid carbides in thin 
sections. 

Segregate negatively. Negative effect on 
strength by promoting ferrite. Increase nil-
ductility temperature. 

C 3.0-4.0 3.0-4.0 3.0-4.0 Is a deoxidizer. Graphite expanse during 
solidification.  

C>3.8%: danger of graphite flotation, 
especially in heavy sections. Low content: 
problems with carbides in thin sections. 

P < 0.05 <0.035  <0.05  Promotes pearlite. Kept as low as possible. Carbide-forming and segregate positively. 
S < 0.02 <0.02  <0.02  For small variations: No influence on 

elongations and strength. Combines with Mg 
and RE giving small inclusions that serves as 
nucleation particles. 

Limits efficiency of magnesium treatment 
process. If desulphurized of level below 
0.006% SG are less responsive to spheroid-
zation, exhibit lower nodule counts and ha-
ve a higher tendency for carbide formation 

Mn 0.0-1.2 < 0.2 < 1.0 Promote pearlite. Decrease the metastable 
eutectic temperature. 

Moderately strong carbide promoter. 
Segregate positively. Affect nucleation 
adversely. Decrease the stable eutectic 
temperature. 

“Alloying elements” 
Ni 0.01-

2.00 
As low 

as 
possible 

Specifi-
cation 

Promote pearlite. Reduce chilling and 
carbides. Increase stable eutectic temperature 
and decrease metastable eutectic temperature. 
Minimize variations in mechanical properties 
between thin and thick.  

Segregate negatively. 

Cu 0.01-
0.90 

<0.03  Specifi-
cation 

Promotes pearlite. Combined with Mo gives a 
great hardenability effect. A graphitizer – 
partial replacement for Si to minimize chilling 
without promoting free ferrite. Increase the 
stable eutectic temperature and decrease to 
metastable eutectic temperature. 

Only refines pearlite weakly. If not using 
high purity Cu can give problem with Pb, 
arsenic, tellurium, tin and H. 

Mo 
 

0.01-
0.75 

<0.03  Specifi-
cation 

Graphite-promoting. Combined with Cu, Ni 
and Cr gives a great hardenability effect. 
Decrease the metastable eutectic temperature. 

Carbide-forming. Segregate positively. 
Excess promotes intercellular carbides.  
Decrease the stable eutectic temperature. 
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“Deleterious elements” 
Te <0.005 <0.02  <0.02  0.002% Te reduce the tendency to form pin-

holes in thin castings. Improves nodularity in 
heavy sections. Te is reduced during melting 
so there is no risk of an undesired pile-up. 

Promotes spheroid degeneration in absence 
or RE. Very strong carbide former. 

Al 0.003-
0.06 

<0.05  <0.05  Is a deoxidizer. Increase the stable eutectic 
temperature and decrease to the metastable 
eutectic temperature. 

Promotes subsurface pinholes porosity and 
dross formation. 0.01% is enough to cause 
pinholes. Promotes vermicular graphite, 
effect greater in heavy sections. 

Ti <0.07 <0.03  <0.07  Kept as low as possible  Carbide-forming. Segregate positively. 
Promotes vermicular graphite. Decrease 
the stable eutectic temperature and increase 
the metastable eutectic temperature. 

Sb <0.005 <0.001  <0.001  < 0.03%: Excellent pearlite promoter, barrier 
to C diffusion. Counteracts chunky graphite in 
heavy sections 

Excess additions can lead to embrittlement. 
Nodule degeneration at high levels when 
RE are not present 

Pb  <0.002  <0.002  Kept as low as possible  Promote nonspheroidal graphite. Very 
strong carbide former especially when Ti is 
present. 

Bi <0.01 <0.002  <0.002  Inoculant containing Bi and RE have the 
greatest effect in thin wall sections, decrease 
the amount of carbides. Increase nodule count 
and quality when RE are present. Increase the 
pearlite content. 

Promotes vermicular graphite in absence of 
RE.  Strong carbide former and Ti accele-
rate this tendency. Bi is not reduced during 
melting which causes a gradual pick-up if 
the ductile return consists of more than 
50% of the charge in the melt. 

Zr <0.01 <0.1  <0.1  Kept as low as possible. Used in some 
inoculants to facilitate an inoculating effect by 
means of Zr-C carbides. 

Promotes vermicular graphite. Zr increases 
the solubility of hydrogen with risk for pin-
holes. 

Sr <0.01   Increase nodule count, optimizes inoculation. Effect of Sr is cancelled by Ca 
“Carbide and pearlite forming elements” 

Sn <0.1 <0.01  <0.1 0.04-0.1%: Excellent pearlite promoter. If 
large difference in cooling rate small addition 
of Sn (<0.08) together with Cu gives higher 
pearlite content in heavier sections and by that 
more homogenous matrix.  

Excess additions can lead to embrittlement. 
At levels >0.10% forms intercellular 
structure with flake graphite. Ti increases 
the effect. 

V <0.03 <0.04  <0.05  Potent hardenability element and a mild 
pearlite promoter. 

Segregate positively. Strong chill and car-
bide forming. Retards annealing. Decrease 
the stable eutectic temperature and increase 
the metastable eutectic temperature. 

Cr < 0.05 <0.04  <0.10  Keep as low as possible  Carbide-forming. Segregate positively. 
Carbides resistant to annealing. Decrease 
the stable eutectic temperature and increase 
the metastable eutectic temperature. 

B < 
0.0005 

<0.002  <0.002  Kept as low as possible.  Promotes carbides. Forms intercellular 
carbides that resist annealing. 

As <0.01 <0.02  <0.05  About 0.08% required for pearlitic matrix Carbide-former together with Ti. 
W <0.04 <0.04  <0.05  Forms very stable carbides. Keep as low as 

possible. 
Retards annealing. 

Nb <0.04 <0.04  <0.05  Forms very stable carbides. Keep as low as 
possible 

Retards annealing. 

“Gaseous elements” 
O <50 

ppm 
~30 
ppm 

~30 
ppm 

Kept as low s possible. Combines with Mg 
and RE giving small inclusions that serves as 
nucleation particles. 

 

H 2-
15ppm 

~3 ppm ~3 ppm Kept as low as possible. Promotes centreline carbides and inverse 
chill; promotes pinholes. 

N <100 
ppm 

<45 
ppm 

<45 
ppm 

Kept as low s possible. Mild carbide forming tendency; may 
contribute to porosity. 
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where v’ is the volume of 1 atom. 

The energy barrier for nucleation will be: 
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Homogeneous nucleation will in general require a very large undercooling, typically more 
than 200°C.  

 

Fig. 2-3 Free volume energy as function of 
temperature 

 

Fig. 2-4 Free energy as function of radius [2.12] 

 

2.1.2 Heterogeneous nucleation 

Homogeneous nucleation will require higher under-
cooling than found normally in castings.  

Instead nucleation will occur on e.g. particles in the 
melt or on the mould wall. This is known as heteroge-
neous nucleation. Here a part of the solid/liquid inter-
face is replaced by an area of low-energy solid/solid 
interface between the crystal and a foreign particle, see 
Fig. 2-5. 

The wetting angle between cluster and particle will be: 

 ( )
lc

cplp

σ
σ−σ

=Θcos  (2.11) 

 

Fig. 2-5 Nucleation on particle [2.12] 
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Both the energy barrier, ΔGn
0, and number of atoms involved in the cluster, n0, will be re-

duced by a factor f(Θ): 
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The radius r of the cluster will not be affected by the angle Θ.  

If Θ = 0° there will be no nucleation barrier and growth of solid can immediately occur. If Θ 
= 180° there will be no wetting and the situation corresponds to homogeneous nucleation. 

Bramfitt [2.13] has found that the undercooling for nucleation of pure iron corresponds to the 
disregistries between the lattice of the nucleation particle and iron by: 
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where δ1, δ2 and δ3 are the disregistries calculated along the three lowest-index directions 
within a 90° quadrant of the planes of the nucleated solid and the nucleation particle. Low 
disregistries will normally give coherent/semi-coherent interface between nucleated cluster 

and particle and by that a low interface energy, σcp. 

Another approach to nucleation is based on relative interfacial energy between nucleation 

particle and liquid, σlp, and between cluster and liquid, σlc. If σlc > σlp the energy of the sy-
stem would be lowered if the nucleation particle is coated by a thin coherent or semi-coherent 
layer of the nucleated phase. Sundquist and Mondolfo [2.14] have made experiments with 
binary alloys. They found that in several cases the one phase could nucleate on the other but 
not opposite. An example was the Pb-Sn system. In the presence of primary Sn-phase the un-
dercooling for nucleation of Pb-phase was less than 1°C, while in absence of Sn-phase the 
undercooling was larger. However there was only minor difference on the undercooling for 
nucleation of Sn-phase whether presence of primary Pb-phase or not. This could also be seen 
on the microstructure. The presence of primary Sn-phase was showing a eutectic radiating 
from the primary Sn-phase. In the presence of primary Pb-phase there was no relation be-
tween eutectic and primary Pb-phase. This behaviour can be explained by the relative interfa-
cial energy and not by normal heterogeneous nucleation theory.  
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From experiments Sundquist and Mondolfo in general found that metals with “complex” 
structure are difficult to nucleate but are good nucleating agents. Metals with simple structure 
are easy to nucleate but are poor nucleating agents. Metals with complex structure probably 
have high anisotropy in surface energy. If this is the case there will be planes with consider-
able higher solid-liquid interfacial energy, which can be favourable for nucleation of other 
phases. 

However the disregistries should still be small in order to get a coherent or semi-coherent in-
terface between the two phases. Otherwise the interfacial energy between nucleating particle 

and nucleated cluster will be too large so cos(Θ) < -1 and then no heterogeneous nucleation 
can take place.  

2.1.3 Nucleation in cast iron 

During solidification of normal cast iron at least two phases have to be nucleated. In case of 
stable solidification austenite and graphite have to be nucleated. In case of metastable solidifi-
cation austenite and carbide (Fe3C) have to be nucleated. Sometimes all three phases are nu-
cleated and grow during solidification of cast iron. 

2.1.3.1 Nucleation of austenite 

Nucleation of austenite has not received must attention compared with nucleation of graphite 
[2.15]. Different nitrides, carbonitrides and carbides of various elements such as Ti and V 
may act as nucleating particles for austenite [2.16]. In hypoeutectic cast iron with cooling 
rates of 5-20°C/min primary austenite was nucleated at undercooling of 12-17°C [2.17]. A 
short holding time before cooling or low cooling rates gave the lowest undercooling and equi-
axed solidification in the middle of the casting while the opposite gave columnar growth from 
the mould wall. Both mould wall and particles in the melt could act as nucleating agents. 

According to Mizoguchi and Perepezko [2.18] graphite and γ-iron has a coherent interface 
between the (0001) plan of graphite and (111) of austenite, which should give a good wetting 
and possibilities for nucleation. From experiments with hypereutectic cast iron with cooling 
rate of 20°C/min they found that primary graphite could nucleate austenite at undercooling of 
about 20°C. In hypoeutectic casting they received undercooling of 220-430°C. This indicates 
that austenite can nucleate on graphite but not opposite. This could be explained by the rela-
tive surface energy between liquid and austenite and graphite respectively. Between austenite 

and liquid they suggest σγL = 0.28 Jm-2 and between graphite and liquid σgL = 0.4~0.5 Jm-2. 

As σgL > σγL it can explain why austenite can nucleate on graphite but not opposite. In addi-
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tion to that austenite has a simple structure while graphite has a complex structure. It is there-
fore possible that graphite has planes with high interfacial energy with respect to liquid giving 
some favourable places for nucleation of graphite. 

2.1.3.2 Nucleation of graphite 

Nucleation of graphite spheroids in ductile iron is more complicated. Many different com-
pounds have been found in the middle of graphite spheroids, many of them involving dif-
ferent types of magnesium oxides and sulphides and having a diameter of about 1 µm [2.15]. 

Skaland et al. have found that in ductile iron the graphite nodules are nucleated on inclusions; 

see Fig. 2-6 [2.19]. The inclusions consist of MgO⋅SiO2 or 2MgO⋅SiO2, which are products 
from the Mg-treatment of the melt. The inclusions had a diameter of about 1 µm. After the 
inoculation with X,Al-containing ferrosilicon (X = Ca, Sr or Ba) the surface of the inclusions 
are modified. The modification of the surface of the inclusions will enhance the nucleation 
potency with respect to graphite as they allow coherent or semi-coherent interfaces between 
graphite and inclusions.  

It can be noted that the inclusions have a complex structure, which corresponds with the 
theory of Sundquist and Mondolfo that phases with complex structure will be good as nuclea-
ting agent. 

 

Fig. 2-6 Inclusions for nucleation of graphite in ductile iron [2.19] 

2.1.4 Rate of nucleation 

When an undercooling has been reached where nucleation can occur, the rate of nucleation 
can be found by: 
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where I is the number grains nucleated in a given volume and time, ΔGD is an activation ener-

gy for transfer through the liquid/solid interface, kB is Boltzmann’s constant (=1.38×10-23 
J/K). 

As ΔGn
0 varies with 1/TΔT2 and ΔGD with 1/T, the latter one will be almost constant at small 

undercooling and will therefore not have an influence on the nucleation rate. In the case of 
small undercooling, the nucleation rate can therefore be written as: 
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The undercooling before a sufficient nucleation rate has been reached will therefore depend 

on the surface energy of the nucleated cluster, σ, and wetting angle, Θ, by: 

 ( )Θσ=Δ fKT 3
2

2  (2.16) 

As there probably will be some small differences on the surfaces the different nucleating par-
ticle it can be reasonable to say that they are activated at different undercooling. Assuming the 
nucleation only occurs in the beginning of the solidification when fraction solid is small, Old-
field has proposed that that the number of activated nuclei, N, in cast iron depends on under-
cooling by [2.20]: 

 nTμN Δ⋅=  (2.17) 

where n and µ are fitting parameters. n will normally be between 1 and 2. This will give the 
nucleation rate: 

 ( )
dt
dTTn

dt
dN 1n−Δμ−=  (2.18) 

In some cases, e.g. in ductile cast iron, nucleation can also occur at the last part of the 
solidification. Therefore equation (2.18) has later been modified by taking into account the 
residual volume fraction of liquid f l [2.21]: 

 ( )
dt
dTfTn

dt
dN l1n−Δμ−=  (2.19) 

2.2 Growth morphology 

Once a nucleus is formed, it will start to grow. The growth will be limited by: 

- The kinetics of atom attachment to the interface 

- Capillarity 
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- Diffusion of heat and mass 

These different factors involved in the growth will lead to different growth morphology and 
will give different microstructure. 

2.2.1 Non-faceted and faceted growth 

The growth can be divided into two different classifications. It can faceted or non-faceted, see 
Fig. 2-7. Metals (such as austenite in cast iron) usually solidify with macroscopically smooth 
solid/liquid interface, but a rough interface at atomic scale. This interface will expose a lot of 
favourable sites for attachment of atom from the liquid (see Fig. 2-8). With non-faceted 
growth atomic attachment to the solid will be independent of the crystal plane. A slight ten-
dency of anisotropy growth will normally remain which then can decide the direction of den-
drite trunk and arm. 

 

Fig. 2-7 Non-faceted (a) and faceted growth (b) [2.12] 

 

Fig. 2-9 Fast growing plans can disappear. Growth 
will then be governed by slow growing planes. a) (111) 
planes grow slover than (100). b) (110) planes grow 
slower than (100) planes. [2.12] 

 

Fig. 2-8 Growth of faceted and non-faceted [2.12] 

Substances that exhibit complex crystal structure and directional bonding will grow as 
crystals with planar and angular surfaces, facets. An example of faceted growth is graphite in 
cast iron. In faceted growth there will, at atomic scale, be a flat interface between solid and 
liquid. Such a surface will only expose few bonds to atoms arriving from the liquid. 

In faceted growth the growth rate will normally be different in the different directions. High-
index planes tends to be rougher and to contain many steps compared to low-index planes. As 
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many steps are favourable for atomic attachment the high-index planes can have higher 
growth rate compared to low-index planes. This could lead to disappearance of higher index 
planes leaving the crystal growth bounded by the slowest growing planes, see Fig. 2-9. 

2.2.2 Growth of austenite 

Assuming that solidification has started with a planar front. Then, as growth proceeds, fluc-
tuations of atoms been attaching to the solid phase perturbations of solid/liquid interface will 
occur. If the perturbations are amplified the morphology is unstable and if the perturbations 
are dampened the morphology is stable. 

In case of a pure substance the heat flow can be in the opposite direction of the growth direc-
tion (a positive temperature gradient), see Fig. 2-10a, or the heat flow can be in the same 
direction as the growth (a negative temperature gradient), see Fig. 2-10b. The positive 
temperature gradient corresponds to the situation where the growth has started on the mould 
wall and the heat is therefore extracted through the solid phase to the mould. The negative 
temperature gradient corresponds to growth of a solid phase surrounded by liquid, and the 
heat is therefore extracted through the liquid.  

 

Fig. 2-10 Growth of a pure substance [2.12] 

 

 

Fig. 2-11 Solute concentration in liquid at 
solid/liquid interface [2.12] 

The temperature at the solid/liquid interface is assumed to be held at the freezing temperature 
Tf. In case of a positive gradient a perturbation will experience a higher temperature gradient 
in the liquid and a lower gradient in the solid, see Fig. 2-10a. As heat flow is proportional to 
the temperature gradient more heat from liquid will flow into the perturbation and less heat 
out of it to the solid. It will therefore melt back and the planar interface is stabilized. 

In the opposite case of a perturbation on a sphere growing in the liquid will experience a 
higher temperature gradient, which allows it to reject more heat to the liquid, see Fig. 2-10b. 
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As a result the local growth rate is increased and interface is morphology unstable. As criteria 
the interface will be morphology unstable when: 

 0
dz
dT

<  (2.20) 

In case of an alloy, like austenite in cast iron, another factor will influence the stability of the 
interface morphology. As carbon has a distribution coefficient less than unity, carbon will be 
rejected to the liquid during growth of austenite. This will give a carbon-enriched boundary 
layer in front on the solid/liquid interface, see Fig. 2-11. During steady-state growth the car-
bon concentration in the liquid can be calculated by: 
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where V is the growth rate of the interface and DC
L is the diffusion coefficient of carbon in 

liquid. 

The concentration gradient of carbon in liquid at the interface will be: 
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The build up of carbon in front of the 
austenite will give an increase in the 
liquidus temperature, TL, see Fig. 2-12. The 
actual temperature Tq of the liquid is 
however governed by heat flow. Therefore 
there can exist a zone in front of the liquid-
solid interface where Tq < TL, see Fig. 2-12. 
This zone is called constitutional under-
cooling. There will therefore be a driving 
force for development of perturbations in 
this volume as for the pure substance 
shown in Fig. 2-10. The planar interface between liquid and solid will therefore only be stable 
if: 

 
dz
dT

dz
dT qL ≤  (2.23) 

This can also be written as: 

 

Fig. 2-12 Constitutional undercooling in alloys [2.12] 
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where m is the liquidus slope, k is the distribution coefficient and V is the growth rate. 

Assuming that in cast iron m = -97.3 °C/wt% and k = 0.47 [2.4] and DC
L = 0.02 mm2/s [2.12] 

the minimum stabilising temperature gradient as function of growth rate are shown in Fig. 
2-13. Note that in directional growth processes a temperature gradient of 20°C/mm is con-
sidered to be high.  

 

Fig. 2-14 Sinusoidal perturbation 

 

0

50

100

150

200

0,000 0,005 0,010
Growth rate [mm/s]

dT
/d

z 
[°

C
/m

m
]

C0 = 4 w t%

C0 = 3 w t%

 

Fig. 2-13 Minimum stabilising temperature gradi-
ent for growth of austenite in cast as function of 
growth rate 

 

 

Fig. 2-15 Relative growth of perturbation depend-
ing of wavelength, λ, and two different tempera-
ture gradients, G1 or G2 [2.22] 

Making an analysis of a sinusoidal perturbation (Fig. 2-14) taking into account the curvature 
and diffusion of elements will show that the growth rate, εε /& , will depend on the wavelength 
of the perturbation, λ, see Fig. 2-15. At small λ the curvature effect will dampen the perturba-
tion and at high λ the diffusion of elements over large distance will dampen the perturbation. 

The perturbation will develop into a dendritic tip having a paraboloid shape. The surface of 
this dendritic tip can be unstable too and secondary dendritic arms and sometimes even ter-
tiary dendritic arms can be developed, see Fig. 2-16. The distance between the secondary den-
drite arms, λ2, will increase during solidification because of the ripening effect. The dendrite 
arms with smaller diameter will due to the higher curvature have a lower melting temperature 
and therefore will they melt again, see Fig. 2-17. The longer solidification time the more time 
for dissolving the small dendrite arms and transfer the material to the larger dendrite arms. It 
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has been found that the distance between the secondary dendrite arms λ2 is depending on the 
solidification time, tf, by: 
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Fig. 2-16 Growth of dendrites from tip to root [2.12] 

       

Fig. 2-17 Increasing of λ2 with increasing time, 
as small secondary dendrite arms will melt of 
dissolve due to the curvature effect [2.12] 

 

2.2.3 Growth of graphite 

Graphite has a hexagonal structure, see Fig. 
2-18, with strong bonds between the atoms in 
the same layer and weaker bonds between the 
layers. The graphite crystal has a high aniso-
tropy and will grow in a faceted manner. In 
cast iron carbon can precipitates as graphite in 
different sharp during solidification. It can 
gradually change from growing in a–direction 
as flake graphite to grow in c–direction as 
spheroidal graphite, see Fig. 2-19. The type of 
graphite growth seems to be governed by the 
amount of impurity like O and S in the melt. 

 

Fig. 2-18 Crystal structure of graphite [2.15] 
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Experiments with solidification of high purity Fe-C-Si alloys have shown that by nature the 
growth types will be as spheroidal graphite [2.23]. By nature the growth rate in c-direction Vc 
will be higher than Va. However surface-active elements like oxygen and sulphur will react 

with the ]0110[  plan and change the growth rate so Va > Vc. Under normal conditions both 

oxygen and sulphur will be present in the melt and the result will be flake graphite like in grey 
iron. 

The effect of nodularisers like Mg will be to scavenge the melt of oxygen and sulphur as Mg 
has a high reactivity with these elements. The result will be spheroidal graphite like in high 
purity melt.  

 

Fig. 2-19 Change of growth of different graphite types [2.15] 

 

Fig. 2-20 Star-like branching of graphite [2.24] 

 

Fig. 2-22 Circumferential growth of graphite [2.23] 

 

 

Fig. 2-21 Growth of graphite by conical helix [2.25] 

Several models on the spheroidal growth of graphite have been proposed.  Lux et. al [2.24] 
have proposed a model with a star-like branching of a graphite prism growing in c-direction, 
see Fig. 2-20. Double and Hellawell [2.25] have proposed a model where a numerous of coni-
cal helixs is growing from the same centre. Step for growing can be found on the conical helix 
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or at the boundaries between the different crystal segments, see Fig. 2-21. Sadocha and 
Gruzleski [2.23] have proposed a more simple model with circumferential growth from a 
centre point. The growing steps run into each other are forming new boundaries on the sur-
face. From these boundaries new steps can develop and grow over the surface. 

2.2.4 Eutectic solidification 

Eutectic solidification is characterized by simultaneous growth of two or more phases from 
the liquid. The morphology of eutectics can be different, see Fig. 2-23. If both phases are non-
faceted it will be a regular eutectic. If one of the phases is faceted like graphite in cast iron, 
the eutectic will be irregular. If the volume fraction of the one phase is less than 0.28 it will 
typically be fibrous, otherwise it will be laminar. However grey cast iron will have a lamellar 
structure although the fraction of graphite is less than 0.28. This is because of the strong an-
isotropy of growth of graphite and the interface energy plays an important role. 

Because of the strong anisotropy of graphite the spacing between the graphite lamellae, λ, will 
vary between λe and λb, see Fig. 2-24. If the spacing becomes too small one of lamellae will 
stop to grow and if the spacing becomes too large new lamellae will be nucleated. 

 

Fig. 2-23 Transverse cross sections of different 
types of eutectics, depending on fraction of 
phase β, or if it is regular or irregular [2.12] 

 

Fig. 2-24 Irregular growth, e.g. as grey cast iron. The 
spacing λ is between λe and λb [2.12] 
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Common for most of the commercially used 
eutectics is that the two phases are growing side 
by side both having a common interface with the 
liquid. However for ductile iron this is not possi-
ble since one of the phases, graphite, is growing 
as spheroids. This has been called divorced 
growth or divorced eutectic as the two phases do 
not have common interface with the liquid. The 
growth of graphite and austenite during solidifi-
cation of ductile iron is normally modelled by 
that the graphite spheroid is surrounded by an 
austenite shell, see Fig. 2-25. The graphite sphe-
roid will grow by diffusion of carbon through the austenite shell. The growth will then be 
governed by diffusion by: 
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where rx is radius of x-phase, ρx is density of x-phase, D is diffusion coefficient and Cx/y is 
concentration of carbon in x-phase at the x-y interface. Superscript g and γ are graphite and 
austenite respectively. 

Is has been found that: 

 gr42r .=γ  (2.27) 

Researches have however shown that auste-
nite dendrites play an important role in solidi-
fication of ductile iron, even in hypereutectic 
iron [2.26, 2.28, 2.29, and 2.30]. A more ac-
curate description of the solidification will 
therefore be that graphite spheroids and au-
stenite dendrites nucleate separately, see Fig. 
2-26. Limited growth of graphite occurs in contact with liquid. At some point the graphite 
spheroids will be encapsulated by the austenite dendrite or an austenite shell will nucleate on 
the graphite spheroids. Further growth of graphite will occur by diffusion of carbon through 
austenite.  

 

Fig. 2-25 Growth of graphite spheroidal by 
diffusion of carbon through austenite shell 
[2.26] 

 

Fig. 2-26 Growth morphology of directionally 
solidified ductile iron [2.27] 
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2.2.4.1 Metastable eutectic 

In case of the temperature during solidification intersect the 
metastable temperature carbides can be nucleated giving a 
metastable eutectic, also called ledeburite eutectic. The 
metastable eutectic can have two different structures, see 
Fig. 2-27. One is edgewise growth with Fe3C plates with 
austenite in between where Fe3C is the leading phase. The 
other is a sideways cooperative growth where austenite has 
a needle like structure in the Fe3C phase. Edgewise growth 
is more rapid than sideways mode. The edgewise growth 
occurs rapidly once the Fe3C has been nucleated. 

2.3 Solute redistribution 

During solidification of an alloy the solid/liquid interface rejects solute into the liquid, which 
will give an increase in concentration in liquid as shown in Fig. 2-11. Having a planar 
solid/liquid interface the solidification will have three steps, see Fig. 2-28. 

 

Fig. 2-28 Macro segregation during solidification of alloy [2.12] 

 During an initial transient solute concentration will be build up in front of the solid/liquid 
interface. The initial transient will continue until a concentration of C0/k has been reached in 

 

Fig. 2-27 Solidification morphology 
of metastable eutectic [2.1] 
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the liquid at the liquid/solid interface. At the steady state the concentration in the solid will be 
equal to C0 and the boundary layer of solute in liquid will have a constant profile. Finally the 
length of the boundary layer will be equal to the length of the remaining system and diffusion 
in liquid will be hindered by system boundary. Thus the concentration of solute in liquid will 
increase and the same will it in the solid. At some time the concentration in liquid can reach 
the eutectic composition and the remaining liquid will solidifies as eutectic.  

In normal alloy casting there will not be a planar front but it will have a dendritic morpho-
logy. The majority of the solute can in this case be entrapped in between the dendrites and not 
rejected to the front. This will give a mushy zone, see Fig. 2-29. 

In presence of secondary dendrite arms the volume for derivation of segregation will only be 
a small rod with half length of the secondary dendrite arm spacing as shown in Fig. 2-29.  

 

 

Fig. 2-29 Micro segregation in dendrite growth 

         

Fig. 2-30 Segregation with perfect mixing in both 
liquid and solid giving the Lever rule 

Assuming perfect mixing in both liquid and solid the situation will be as in Fig. 2-30. During 
the solidification the concentration in solid will be: 

 ls kCC =  (2.28) 

Applying a mass balance it will give the Lever rule: 
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Using the Lever rule there will be no concentration gradient at the end of solidification but 
during solidification there will be a difference between concentrations in liquid and solid. 

At the other extreme it is assumed that there is perfect mixing in liquid and no diffusion in 
solid, see Fig. 2-31. This will give Scheil’s equation: 
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This will give an increase of concentration in both liquid and solid during solidification. At 
some point the concentration in liquid will be so high that the remaining liquid solidifies as 
eutectic.   

         

Fig. 2-31 Segregation with perfect mixing in liquid 
and no diffusion in solid giving the Scheil's equa-
tion 

          

Fig. 2-32 Segregation with perfect mixing in liquid 
and some diffusion in solid 

 

In practice there will be more or less diffusion in solid, which will increase the concentration 
in solid during solidification, see Fig. 2-32. A classical approach to this has been derived by 
Brody and Flemings: 
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The model has been modified by Clyne and Kurz so that the mass is conserved when the dif-
fusion boundary layer reaches the starting point of solidification (equal to the centre of den-
drite). The diffusion parameter, α, is replaced by a modified diffusion parameter: 
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The model reduces to Lever rule when α = 0.5 and to Scheil’s equation when α = 0. 
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2.3.1 Segregation in cast iron 

2.3.1.1 Graphite 

In the beginning of solidification of hypoeutectic cast iron austenite will grow and carbon will 
be rejected to the liquid. Diffusion of carbon in austenite is so high that the Lever rule is gene-
rally used when calculating segregation of carbon. At some point the eutectic point will be 
reached, graphite will be nucleated and the remaining liquid will solidify as eutectic. 

2.3.1.2 Other elements 

The segregation of Si and other minor ele-
ments in cast iron is very important since the 
presence of these elements in liquid affects the 
stable and metastable temperature, see Fig. 
2-2. Carbide stabilizing elements will segre-
gate to cell boundaries while graphitization 
elements will segregate away from these areas. 
During solidification the stable temperature will decrease and the metastable temperature will 
increase, see Fig. 2-33. It is therefore possible that the cooling curve during the solidification 
will intersect the metastable temperature and the solidification will transform from stable to 
metastable eutectic. 

2.4 Casting of thin wall ductile iron 

Thin wall castings are characterised by high cooling rates because of a small volume to sur-
face-area ratio. This can result in two different casting defects: 

1. Misrun during mould filling because the melt solidifies before end of mould filling 

2. Formation of carbides during solidification because the high cooling rates do not allow 
time for nucleation of graphite. Therefore the temperature reaches the metastable 
eutectic temperature before the arrest of the stable eutectic. 

Several things can be done to improve thin walled castings. 

2.4.1 Properties of the mould 

The casting is cooled by heat conduction from casting into the mould. The thermal properties 
of the mould will there have a large influence on the cooling rate. The casting can therefore be 
improved by decreasing the heat capacity and thermal conductivity of the mould. The cooling 

          

Fig. 2-33 Transformation from stable to meta-
stable growth in cast iron due to segregation [2.1] 
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power of the mould will depend on binder. Green sand moulds will e.g. have a higher ten-
dency of carbide formation than CO2 bonded silica sand [2.31].  Reducing the grain size of 
the sand can also decrease the carbide formation tendency [2.31]. Insulating materials can be 
added to the sand to reduce cooling rate [2.31]. An example of this is low-density alumina-
silicate ceramic (LDASC), which have lower thermal conductivity and density [2.32]. Re-
placing sand with LDASC will improve both mould filling and decrease carbide formation. 

2.4.2 Pouring rate 

The heat loss during mould filling can be reduced by fast mould filling. This requires a good 
and short gating system [2.33]. It is also necessary to have proper venting of the mould to get 
rid of air inside the mould cavity [2.34].  

2.4.3 Pouring temperature  

Increasing pouring temperature will decrease the cooling rate as more heat has to be extracted 
from the casting. In general the recommended pouring temperature for thin ductile cast iron is 
between 1400-1450ºC [2.6, 2.7, 2.31, and 2.35].  Too high pouring temperature will give pro-
blems with fading of Mg, as Mg evaporates at high temperature. At 1480ºC Mg-content will 
fade with 0.001 percentage point per minute, making it difficult to control the Mg-content and 
by that the microstructure in the casting [2.35]. Superheat the melt above 1480ºC will also 
have a bad influence nucleation of graphite [2.34] and gives poor response for the inoculation 
[2.1].  

2.4.4 Chemical composition of casting 

The main problem during solidification of thin wall ductile iron is the nucleation of graphite. 
In order to increase the graphite potential the melt should be hypereutectic, with a high carbon 
equivalent value CEV of 4.55 or above that [2.1, 2.7 and 2.35]. High CEV can however give 
graphite floatation in thicker parts [2.7]. It can therefore be difficult to optimize the CEV if 
the casting has both thinner and thicker parts, which not is unusual.  

In order to increase the graphite potential a high Si-content can be used, as Si increase the 
stable and decrease the metastable eutectic temperature. However Si also increases the nil-
ductility temperature, which can give a limit of the Si-content depending on the final use of 
the casting. 

Carbide forming elements like e.g. Cr, V and W most be kept at a very low level, in general 
below 0.05%. The carbide forming elements will segregate to the cell boundaries and can give 
inverse chill in the middle of the casting in the last solidified material [2.36]. 
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The normal used nodulariser, Mg, must be kept at a low level too, as Mg has a carbide stabi-
lizing effect [2.37]. The recommended level in thin wall casting is 0.025-0.035% [2.7]. 

2.4.5 Inoculation 

The effect of inoculation fades with time. More than half of the effect of inoculation is lost in 
the first 5-7 minutes [2.9]. It is therefore necessary to use “late inoculation” either in-steam 
during mould filling or in-mould. 

It is important to remember that the nodularising treatment also is a part of inoculation as the 
treatment will result in small inclusions that serve as nucleation particle for graphite [2.19]. 
The number of inclusions will decrease with time due to Ostwald ripening effects. The num-
ber of available inclusions per volume, Nv [mm-3] will be [2.19]: 

 ( )
9v

v 10
t640331

V6N ×
⋅+π

=
..

 (2.33) 

t is holding time [min] and Vv is the total volume fraction of inclusions, which depends on S 
and O content: 

 ( )Owt94Swt6410V 2
v %.%. ⋅+⋅= −  (2.34) 

After 20 minutes the number of inclusion will be reduced to about 10% of the initial value. 



2 Theory 29 

References 

 [2.1]  R.Elliott, Cast Iron Technology, Butterworths, London, 1988. 
 [2.2]  R.W.Heine, C.R.Jr.Loper, M.O.Chaudhari, Characterization and Interpretation of 

Ductile Iron Cooling Curves, AFS Transactions, 79, 399-410, 1971. 
 [2.3]  J.Lacaze, B.Sundman, An Assesment of the Fe-C-Si System, Metallurgical Transac-

tions A, 22A, 2211-2223, 1991. 
 [2.4]  J.Lacaze, M.Castro, G.Lesoult, Solidification of Spheroidal Graphite Cast Irons - II. 

Numerical Simulation, Acta Materialia, 46, 997-1010, 1998. 
 [2.5]   M.I.Onsøien, Ø.Grong, Ø.Gundersen, T.Skaland, Process model for the microstruc-

ture evolution in ductile cast iron: Part I. The model, Metallurgical and Materials 
Transactions A, 30A, 1053-1068, 1999. 

 [2.6]   I. C. H. Hughes, Ductile Iron. In Metal Handbook Volume 15: Casting. pp. 647-666, 
ASM International, 1988. 

 [2.7]   Ductile Iron Handbook, American Foundrymen's Society, Inc., Des Plaines, Illinois, 
1992. 

 [2.8]   N.Eisuke, A.Koichi, H.Tatsuya, H.Sadato, Some basic research for thin-wall casting 
technology, Journal of Materials Processing Technology, 63, 779-783, 1997. 

 [2.9]   Y.S.Lerner, M.V.Riabov, Iron Inoculation: An Overview of Methods, Modern Casting, 
89, 37-40, 1999. 

 [2.10]   C.Labrecque, M.Gagné, Development of Carbide-Free Thin-Wall Ductile Iron Cast-
ings, AFS Transactions, 108, 31-38, 2000. 

 [2.11]   R.Döpp, B.Prinz, K.J.Reifferscheid, E.Schürmann, T.Schulze, Beitrag zum Einfluss 
der Magnesiumbehandlung, Impfung und Wanddicke auf die sphärolithenbildung bei 
Gusseisen mit Kugelgraphit, Geissereiforschung, 46, 13-22, 1994. 

 [2.12]   W.Kurz, D.J.Fisher, Fundamentals of Solidification, 4 ed., Trans Tech Publications 
LTD, 1998. 

 [2.13]   B.L.Bramfitt, The Effect of Carbide nd Nitride Additions on the Heterogeneous Nucle-
tion Behavior of Liquid Iron, Metallurgical Transactions, 1, 1987-1995, 1970. 

 [2.14]   B.E.Sundquist, L.F.Mondolfo, Heterogeneous Nucleation in the Liquid-to-Solid 
Transformation in Alloys, Transactions of the Metallurgical Society of AIME, 221, 
157-164, 1961. 

 [2.15]   D. M. Stefanescu, Theory of Solidification and Graphite Growth in Ductile Iron. In 
Ductile Iron Handbook. pp. 1-19, American Foundrymens's Society, Inc., Des Plaines, 
Illinois 1992. 

 [2.16]   G.F.Ruff, J.F.Wallace, Control of Graphite Structure and its Effect on Mechanical 
Properties of Gray Iron, AFS Transactions, 84, 705-728, 1976. 

 [2.17]   H.Miyake, A.Okada, Nucleation and Growth of Primary Austenite in Hypoeutectic 
Cast Iron, AFS Transactions, 106, 581-587, 1998. 

 [2.18]   T.Mizoguchi, J.H.Perepezko, Nucletion behavior during solidification of cast iron at 
high undercooling, Materials Science and Engineering A, A226-228, 813-817, 1997. 

 [2.19]   T.Skaland, Ø.Grong, T.Grong, A model for the graphite formation in ductile cast iron. 
I. inoculation mechanisms, Metallurgical Transactions A, 24A, 2321-2345, 1993. 

 [2.20]   W.Oldfield, A Quantitative Approach to Casting Solidification: Freezing of Cast Iron, 
ASM Transactions, 59, 945-961, 1966. 



30 2 Theory  
 
 [2.21]   M.Castro, P.Alexandre, J.Lacaze, G.Lesoult, Microstructure and solidification kine-

tics of cast iron: Experimental study and theoretical modelling of equiaxed solidifica-
tion of SG and gray cast iron, Physical metallurgy of cast iron IV 4th International 
symposium, 433-440, 1990. 

 [2.22]   D.M.Stefanescu, Science and Engineering of Casting Solidification, Kluwer Academic 
/ Plenum Publishers, New York, 2002. 

 [2.23]   J.P.Sadocha, J.E.Gruzleski, The Mechanism of Graphite Spheroid Formation in Pure 
Fe-C-Si Alloys, 443-459, Proceedings of the Second International Symposium on the 
Metallurgy of Cast Iron, Georgi Publishing Company, St. Sahporin, Switzerland. 1974  

 [2.24]   B.Lux, I.Minkoff, F.Mollard, E.Thury, Branching of Graphite Crystals Growing from 
a Metallic Solution, 495-508, Proceedings of the Second International Symposium on 
the Metallurgy of Cast Iron, Georgi Publishing Company, St. Sahporin, Switzerland. 
1974  

 [2.25]   D.D.Double, A.Hellawell, Growth Structure of Various Forms of Graphite, 509-528, 
Proceedings of the Second International Symposium on the Metallurgy of Cast Iron, 
Georgi Publishing Company, St. Sahporin, Switzerland. 1974  

 [2.26]   D.K.Banerjee, D.M.Stefanescu, Structural Transitions and Solidification Kinetics of 
SG Cast Iron During Directional Solidification Experiments, AFS Transactions, 99, 
747-759, 1991. 

 [2.27]   D. M. Stefanescu, In Metal Handbook Volume 15: Casting. pp. 168-181, ASM 
International, Ohio, USA 1988. 

 [2.28]   T.Benecke, S.Venkateswaran, W.D.Schubert, B.Lux, The investigation of the influ-
ence of silicon carbides in the production of ductile cast iron, The Foundryman, 89, 
355-360, 1994. 

 [2.29]   C.F.Yeung, H.Zhao, W.B.Lee, The morphology of Solidification of Thin-Section Duc-
tile Iron Castings, Materials Characterization, 40, 201-208, 1998. 

 [2.30]   G.Rivera, J.Sikora, R.Boeri, Research Advances In Ductile Iron Solidification, AFS 
Transactions, 979-990, 2003. 

 [2.31]   A.Javaid, J.Thomson, M.Sahoo, K.G.Davis, Factors Affecting the Formation of Car-
bides in Thin-Wall DI Casting, AFS Transactions, 107, 441-456, 1999. 

 [2.32]   R.E.Showman, R.C.Aufderheide, A Prcess for Thin-Wall Sand Castings, AFS 
Transactions, 567-578, 2003. 

 [2.33]   J.F.Cuttino, J.R.Andrews, T.S.Piwonka, Developments in Thin-Wall Iron Casting 
Technology, AFS Transactions, 107, 363-372, 1999. 

 [2.34]   S.I.Karsay, Ductile iron production practices, American Foundrymen's Society, Inc., 
Des Plaines, Illinois, 1985. 

 [2.35]   Ductile Iron Molten Metal Processing, 2nd ed., American Foundrymen's Society, Inc., 
Des Plaines, Illinois, 1986. 

 [2.36]   R.E.Ruxanda, D.M.Stefanescu, T.S.Piwonka, Microstructure Characterization of 
Ductile Thin Wall Iron Castings, AFS Transactions, 110, 1131-1148, 2002. 

 [2.37]   A.Javaid, K.G.Davis, M.Sahoo, Mechanical Properties in Thin-Wall Ductile Iron 
Castings, Modern Casting, 90, 39-41, 2000. 

 



3 Temperature measurement 31 

3 Temperature measurement 

Temperature measurement is an important tool in investigation of solidification processes. In 
the following are some important definitions and methods about temperature measurement 
presented. 

3.1 Definition of temperature scale 

Through the years there have been several definitions of the temperature scale. The latest is 
from 1990 and is called the International Temperature Scale of 1990, for brevity ITS-90 
[3.1]. The recommended units for temperature are K (Kelvin) or °C (degree Celsius), but °F 
(degree Fahrenheit) is also permissible. The relations for conversion between the temperature 
scales are shown in Table 3-1. One K is defined as 1/273.16 of the thermodynamic tempera-
ture of the triple point of water. 

Table 3-1 Conversion of temperature scales 

   To be determined  
 Given °C °F K 
Celsius X °C X 1.8X+32 X+273.15 
Fahrenheit X °F 0.5556×(X–32) X 0.5556×(X–32)+273.15
Kelvin X K X–273.15 1.8×(X–273.15)+32 X 
 

ITS-90 represents thermodynamic temperature with an uncertainty of ±2 mK from 1 K to 273 

K increasing to ± 7 mK at 900 K. 

ITS-90 has some defined fixed points, see Table 3-2. Interpolation between the fixed points is 
as follows: 

1. From 0.65 K to 5.0 K: T90 is defined in terms of the vapour pressure temperature rela-
tions of 3He and 4He. 

2. From 3.0 K to 24.5561 K (the triple point of neon): The constant volume type of 3He 
and 4He gas thermometer is used. 

3. From 13.8033 K (the triple point of equilibrium hydrogen) to 1234.93 K (the freezing 
point of silver): The standard instrument is a platinum resistance thermometer cali-
brated at specified sets of defined fixed points and using specified interpolation proce-
dures. 

4. Above 1234.93 K (the freezing point of silver): Planck’s law is to be used. The tem-
perature is defined by the equation: 
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where T90(x) refers to any of the freezing points of silver, gold or copper, Lλ(T90) and 
Lλ[T90(x)] are the spectral concentrations of the radiance of a black body at wavelength λ, at 

T90 and T90(x) respectively and c2 is a constant = 0.014388 m⋅K. 

Table 3-2 The temperature fixed points of ITS-90 

Equilibrium state    T90 [K]    t90 [°C] 
Vapour-pressure point of helium       3 to 5  –270.15 to –268.19
Triple point of equilibrium hydrogen     13.8033  –259.3467 
Boiling point of hydrogen at a pressure 33330.6 Pa     17  –256.15 
Boiling point of equilibrium hydrogen     20.3  –252.85 
Triple point of neon     24.5561  –248.5939 
Triple point of oxygen     54.3584  –218.7916 
Triple point of argon     83.8058  –189.3442 
Triple point of mercury   234.3156   –38.8344 
Triple point of water   273.16        0.01 
Melting point of gallium   302.9146      29.7646 
Freezing point of indium   429.7485    156.5985 
Freezing point of tin   505.078    231.928 
Freezing point of zinc   692.677    419.527 
Freezing point of aluminium   933.473    660.323 
Freezing point of silver 1234.93    961.78 
Freezing point of gold 1337.33  1064.18 
Freezing point of copper 1357.77   1084.62 
The values of the temperature fixed points with the exception of the triple points are 
given at pressure, p0  = 10l 325 Pa. 
 

3.2 Thermocouple 

The physical principles behind thermocouples are the Seebeck effect, which gives a thermo-
electric force. This force results from the variation of electron density along a conductor sub-
jected to a non-uniform temperature distribution. The Seebeck thermoelectric force E is given 
by [3.1]: 

 ( )dTTdE Aσ=  (3.2)  

where σA is the Seebeck coefficient of metal A and T is temperature. 

The Seebeck thermoelectric force in a homogeneous conductor, whose ends are at tempera-
ture T1 and T2, is given by integrating: 

 ( ) ( )∫σ=
1

2

T

T
A21A dTTTTE ,  (3.3) 
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which also can be written as: 

 ( ) ( ) ( )2A1A21A TETETTE −=,  (3.4) 

Having two conductors A and B, who’s both joined ends are at the temperatures, T1 and T2, 
(see Fig. 3-1) the resulting sum of both thermoelectric forces is: 

 ( ) ( ) ( )[ ] ( ) ( )[ ] ( ) ( )21B21A2B1B2A1A21AB TTETTETETETETETTE ,,, −=−−−=  (3.5) 

Summing the partial thermoelectric forces on Fig. 3-1 gives the result: 

 ( ) ( ) ( )2BA1AB21AB TeTeTTE +=,  (3.6) 

or 

 ( ) ( ) ( ) ( )212AB1AB21AB TTfTeTeTTE ,, =−=  (3.7) 

It can be noticed that the resulting thermoelectric force is only a function of the two materials 
A and B and the two temperatures, T1 and T2. In practice it can be difficult to have a function 
of two variables. For this reason it will be assumed that the temperature T2 on the so-called 
reference junction will he held constant at the reference temperature Tr, and the function will 
then be: 

 ( ) ( )1r1AB TfTTE =,  (3.8) 

 

 

Fig. 3-1 A closed thermoelectric circuit 

 

 

 
 

Fig. 3-2 A thermocouple of metal A and B with a measuring 
device at one end and the other end submerged in melt 

The practical application of a circuit of metals A and B is to measure a temperature, which 
can be done by measuring the thermoelectric force. This requires an introduction of a third 
metal C as the circuit shown on Fig. 3-2. This can be done because of the law of the third 
metal saying that [3.1]: 

Introducing a third metal, C, into a circuit of the two metals A and B, does not alter the re-
sulting thermoelectric force in the circuit, provided that both ends of the metal C are at the 
same temperature.  

The third metal C may be introduced in the circuit at any point. The law of the third metal 
also implies that the thermocouple does not have to be welded in the measuring point but the 
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two wires can simply be submerged into the melt at two different points (see Fig. 3-2) pro-
vided that the temperature of the melt is uniform.  

3.2.1 Types of thermocouples 

Two combined metals or alloys will create a thermocouple, which will give a lot of possibili-
ties. An ideal thermocouple is characterized by [3.1]: 

• High melting temperature 

• High permissible working temperature 

• High resistance to oxidation and atmospheric influence 

• Properties which are stable with time 

• Properties which are repeatable in manufacture 

• Low resistively 

• Low thermal coefficient of resistance 

• Continuous and possibly linear dependence of thermoelectric force with temperature 

In practice the commonly used thermocouples make a compromise between the quoted de-
mands above. The chemical compositions of the commonly used thermocouples that are co-
vered by the International Standard IEC 60584 are shown in Table 3-3 and the recommended 
temperature measuring range in Fig. 3-3. 

Table 3-3 Chemical composition of thermocouple defined in IEC 60548 

Code Positive wire Negative wire Comments 
T Cu 55%Cu, 45%Ni  
E 90%Ni, 10%Cu 55%Cu, 45%Ni  

J Fe 55%Cu, 45%Ni Must be protected from moisture, oxygen 
and sulphur containing gases 

K 90%Ni, 10%Cr 95%Ni, 2%Al, 
2%Mn, 1%Si In range 200-500°C hysteresis can exist 

N 84.5%Ni, 14%Cr, 
1.5%Si 95.5%Ni, 4.5%Si More resistant to corrosion than K, and no 

hysteresis 

S 90%Pt, 10%Rh Pt Can pick up Fe and Si at high temperature, 
changing the thermoelectric force 

R 87%Pt, 13%Rh Pt Can pick up Fe and Si at high temperature, 
changing the thermoelectric force 

B 70%Pt, 30%Rh 94%Pt, 6%Rh Can be diluted with Si when T > 1000°C  
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Fig. 3-3 Temperature measuring range for thermocouples and RTD Pt100 [3.2] 

3.3 Resistance thermometer detectors (RTD) 

The principle of resistance thermometers is based on the dependence of resistance of metal 
conductors upon temperature. In general the resistance will increase with increasing tem-
perature. Assuming having a detector with resistance RT at temperature T in the neighbour-
hood of reference temperature T0 (usually 0°C). Expanding a Taylor series about T0 gives the 
resistance [3.1]: 
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In the usual range of temperature in which RTD is used third orders and higher can be ne-
glected so the equation can be reduced to: 
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The coefficients A and B are normally assumed to be independent of temperature and are de-
fined by: 
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3.3.1 Properties of RTD’s 

The most commonly used metal for RTD’s is platinum, but also nickel, copper and rhodium-
iron are used. Platinum is however the most stable, forgeable and corrosion resistant. It has 
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also the largest temperature range, from –260°C up to 1000°C. The normal operation tem-
perature is in the range –200°C to 850°C. 

The Pt100 has the following equations (IEC 751): 

For –200°C to 0°C: 

 ( )[ ]32
TT T100TCTBTA1RR

0
⋅−⋅+⋅+⋅+=  (3.12) 

For 0°C to 850°C: 
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with the constants: 
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3.3.2 Measuring circuits 

The choice is between two- three- and four-wire measuring circuits.  

The two-wire connection is cheap but it has to be compensated for the resistance in the con-
necting cables. A Wheatstone bridge can compensate for this but only for one temperature. 
The two-wire should therefore only be used if the temperature measuring range is small. 

In the three-wire connection the measuring error will be 0°C at 0°C as the measuring bridge 
will be in balance when all resistances is of the same size. The error will increase when the 
measuring temperature is different from 0°C. The error will however be smaller than for the 
two-wire connection. 

In the four-wire connection it is not necessary to use a 
Wheatstone bridge. The two wires are supplied with 
constant current and the two others are used for 
measuring voltage drop over the resistance, see Fig. 
3-4. When the input impedance is high the voltage 
drop in the measuring wire will be close to zero and 
the resistance in the measuring wire will therefore not 
influence the temperature measuring. 

 

Fig. 3-4 RTD with four-wire connection 
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3.3.3 RTD’s vs. thermocouples 

A RTD of high quality can measure the temperature extremely accurate and therefore is Pt-
RTD used in the definition of the temperature scale. RTD’s are in general more accurate than 
thermocouples especially at lower temperatures. RTD’s can be ordered with tolerance down 

to e.g. ±[0.045+0.001×T] °C while thermocouple type T (the thermocouple with the smallest 

tolerance) can be ±0.5°C or ±0.004×Tactual°C [3.2]. However the measuring part of the wire in 
a RTD has to a have certain length to give a certain resistance. Normally this is done by a thin 
wire in a spiral. This makes the RTD sensors more bulky than thermocouples sensors. Nor-
mally RTD sensors can be produced with a diameter down to 3 mm and thermocouples down 
to 0.5 mm [3.3]. Thermocouples are less sensitive to vibrations in comparison to RTD’s. 
Thermocouples can also be used at higher temperature than RTD’s as shown in Fig. 3-3. 

3.4 Infrared temperature measurement 

The principle of infrared (IR) temperature measurement is that the thermal radiation from a 
body will increase when temperature is increased. This principle has actually been used for 
many years e.g. on steel where the temperature can be estimated by the colour. The colour 
will in the range from 550ºC to 1300ºC change from black purple by red, orange and yellow 
to white. 

IR measurement has the advantage that the temperature can be measured without physical 
contact with the particular product. 

3.4.1 Absorption, reflection and transmission 

Thermal radiation is a part of electromagnetic radiation. Having an incident heat flux Φ on a 
surface, the heat flux can be decomposed into three different parts: absorbed, reflected or 
transmitted, see Fig. 3-5. 

It gives the following definitions [3.1]: 
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Applying energy conservation will give: 
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 1=τ+ρ+α  (3.16) 

If α = 1, ρ = 0, τ = 0 the body is a black body, which totally absorbs all incident radiation 

If α = 0, ρ = 1, τ = 0 the body is white body, which totally reflects all incident radiation 

If α = 0, ρ = 0, τ = 1 the body is transparent body, where all incident radiation is transmitted 

 

 

Fig. 3-5 Decomposition of the incident heat flux [3.1] 

Similarly to the factors α, ρ and τ, which are valid for total radiation, factors for spectral prop-
erties at wavelength λ can be introduced: 
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Equation (3.16) will then become: 

 1=τ+ρ+α λλλ  (3.18) 

3.4.2 Radiation laws 

The radiant intensity W is the heat flux per unit area expressed as [3.1]: 

 
dA
dW Φ

=  (3.19) 

where dΦ is the heat flux from surface with the area dA. 
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The spectral radiant intensity Wλ is defined as: 

 
λ

=λ d
dWW  (3.20) 

Planck’s law gives the radiant flux distribution of a black body as function of wavelength and 
the temperature of the body: 
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where Woλ is the spectral radiant inten-
sity of a black body (the suffix ‘o’ is 
used to indicate a black body), T is the 

absolute temperature, c1 = 3.7415×10-16 

Wm2 and c2 = 14388 µm⋅K. The spectral 
radiant intensity of a black body as 
function of wavelength and temperature 
are shown in Fig. 3-6. The wavelength 
with the maximum spectral radiant in-
tensity will decrease with increasing 
temperature. 

 

 

 

 

 

 

 

 

When λT << c2 Planck’s law can be replaced by the simpler Wien’s law: 
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The error by using the Wien’s law instead of Planck’s law will be: 

 

Fig. 3-6 Spectral radiant intensity of a black body in 
accordance with Planck's law in equation (3.21) [3.1] 
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When λT < 2000 µm⋅K the error by using the equation (3.22) will be less than 0.1%. 

The spectral radiant intensity of a non-black body will be lower than spectral radiant intensity 
of a black body at the same temperature. The ratio between this two is called the spectral 

emissivity ελ: 
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Having an opaque body (τ = 0) the spectral emissivity will be equal to the spectral absorpti-
vity: 

 λλ α=ε  (3.25) 

If ελ is the same for all wave length the body is called a grey body. 

3.4.3 One-colour IR pyrometers 

The one-colour IR pyrometers are measuring the spectral radiant intensity at a fixed wave-
length and transfer this into a temperature. An important factor when measuring by one-

colour IR is the emissivity, ελ. Before measuring the temperature of a surface the emissivity of 
the particular surface has to be determined and set on the pyrometer. The emissivity can vary 
by several factors depending on the particular material. Without knowing the emissivity it will 
be necessary to measure the temperature using an other method and then adjust the emissivity 
setting on the pyrometer until it shows the right temperature. 

In case of changes on the surface, e.g. by oxidation, the emissivity can change too. This will 
give an error in temperature measurement depending on the wavelength and temperature. The 
error ΔT can be calculated by [3.4]: 

 table
true

truedial T100T Δ⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
ε

ε−ε
⋅−=Δ  (3.26) 

where εtrue is the true target emissivity, εdial is the actual emissivity setting on pyrometer dial 
and ΔTtable is the error value taken from Table 3-4. 

Table 3-4 also shows that the error will increase with increasing temperature and wavelength. 
In order to decrease the measuring error a short wavelength should be used. However at low 
temperature the maximum spectral intensity will be at longer wavelength, see Fig. 3-6. Using 
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a longer wavelength at lower temperature will therefore give a larger signal. A long wave-
length will therefore be best at low temperatures and a short wavelength at high temperatures. 

Table 3-4 Error in temperature measurement caused by 1% shift in emissivity of target or 1% shift in 
transmission from target to IR pyrometer [3.4] 

 Wavelength [μm] 
Target tem-

perature [°C] 0.65 0.9 1.6 2.3 3.4 3.9 5.0 8.0 10.6 

0 0.03 0.04 0.08 0.12 0.17 0.20 0.26 0.41 0.54 
200 0.10 0.14 0.25 0.36 0.53 0.60 0.79 1.2 1.6 
400 0.20 0.28 0.51 0.73 1.1 1.2 1.6 2.3 2.9 
600 0.35 0.47 0.87 1.2 1.8 2.0 2.6 3.7 4.4 
800 0.52 0.72 1.3 1.8 2.7 3.0 3.8 5.2 6.1 
1000 0.74 1.0 1.8 2.6 3.7 4.1 5.1 6.8 7.8 
1200 0.99 1.4 2.5 3.4 4.9 5.4 6.6 8.5 9.6 
1400 1.3 1.8 3.2 4.4 6.1 6.7 8.1 10 11 
1600 1.6 2.2 4.0 5.5 7.5 8.1 9.6 12 13 
1800 2.0 2.7 4.8 6.5 8.9 9.6 11 14 15 
2000 2.4 3.2 5.8 7.7 10 11 13 16 17 
2200 2.8 3.8 6.8 9.0 12 13 15 18 19 
2400 3.3 4.5 7.8 10 13 14 16 19 21 
2600 3.8 5.1 9.0 12 15 16 18 21 23 
2800 4.3 5.9 10 13 17 18 20 23 25 
3000 4.9 6.6 11 15 18 20 22 25 27 

 

 

Fig. 3-7 Loss in transmission from target to 
pyrometer [3.4] 

 

Fig. 3-8 Position 1 gets reflection from hot oven. 
This is avoided in position 2 [3.4] 

There can also be some error in IR measurement due to transmission error, see Fig. 3-7. The 
pyrometer will have a cone of vision. Any disturbance in this cone will give a loss in trans-
mission from target to pyrometer. This can be solid obstruction, smoke or dirt on the sensing 
head window. This will correspond to a reduction in the emissivity by: 
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 pathtargeteff τ×ε=ε  (3.27) 

The measurement error due to transmission loss can also be calculated by equation (3.26) and 
Table 3-4. 

The background can also have an influence on IR temperature measurement, as the target can 
reflect the radiant intensity from the background, see Fig. 3-8. The situation at position 1 in 
Fig. 3-8 will give an overall signal s of: 

 ( ) ( ) ( )wall2targetwalltarget1target T1Ts ff ⋅ε−ε+⋅ε=  (3.28) 

where f1(Ttarget) and f2(Twall) depend on the pyrometer used. 

If the εtarget is close to 1 the error can be neglected since (1-εtarget) then will be close to 0. 

If Twall < Ttarget the measuring error due to radiation reflection from the background are usu-
ally negligibly small, especially if Twall << Ttarget. It will be best to measure at a short wave-
length because the reflected radiation has a mainly long wavelength. 
 

 

 

 

Fig. 3-9 Diffuse reflection on rough surface [3.4]  

     

Fig. 3-10 Using a cooled sight tube eliminate the 
radiation reflections from surrounding walls [3.4] 

If Twall > Ttarget the measured temperature will be too high. Using a long wavelength can re-
duce but not eliminate the error. If it is possible it will be better to change the position of the 
pyrometer e.g. from position 1 to 2 in Fig. 3-8 to avoid the radiation from the background. 
However if the surface of the target is rough it can produce diffuse reflection, see Fig. 3-9 and 
position 2 in Fig. 3-8 will then not be completely safe from background reflections. An other 
possibility is to use a cooled sight tube as shown in Fig. 3-10. 
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3.4.4 Two-colour IR pyrometers 

A two-colour pyrometer is measuring the temperature from the ratio of spectral radiant inten-
sities emitted from the target at two different wavelengths, λ1 and λ2. Following Wein’s law 
from equation (3.22) the spectral radiant intensity at wavelength λ1 from a target with 
temperature Tt will be [3.1]: 
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And similarly at wavelength λ2: 
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The ratio of the two spectral radiant intensities will then be: 
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Assuming that both wavelength and emissivities are constant it can be simplified to: 
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With the constants A and B having the values 
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 (3.33) 

As long as the ratio between the two emissivities is constant a change in emissivity will not 
affect the temperature measurement with a two-colour pyrometer. If there are loss in trans-
mission from target to pyrometer as shown in Fig. 3-7 it can be assumed that the transmissi-

vity τpath will be the same for both wavelengths. According to equation (3.27) the ratio be-
tween the two emissivities will not change and it will not affect the temperature measurement. 
A two-colour pyrometer will especially have an advantage when measuring temperatures at 
places with lot of smoke or other disturbances or if the target is smaller than the cone of vi-
sion. 



44 3 Temperature measurement  
 
In many cases the ratio 

21 λλ εε / is close to 1 when the two wavelengths are close to each 

other. However molten melts will usually have different emissivities at different wavelengths. 
To compensate for this two-colour pyrometers have an emissivity correction or E-slope fea-
ture. The E-slope has to be adjusted until the instrument reads the correct temperature. Once 
the E-slope is set the problems of dust, smoke etc. will not affect the temperature measure-
ment. 

Two-colour pyrometers can have a problem if the surface of the target is changed due to e.g. 
oxidation. If the emissivities at the two wavelengths not are changed by the same ratio the 
ratio between the two spectral radiant intensities will be changed too. This will according to 
equation (3.31) give an error in the temperature measurement. Then the E-slope on the 
pyrometer has to be adjusted before the temperature measurement will be correct. 

Although the advantage of two-colour pyrometers they have the same limits concerning re-
flected radiation as one-colour pyrometers. The two-colour pyrometers should also be pro-
tected from reflected background in order not to influence the temperature measurement. 

If the radiation from background can not be avoided special infrared systems can be used, 
which eliminate the background radiation. These systems have a second infrared sensing head 
or thermocouple to measure the temperature of the background. In that way the temperature 
measurement can be compensated from the background radiation. 

3.4.5 Calibration of IR pyrometers 

The emitted radiation from the target to the sensor in 
the pyrometer will usually give an electric signal 
which has to be transformed into a temperature. In 
order to get the function between the signal and 
temperature the pyrometer has to be calibrated. With 
one-colour pyrometers this has to be done on a black 
body to eliminate the effect of emissivity. The black body is usually achieved geometrically, 
see Fig. 3-11. A two-colour pyrometer can also be calibrated on a grey body, where ελ = con-
stant at all wavelength. 

3.5 Calibration and testing of temperature measuring instruments 

Calibration of a thermometer is the sum of activities concerned with the determination of its 
thermometric characteristics. These characteristics define the function correlating the chosen 

Fig. 3-11 Models of black body [3.1] 
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properties of the thermometer with the temperature [3.1]. E.g. how the voltage signal from a 
thermocouple correlates with temperature. 

Testing a thermocouple is the sum of activities concerned with verifying that the thermometer 
complies with the relevant regulations [3.1]. 

Calibration and testing procedures for ther-
mometers are involving a scheme which de-
fines the hierarchy, see Fig. 3-12. The defini-
tion of the temperature in ITS-90 is done by 
BIPM. This “true” value is only a theoretical 
one. A number of primary laboratories have 
the equipment for reproduction of ITS-90 
through the calibration and testing of primary 
standard thermometers. 

Transfer standards are thermometers used for 
the transfer of temperature units to other 
thermometers. These have thus lower accu-
racy than the primary standard thermometers. 

Working standards are thermometers destined 
for calibration of other working standards or for calibration of industrial thermometers. 

In order to know the accuracy of a thermometer it is necessary to have traceability hierarchy 
from BIPM to working standard. For every level between BIPM and the working standard the 
accuracy will be lower. If it is necessary to increase the accuracy this can be done by having 
fewer levels in the hierarchy as indicated by the dotted line in Fig. 3-12. 

3.5.1 Types of “practical” calibration and testing 

A temperature measuring system can consist of a sensor giving a signal (e.g. in voltage), 
which is transferred into a temperature by an electric circuit. The measured temperature is 
finally shown on an indicator. When testing a temperature measuring system different 
methods can be used. 

In “End to end” calibration (Fig. 3-13) the total system is tested as one unit. The sensor is 
exposed to a known temperature and the output is controlled.  

 

Fig. 3-12 Hierarchy of temperature measurement. 
The accuracy will decrease for every level in the 
hierarchy. Following the dotted line will increase 
the accuracy. 
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Fig. 3-13 Calibration "End to end" of total system from sensor to indicator 

In a “divided” calibration (Fig. 3-14) the sensor and electrical circuit are separated and tested 
individually. 

 

Fig. 3-14 Calibration "Divided". The loop and sensor are calibrated individual 

In “On-line” calibration (Fig. 3-15) the temperature measuring system are tested by compa-
ring the measured temperature with the temperature measured with a reference thermometer. 

 

Fig. 3-15 Calibration "On-line" where the total system is calibrated by comparing the temperature mea-
suring system with a reference thermometer 

The advantage and disadvantage of the calibration methods are shown in Table 3-5. 
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Table 3-5 Advantage and disadvantage of different calibration methods 

 “End to end” “Divided” “On-line” 

A
dv

an
ta

ge
 

- All inaccuracy in one test 
result 

- No risk of wrong assembly 
after calibration 

- Only one reference instru-
ment 

- Little documentation 

- Sensor and electric circuit 
calibrated separately 

- Sensor can be calibrated at 
workshop when time for it 

- Fast calibration of electric 
circuit = short down-time 
of production machinery 

- The process in not dis-
turbed 

- No down-time of produc-
tion machinery 

- All inaccuracy in one test 
result 

- No risk of wrong assembly 
after calibration 

D
is

ad
va

nt
ag

e 

- Requires a transportable 
calibrator 

- Only calibration of one at a 
time 

- Long down-time of produc-
tion machinery 

- Administration of two cer-
tificates for the total system

- Requires two different cali-
bration instruments 

- Risk of wrong assembly 
after calibration 

- Equipment for placing a 
reference sensor in the 
process 

- The two sensors have to be 
placed close to each other 

- The two sensors should 
have the same dimensions 

 

3.6 Temperature measurement of liquid cast iron in furnace 

On-line temperature measurement of liquid cast iron in a furnace can best be done with IR 
temperature measurement. Thermocouples can be used for short temperature measurement but 
it can be difficult to find sheath material that can stand for longer period in liquid cast iron. 

The following describes the practical experience from IR temperature measurement of liquid 
cast iron in induction furnace placed at the laboratory at Technical University of Denmark. 
The furnace has a capacity of about 150 kg.  

The used instrument was Raytek model Marathon-FR1CSF [3.5]. The measuring range for 
this is 1000-2500°C and it measures at the wavelength λ = 1 μm. It can measure in both one-
colour and two-colour mode. On the instrument dial the emissivity can be set in the range 
0.10 to 1.00 in 0.01 increments and the E-slope can be set in range 0.850 to 1.150 in 0.001 
increments. 

3.6.1 Setup of instrument 

The sensing head was placed about 3 m vertically above the furnace, see Fig. 3-16. The sen-
sing head has a spot size S = Ø3 mm at distance D = 0 mm from the sensing head. The cone 
of vision has a ratio of D:S = 65:1. This will give a spot size of about 50 mm at the liquid sur-
face, which is much smaller than the diameter of the furnace.  
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As the sensing head was placed vertically above the melt there will not be problems with re-
flection from the hot furnace wall. Only if there are very little melt left in the furnace there 
can be a problem during heating of the melt. During heating there will be forced convection 
of the melt as indicated on Fig. 3-16. The surface can then be much curved and if the spot is 
not placed exactly in the middle there can be some reflection from the furnace wall. 

The settings on the instrument were adjusted until the measured temperature was the same as 
the temperature measured with a thermocouple. The settings for a clean liquid surface are 
shown in Table 3-6. Increasing of both the E-slope and emissivity will decrease the measured 
temperature. 

Assuming an emissivity of 0.33 a change in the setting of emissivity on the instrument with 
the smallest increment of 0.01 will according to equation (3.26) and Table 3-4 give a change 
in the measured temperature of about 6°C at 1400°C. 

 

Fig. 3-16 Setup of IR temperature 
measurement of liquid cast iron in 
furnace 

Table 3-6 Settings on pyrometer for a clean liquid surface 

Material E-slope Emissivity 
Grey cast iron 1.030 0.33-0.34 

Ductile cast iron 1.030 0.35-0.36 
 

 

 

 

 

3.6.2 Properties of liquid surface 

It was found that the surface of liquid cast iron can have different properties depending on the 
temperature. Below about 1400°C the surface was covered by thin oxide layer and above 
1400°C it was clean. This can be explained by the formation of oxides [3.6]. Below 1400°C 
SiO2 will be formed. This will appear as dry solid film, rather grey in colour. This film can 
not be removed by wiping the surface since it constantly re-forms. At around 1420°C CO be-
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comes more stable than SiO2 and will be form instead. CO will escape to atmosphere leaving 
a clean surface. 

The settings on the instrument were set for a clean surface, giving the same measured tem-
perature for both one- and two-colour. When the SiO2 layer appeared on the surface the 
measured one-colour temperature increased and the measured two-colour temperature de-
creased. This corresponds well with the fact that oxidized surface of cast iron has higher 
emissivity and lower E-slope than the clean surface [3.5].  

If both temperatures are shown on a screen, see Fig. 3-17, it is easy to control if the surface is 
clean and by that the temperature measurement is reliable. If the two measured temperatures 
are close to each other with a difference <10°C the measured temperature is reliable. Other-
wise if there is a large difference between the two temperatures there will probably be some 
oxides or maybe slags etc. on the surface. On Fig. 3-18 are shown a chart with the tempera-
ture difference between the measured one- and two-colour temperatures ΔT as function of the 
measured two-colour temperature. Some typical areas are marked on the plot. Above 1400°C 
is |ΔT| < 10°C the surface of the liquid surface is clean and the measured temperature is reli-
able. Below 1400ºC the ΔT is between 150-250°C because of oxide on the surface. However 
during heating there will be a forced convection in liquid. If the temperature is close the 
1400°C the oxides is formed more slowly and the forced convection can wipe the oxides 
away before in covers the surface. Therefore ΔT can be close to zero also below 1400°C as 
marked on Fig. 3-18. Briefly there can be some noise in the temperature measurement be-
cause of slag etc. on the surface which also are marked on Fig. 3-18. This will however nor-
mally only last for a few seconds. 

 

Fig. 3-17 PC screen with measured one- and two-colour temperature 
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Fig. 3-18 Difference between measured temperatures at one- and two-colour as function of the measured 
two-colour temperature. There is a point for every 1 second. 

The same charts with ΔT as function of two-colour temperature from two other melts are 
shown on Fig. 3-19. They have fewer measuring points but they also show that above about 
1400°C the |ΔT| is in general close to zero. 

 

Fig. 3-19 Difference between measured temperatures at one- and two-colour as function of the measured 
two-colour temperature from two different melts 

3.7 Temperature measurement in cast iron during solidification 

Measuring the temperature in cast iron during solidification is normally done with thermo-
couples. In thicker cast parts the temperature can be up to 1350-1400° during filling of the 
mould and only thermocouples of type B, R and S can withstand these temperatures. Type R 
and S are giving a larger signal than type B and these should be preferred especially if cooling 
curves after solidification are of importance.  
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In thinner parts the maximum temperature will in general be lower and it will only last for a 
short period. Thermocouples of type K and N can therefore be used instead. These types are 
giving a signal that is about 4 times higher than R and S. In addition to that they are also 
cheaper than B, R and S, which are made of platinum. 

Ceramic tubes are normally used as sheath material. However ceramics have a relatively low 
thermal conductivity, which can give too long response time in thin walled casting. Naked 
thermocouple should therefore be used instead.  

From investigation of temperature measurement in thin walled ductile cast iron, based on ex-
periments, the following conclusions have been made [3.7]: 

- Using unsheathed thin thermocouple wires, e.g. diameter of 0.2 mm, mounted in a thin 
ceramic tube, e.g. diameter of 1.6mm, so that the thermocouple wire is immersed na-
ked in the melt it is possible to obtain reliable cooling curves in the casting. 

- The obtained cooling curves can be useful when comparing nucleation and growth 
during solidification of different castings including different plate thicknesses. 

- The two thermocouple wires do not need to be welded if there is electrical contact be-
tween melt and the wires. 

- If there is electrical contact between melt and thermocouple wire, making a short cir-
cuit, the measuring point can best be defined as the point where the short circuit starts. 

- The microstructure of the casting around the thermocouple was not affected by the 
presence of the thermocouple.  

- During filling of the mould with ductile iron the thermocouple wire was surrounded 
by an oxide layer from surface of the melt. This layer was initially giving a heat trans-
fer coefficient (HTC) between thermocouple wire and melt of about 25000 Wm-2K-1 
estimated from the heating time between measured temperatures of 200 to 1000 °C. 

- Later, the oxide layer decreased in thickness or it disappeared and the thermocouple 
wire was partly dissolved by the melt, which is assumed to give a very high HTC be-
tween thermocouple wires and melt.  

- To achieve good measurements it is important that the melt is allowed to flow past the 
thermocouple for as long time as possible so that the thermocouple is cleaned by the 
melt and is at thermal equilibrium with the surroundings. 
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Based on the results from the experiments numerical simulations of temperature measurement 
in thin walled ductile cast iron have been performed. Based on the results from the simula-
tions the following conclusions have been made [3.8]: 

- The simulations have shown that placing a thermocouple (TC) in thin wall casting will 
only have a small influence on the microstructure very close to the TC. 2mm from the 
TC the microstructure seems to be unaffected. This also corresponds with what found 
in experiment. 

- The measured temperature curve will have the correct shape compared to temperature 
in unaffected melt during the solidification process.  

- The measured temperature will however be lower than in the unaffected casting. There 
will be a parallel shift between the measured temperature and the temperature in unaf-
fected casting.  

- Temperature measurement with TC in thin wall castings will therefore give reliable in-
formation about nucleation and growth during solidification taking into account that 
the measured temperature will be lower than in unaffected casting. 

- The size of parallel shift will depend on different parameters. For a 2 mm thick plate 
using Ø0.2 mm TC wire the measured temperature will be about 17°C too low com-
pared to unaffected melt.  

- The size of the parallel shift seems to be inversely proportional with the thickness of 
the casting plate. 

- Decreasing the thermal conductivity or the diameter of the TC wire will decrease the 
size of the parallel shift. The heat capacity of TC had only a very little influence on 
temperature measurement. 

- Decreasing the thermal conductivity or heat capacity of the ceramic tube will decrease 
the parallel shift. 

- Increasing the distance the ceramic tube penetrates into the casting will decrease the 
parallel shift. 
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4 Experimental procedure 

In the following the procedure of the experiments will be described. The main procedure for 
the experiments was: 

- Preparation of moulds and sand cores with thermocouples 

- Melting of cast iron in furnace 

- Magnesium treatment with a Fe-Si-Mg alloy using a tundish sandwich method 

- Inoculation in small fiber cups just before pouring into the moulds 

- Temperature measurement in casting during solidification 

- After cooling: Microstructure examination 

4.1 Casting layout 

Two different casting layouts were used in the experiments. Casting layout A (Fig. 4-1) con-
sists of two parallel plates (finger A and B) with thicknesses of 8, 4.3 and 2.8 mm and a 
feeder with thickness of 16 mm. In some castings the temperature was measured in both fin-
gers. This layout was horizontally parted and the moulds were made of sodium silicate 
chemically bonded sand. Casting layout B (Fig. 4-2) consists of 4 plates with thicknesses of 
1.5, 2, 3 and 4 mm. This layout was vertically parted and the moulds were made of green sand 
on a Disamatic Moulding Machine. In casting layout B can there also be placed a copper chill 
inside the mould, giving a chilled casting sample with thickness of 3 mm. 

 

Fig. 4-1 Casting layout A. Horizontal parted 

 

Fig. 4-2 Casting layout B. Vertical parted 
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4.2 Cores for temperature measurement in castings 

In order to be able to place thermocouples accurately and fast in the moulds, especially in the 
moulds made on Disamatic Moulding Machine, the thermocouples were prefabricated and 
mounted in a core, see Fig. 4-4. The cores were produced on a core shooter and the tool for 
making the cores is shown on Fig. 4-3. The binder used for the cores was Novanol 180 from 
Ashland. This is a CO2 curing phenol-resol based binder. Before the core is shot the ceramic 
tubes are placed in the tool. It is possible to adjust on the core tool the length that the ceramic 
tube will penetrate into the casting. This length was set to 0.5 mm for the castings with plate 
thickness ≤ 4.3 mm and 3.5 mm for the 8 mm plates.  

Fig. 4-4 Cores ready for placing in mould.  Length 
of ceramic tube: a) 0.5mm, b) 3.5mm 

Fig. 4-3 Tool for making cores for temperature 
measurement. The ceramic tubes are placed in the 
holes marked by the arrows before the core is shot. 

 

Fig. 4-5 Thermocouple wires with diameter 0.2 
mm, before placed in the ceramic tube 

Thermocouple type K Ø0.2 mm was used for temperature measurement in the castings during 
solidification. The thermocouple wires were percussion welded, which will give a very small 
welding point, see Fig. 4-5. After the cores were made the thermocouple wires were placed in 
the ceramic tubes. Insulated thermocouple wires with diameter of 0.5 mm were used as exten-
sion cable from the thermocouple wires placed in the ceramic tube. 

Before casting the cores with thermocouples were placed in the moulds, see Fig. 4-6 and Fig. 
4-7. If the copper chill should be used in the green sand moulds it was placed in the moulds at 
the same time as the cores. 
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The chemically bonded moulds ready for casting are shown on Fig. 4-8. In order the get a 
controlled filling of the plates the moulds were tilted about 15°. The green sand moulds on the 
Disamatic ready for casting are shown on Fig. 4-9. 

Fig. 4-6 Lower part of chemically bonded mould 
with cores with thermocouples 

Fig. 4-7 Green sand mould with copper chill and 
cores with thermocouples 

Fig. 4-8 Chemically bonded moulds ready for 
casting 

Fig. 4-9 Green sand moulds ready for casting 

4.3 Data acquisition of temperature measurement 

Iotech Daqboard/2000 data acquisition board combined with DBK82 or DBK19 thermocou-
ple card was used for the data acquisition of temperatures. The acquisition system has an ac-

curacy of 1.3ºC for thermocouple type K at 1100ºC and ±2.1ºC for thermocouple type S in the 
range 1100-1400ºC.  

According to the standard IEC 60548-2 is the accuracy of thermocouple the type K (class 1) 

±1.5ºC or ±0.004×TºC (use the highest value). At 1100ºC this will give an accuracy of 
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±4.4ºC. The thermocouple type K wires used in all the experiments were from the same batch. 
This will increase the accuracy when comparing the temperature measured in the different 
castings. 

The sample rate for temperature measurement was 500 Hz and every 100 values were aver-
aged to reduce noise giving a time increment of 0.2 second. 

4.4 Casting procedure 

Ductile cast iron was produced in batches of about 90-100 kg. The iron was melted in an in-
duction furnace. The content of C was adjusted by adding graphite. The content of Si was 
adjusted by adding Si or FeSi. The melt was superheated to about 1520°C before being 
poured into a preheated ladle for magnesium treatment using a tundish sandwich method, see 
Fig. 4-10. The melt for each mould was then poured into a small insulated fiber cup where it 
was inoculated with 0.1-0.2% inoculants before it was poured into the mould, see Fig. 4-11. 
The temperature was measured in the fiber cup with an S-type thermocouple. For every 
casting some chill samples were cast for chemical analysis using a spectrometer. 

Fig. 4-10 Cast iron poured from furnace to the 
Mg-treatment ladle 

Fig. 4-11 Cast iron poured into mould using a small 
fiber cup 

For casting D the casting procedure was slightly different because of addition of different al-
loying element. The inoculants and alloying elements were added to the melt when poured 
from Mg-treatment ladle to fiber cup. The melt was then poured in a pouring basin with a 
stopper placed on the top of the moulds. When the pouring basin was full the stopper was re-
moved after 7 seconds. The use of pouring basin in this experiment gave some extra time for 
dissolution of the alloying element but it will also reduce the casting temperature. In this ex-
periment the casting temperature was measured in the pouring basin instead of in the fiber 
cup. 
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4.4.1 Chemical analysing 

The spectrometer Spectromax from Spectro [4.1] was used for chemical analysing of the melt. 
To be able to measure the carbon content in cast iron the specimens for testing have to soli-
dify with a white structure. This was done in copper chills giving specimens with 3 mm 
thickness. The specimens were grinded on sandpaper before performing the chemical ana-
lysing. 

4.5 Microstructure analysis 

Characterization of graphite morphology and matrix microstructure was performed on cross 
sections of the plates close to the thermocouples. The samples were grinded and polished with 
diamonds down to 1 µm.  

4.5.1 Image analysing 

Both graphite morphology and matrix microstructure was analysed using digital image ana-
lysis. Digital pictures of the microstructure were taken on a microscope with a magnification 
of about 80. However the pixel size on the pictures is more important when using image ana-
lysing. The used magnification combined with the camera on the microscope gave a pixel size 
of 0.58 µm. 10 pictures were taken from each samples. As the area covered by a picture was 
0.48 mm2 the total analysed area of each samples were 4.8 mm2. The software Image-Pro® 
version 4.1 [4.2] was used for image analysing for both graphite morphology and matrix mi-
crostructure. 

4.5.2 Graphite morphology 

On every graphite nodule the mean diameter, 
area and roundness are measured automatically. 

Nodules below 5 μm were neglected in the 
counts. The reason for this is that the magne-
sium treatment will produce a lot of small par-
ticles with average diameter of 1-2 µm [4.3]. If 
the minimum diameter Dmin is too small some 
of the particles from the Mg-treatment will be 
treated as nodules, see Fig. 4-12. If Dmin is too 

large not all graphite nodules will be included in the count. Ruxanda et al. have found in thin 
walled casting that Dmin = 5 µm will give reasonable results where the nodule count will 

 

Fig. 4-12 Distribution of particles and graphite 
nodules in thin walled castings 
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increase with decreasing thickness of casting as expected. If Dmin = 10 µm the nodules will 
decrease with decreasing plate thickness [4.4]. 

An other reason for rejecting the small particles/graphite nodules in the nodule count is that it 
will affect the measuring of nodularity. The resolution of a picture is defined by the pixel size. 
A Dmin = 5 µm corresponds to 9 pixels which will make it possible to measure the roundness 
of a particle. 

The roundness R is defined as: 

 
Area4

PerimeterR
2

⋅π⋅
=  (4.1) 

The sphericity S of a graphite nodule is defined as: 

 
R
1S =  (4.2) 

The nodularity of ductile iron can be defined either by the area or by the number of acceptable 
nodules. The nodularity is defined as: 
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Acceptable nodules will have S > 0.65. 

The two dimensional spatial size distribution of nodules was converted to a three dimensional 
size distribution by Schwartz-Saltykov analysis [4.5]. The method was extended from 15 to 
20 groups of nodules sizes. See Appendix C for the used coefficients. 

4.5.3 Etching 

To reveal the matrix microstructure a nital etching was used making it possible to measure the 
ferrite and pearlite percentage area. The bright areas are ferrite and the dark areas are pearlite 
+ graphite. If there were carbide present this is however not enough as both ferrite and car-
bides will appear as bright areas. A subsequent etching was used for revealing the carbides 
[4.4]: 1 g Na2S2O5/100 ml distilled water + 4 g picric acid/100 ml ethyl alcohol. The etching 
is complete when the ferrite and pearlite areas are dark and the carbides remains bright. 

On some of the casting samples a colour etching Klemm I was used [4.6]. The etching agent 

is made of a stock solution of saturated Na2S2O3⋅5H2O. Before use 2 g K2S2O5 are added to 
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100 ml stock solution. The etching time was about 2 minutes. This colour etching reveals the 
segregation of Si and P. As the amount of P in the castings was low only the segregation of Si 
will have an influence on the colour etching. Depending on the etching time the areas with 
high Si content will have pale colour change to red with increasing etching time. The areas 
with low Si content will have a dark colour changing to blue and almost white with increasing 
etching time. Si segregates inversely giving the lowest Si content in the last solidified. The 
colours will vary somewhat between ferritic or pearlitic areas. 

4.5.3.1 Heat treatment before colour etching 

As presence of pearlite in the matrix has an affect on the colour etching some samples from 
casting E was heat treated in order to get a full ferritic matrix. The samples were heated to 
about 860°C and afterward slowly cooled down to 600°C with a cooling rate of 3.0-3.5°C/s. 

4.6 Performed experiments 

Different experiments were performed with hypereutectic, near eutectic and hypoeutectic 
melts. An overview over the performed experiments is shown in Table 4-1. Details of inocula-
tion in casting D, E and F are shown in Table 4-2 to 4-4. The chemical composition of charge 
materials, nodularisers and inoculants are shown in Table 4-5. The chemical composition of 
the castings is shown in Table 4-6 except from casting D, which is shown in Table 4-7. 

Table 4-1 Overview over experiments (they are divided in groups of hypereutectic, near eutectic, hypo-
eutectic and the special casting D with alloying elements) 

Number of moulds 
Casting 

Layout A Layout B 
Mg treatment Inoculation 

Casting 
temperature 

[°C] 
Hypereutectic 

E 4 - 0,97% FeMgSi-5529 See       Table 4-3 1340 
H 2 2 1,17% Remag3400 0,1% UltraSeed 1370 
K 2 2 1,30% Remag3400 0,1% UltraSeed 1360 

Near eutectic 
F 3 - 0,86% FeMgSi-5529 See       Table 4-4 1360 
J 2 2 1,17% Remag3400 0,1% UltraSeed 1350 
L 2 2 1,30% Remag3400 0,1% UltraSeed 1350 

Hypoeutectic 
G 2 - 0,94% FeMgSi-5529 0,1% UltraSeed 1390 
M 2 - 1,27% Remag3400 0,1% UltraSeed 1350 

With alloying elements, hypereutectic 
D - 10 1,26% Remag3100 See Table 4-2 1325* 

* The casting temperature was measured in the fiber cup except from casting D, where it 
was measured in the pouring basin 
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Table 4-2 Inoculation and alloys in casting D 

Mould Inoculation Alloy 
D1 No inoculation  
D2 0.4% Alinoc  
D3 0.4% UltraSeed  
D4 0.4% UltraSeed 0.6% Cu 
D5 0.4% UltraSeed 0.3% Mn 
D6 0.4% UltraSeed 0.1% Cr 
D7 0.4% UltraSeed 0.3% Ni 
D8 0.4% UltraSeed 0.3% Mo 
D9 0.4% UltraSeed 0.5% Si 
D10 No inoculation   

       Table 4-3 Inoculation of casting E 

Mould Inoculation 
E1 0.1% UltraSeed 
E2 0.2% UltraSeed 
E3 0.1% Foundrisil 
E4 0.2% Foundrisil 

      Table 4-4 Inoculation of casting F 

Mould Inoculation 
F3 0.2% UltraSeed 
F4 0.1% Foundrisil 
F5 0.2% Foundrisil  

 

Table 4-5 Chemical composition of charge materials, nodularisers and inoculants 

 

Table 4-6 Chemical analysis of castings except casting D (CEV = %C + 0.278⋅%Si) 

Casting C Si Mn P S Mg CEV 
Hypereutectic       

E 3.70 2.75 0.044 0.025 0.010 0.037 4.47 
H 3.90 2.69 0.045 0.021 0.010 0.033 4.65 
K 4.15 2.11 0.040 0.024 0.013 0.039 4.74 

Near eutectic       
F 3.51 2.70 0.044 0.026 0.010 0.030 4.27 
J 3.57 2.64 0.041 0.022 0.011 0.028 4.31 
L 3.65 2.10 0.042 0.025 0.013 0.038 4.24 

Hypoeutectic       
G 3.26 2.67 0.043 0.020 0.008 0.030 4.01 
M 3.40 2.03 0.045 0.025 0.008 0.027 3.97 

For all castings: Ni~0.017; Cr~0.032; Al~0.01; Co~0.025; Cu~0.007; Ti~0.02; V~0.03; 
W<0.007; Mo, Nb, As, Sn and Pb < 0.005; Zr, Zn and B < 0.001 

Material Chemical composition 
Charge materials: 
Pig Iron 1.1%Si; 3.94%C; 0.018%Mn; 0.017%P; 0.005%S 
Si 99.3%Si; 0.203%Al; 0.032%Ti 
FeSi 54.5%Si; 0.80%Al 
Graphite 100%C 
Nodularisers:  
MgFeSi-5529 47.8%Si; 5.3%Mg; 2.08%Ca; 0.33%Al; 0.62%RE 
Remag3100 44.8%Si; 3.2%Mg; 0.37%Ca; 0.67%Al; 2.16%RE 
Remag3400 45.2%Si; 3.41%Mg; 0.44%Ca; 0.59%Al; 2.15%RE; 1.14%Ce 
Inoculants:  
UltraSeed 73.0%Si; 0.94%Ca; 1.9%Ce; 0.95%Al 
Foundrisil 75.2%Si; 0.89%Al; 0.96%Ca. 0.91%Ba 
Alinoc 74.9% Si; 3.59% Al; 1.2% Ca 
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Table 4-7 Chemical composition of casting D 

Mould C Si Mn P S Mg Cr Mo Ni Al Cu 
D1 3.05 0.048 0.021 0.010 0.031 0.028 0.002 0.010 0.007 0.005
D2 3.36 0.047 0.019 0.008 0.030 0.027 0.002 0.011 0.013 0.005
D3 3.36 0.049 0.018 0.007 0.031 0.028 0.002 0.012 0.010 0.005
D4 3.41 0.050 0.020 0.007 0.032 0.031 0.002 0.016 0.010 0.520
D5 3.36 0.352 0.020 0.008 0.031 0.030 0.002 0.013 0.009 0.025
D6 3.47 0.057 0.020 0.007 0.031 0.074 0.002 0.014 0.010 0.016
D7 3.37 0.048 0.019 0.007 0.031 0.030 0.002 0.221 0.009 0.010
D8 3.42 0.048 0.020 0.007 0.032 0.029 0.076 0.044 0.010 0.008
D9 3.79 0.051 0.020 0.007 0.030 0.031 0.037 0.019 0.014 0.008
D10 

3.70 

3.06 0.048 0.020 0.008 0.028 0.029 0.013 0.012 0.007 0.006
Co~0.025; Ti~0.02; V~0.03; W<0.007; Nb, As, Sn and Pb < 0.005; Zr, Zn and B < 0.001 
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5 Experimental results 

In the following the results from the experiments are presented and discussed. In appendix A 
are shown experimental cooling curves and nodule size distribution for all castings. In appen-
dix B are shown pictures of microstructure, both as polished and as nital etched. 

5.1 Microstructure 

5.1.1 Nodule count 

The nodule count pr volume for casting layout A (chemically bonded moulds) are shown in 
Table 5-1 and for casting layout B (green sand moulds) in Table 5-2. 

Table 5-1 Nodule count pr volume for casting layout A (Chemically bonded moulds) 

   Hypereutectic    Plate 
thickness E1 E2 E3 E4 H1 H2 K1 K2 
8.0 mm 20740 25861 16072 16452 37795 30165 29376 25159 
4.3 mm 29082 34871 27232 26870 38333 41377 27480 26430 
2.8 mm 52229 55585 46352 47496 68901 75694 49573 46680 

   Near eutectic   Plate 
thickness  F3 F4 F5 J1 J2 L1 L2 
8.0 mm  20859 14952 20725 15188 14457 10801 11538 
4.3 mm  32351 29554 37049 32757 32531 30615 27537 
2.8 mm  53910 43205 57105 54268 65073 55495 51401 

 Hypoeutectic      Plate 
thickness G1 G2 M1 M2     
8.0 mm 15192 19044 10243   9821     
4.3 mm 27897 25622 11731 12179     
2.8 mm 28459 23830 14995 15122     

 

Table 5-2 Nodule count pr volume for casting layout B (green sand moulds) 

  Hypereutectic    Near eutectic  
 H3 H4 K3 K4  J3 J4 L3 L4 

4 mm 34077 34864 26293 27322  42192 44162 34329 31496 
3 mm 47880 45752 36385 37612  58443 60672 42132 42529 
2 mm 71459 74324 60168 66727  89148 87943 63525 69561 

1.5 mm 119112 120317 69160 81050  105159 108187 63082 71647 
 

The nodule counts vs. plate thicknesses for the hypereutectic castings are shown in Fig. 5-1. 
The nodule count increase as expected with decreasing plate thickness. The nodule count for 
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casting H seems to be a little higher than the two other castings, especially for casting layout 
A (t = 2.8, 4.3 and 8 mm). The nodule count also seems to be very similar for the two casting 
layouts A and B (2 and 4 mm vs. 2.8 and 4.3 mm). 

Fig. 5-1 Nodule count in hypereutectic castings Fig. 5-2 Nodule count in near eutectic castings 

 

Fig. 5-3 Nodule count in hypoeutectic castings 

Fig. 5-4 Nodule counts in all castings 

The nodule counts vs. plate thicknesses for the near eutectic castings are shown in Fig. 5-2. At 
t ≤ 2 mm casting L has relatively low nodule count, otherwise are the nodule counts very 
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similar for all the near eutectic castings. The nodule counts vs. plate thicknesses for the hypo-
eutectic castings are shown in Fig. 5-3. Here the nodule count is very similar for the 2.8 and 
4.3 mm plates because there is a high proportion of primary carbides in the 2.8 mm plates. 

Nodule counts for all castings are shown in Fig. 5-4 in order to compare the nodule counts 
between the hyper-, near- and hypoeutectic castings. Except from the hypoeutectic castings 
with high content of carbides the average nodule count is very similar for the three types of 
castings.  

There is however a difference in the size distribution of the nodules, see Fig. 5-5. The hyper-
eutectic melts have a bimodal size distribution where most of the nodules are distributed 
similar to those in the eutectic alloy, combined with a small fraction of large nodules. On Fig. 
5-6 and Fig. 5-7 are shown the accumulated sum of nodules, summed from the largest nodules 
and downwards1. Having a logarithmic scale for the sum of nodules the sum of nodules for 
the near eutectic castings are increasing along an almost strait line with decreasing nodule 
diameter. For the hypereutectic castings the curves have an S-shape because of the small 
group of larger nodules. The effect is clear in all plates except in the 8 mm plates. The 
definition of minimum limits for large nodules is shown in Table 5-3. The number of large 
nodules is shown in Fig. 5-8. In the hypereutectic castings there are between 1500-3000 
nodules/mm3, while the near eutectic castings have very few, typically less than 100 
nodules/mm3. 

Fig. 5-5 Nodule size distribution in hypereutectic (E2) and near eutectic casting (F3): a) 4.3 mm plates; b) 
2.8 mm plates  

                                                 

1 This is done in order to make the group of large nodules more visible when comparing hypereutectic and near 
eutectic castings. The normal method of using accumulated sum of nodules from the small nodules and upwards 
would not show this effect. 
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Fig. 5-6 Accumulated sum of nodules from the 
largest nodules and down for hypereutectic and 
near eutectic castings for casting layout A (chemi-
cally bonded moulds) 

 

Fig. 5-7 Accumulated sum of nodules from the largest nodules and down for hypereutectic and near eutec-
tic castings for casting layout B (green sand moulds) 
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Table 5-3 Definition of minimum limits for large nodules for hypereutectic and eutectic castings [μm] 

Plate thickness [mm] 2.8 4.3 4.0 3.0 2.0 1.5 
Hypereutectic 22.5 27.5 27.5 25.0 20.0 17.5 
Eutectic 25.0 30.0 30.0 27.5 22.5 17.5 
 

The presence of a group of larger no-
dules in the hypereutectic melts indi-
cates that nodules in that case have 
nucleated before the eutectic part of 
the solidification and by that had lon-
ger time to grow. The main part of the 
nodules has nucleated during the 
eutectic part of the solidification. 
 

5.1.1.1 Effect of inoculation on nodule count 

For casting E and F there were two different parameters for the inoculation: Type of inocula-
tion and amount of added inoculation. The effect of inoculation type is shown in Table 5-4 
where the difference is compared for moulds to which the same amount of two different ino-
culants was added. Using a paired t-test when comparing the two different types of inocula-
tion gave a P-value of 0.042. However the effect of the inoculation type seems to be opposite 
between casting E and F. Using a paired t-test only on results from casting E gave a P-value 
of 0.0013. 

Table 5-4 Effect of inoculation type on nodule
count (paired t-test gave P-value = 0.042) 

Comparing Plate Differences [%]
E1 vs. E3 8.0 mm -22.5 
 4.3 mm -6.4 
 2.8 mm -11.3 
E2 vs. E4 8.0 mm -36.4 
 4.3 mm -22.9 
 2.8 mm -14.6 
F3 vs. F5 8.0 mm -0.6 
 4.3 mm 14.5 
 2.8 mm 5.9 
 Average: -10.5  

 Table 5-5 Effect of amount of inoculation on no-
dule count (paired t-test gave P-value = 0.0059) 

Comparing Plate Differences [%]
E1 vs. E2 8.0 mm 24.7 
 4.3 mm 19.9 
 2.8 mm 6.4 
E3 vs. E4 8.0 mm 2.4 
 4.3 mm -1.3 
 2.8 mm 2.5 
F4 vs. F5 8.0 mm 38.6 
 4.3 mm 25.4 
 2.8 mm 32.2 
 Average: 16.7  

 

 
Fig. 5-8 Large nodules in hyper- and near eutectic castings 
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The effect of the amount of added inoculation is shown in Table 5-5 where the difference is 
compared for moulds added the same type of inoculation but added amount is different. In-
creasing the amount of inoculation from 0.1 to 0.2 % will increase to nodule count with aver-
age 17%, but there are large differences between the castings. A paired t-test gave a P-value 
of 0.0059. 

5.1.1.2 Exploded nodules and graphite flotation 

In the hypereutectic casting H and K there were some exploded graphite nodules, see Fig. 5-9. 
It was more pronounced in the thicker plates than in the thinner plates. High carbon equiva-
lent and high content of rare earth (RE) elements can give exploded nodules, particularly if 
high purity melts are used [5.1]. Both casting H and K were hypereutectic and were treated 
with a nodulariser with a high content of RE. The hypereutectic casting E was treated with a 
nodulariser with a lower content of RE and there were very few or none exploded nodules. 

Fig. 5-9 Examples of exploded graphite nodules from casting H1, 4.3 mm plate (a) and 8.0 mm plate (b) 

Fig. 5-10 Examples of graphite flotation from casting E, 4.3 mm plate (a) and 8.0 mm plate (b) 

An other problem in the hypereutectic castings is graphite flotation, see Fig. 5-10. This was 
more pronounced in the thicker plate than the thinner plates. The thicker plates (8 mm plates) 
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have more areas with graphite flotation and a higher number nodules involved in the invidual 
groups of flotation. In the 4.3 mm plates there were only few areas with graphite flotation and 
it rarely occurred in the plates thinner than 4.3 mm. 

5.1.2 Chilled samples 

The nodule count and size distribution in the samples from the chill in casting layout B (green 
sand moulds) have also been analysed, both near the surface and in the centre of the chilled 
sample. In the near eutectic castings there were only small nodules or particles, see Fig. 5-11 
with a size up to about 6 µm at the surface and 7 µm in the centre of the chilled sample. Fig. 
5-11 is from casting J4. In casting L there were no particles larger than about 4 µm. 

In Fig. 5-12 to 5-14 are shown the nodule size distribution from chilled samples in hyper-
eutectic castings. In the hypereutectic castings there are a large number of small particles with 
a size up to about 6 µm as in the near eutectic castings, see Fig. 5-12. There was however also 
a group of larger particles or nodules with sizes from 7-15 µm. 

  

  
Fig. 5-11 Nodule size distribution in chilled sample, from casting J4, shown at two different scales  

The number of nodules larger than 7 µm and 8 µm at the surface or centre of the samples re-
spectively are shown in Table 5-6. The hypereutectic casting H has about 25000 large no-
dules/mm3 and casting K about 15000 large nodules/mm3, while the near eutectic casting J 
only has 500-1000 large nodules/mm3. There numbers are actually based on 2-D nodule 
counts from an area of 1.5-2.0 mm2, where the total nodule count for large nodules in the 



72 5 Experimental results  
 
hypereutectic castings were 250-350 large nodules/mm2 and only 5-10 for the near eutectic 
casting J. So in reality has casting J almost no large nodules. 

  

  
Fig. 5-12 Nodule size distribution in chilled sample from casting H3, shown at two different scales 

  
Fig. 5-13 Nodule size distribution in chilled sample from casting H4 (hypereutectic) 

  
Fig. 5-14 Nodule size distribution in chilled sample from casting K4 (hypereutectic) 

The accumulated sum of nodules, summed from the largest nodules and downwards, for the 
chilled samples is shown in Fig. 5-15. It shows that for the group of large nodules the average 
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nodule size in the centre are 1-2 µm larger than the nodules near the surface. This is probably 
because the nodules in the centre have longer time to grow before the solidification is ended. 

Table 5-6 Number of large nodules in chilled sample (J4 is near eutectic, the others are hypereutectic) 

 Near eutectic  Hypereutectic 
Mould J4 L4  H3 H4 K4 
Nodules > 7 µm at surface [mm-3] 548 (1) 0  26089 26089 14049 
Nodules > 8 µm at centre [mm-3] 1182 (2) 0  26413 25993 16477 
(1) No nodules > 8 µm 
(2) Only 314 nodeles/mm3 > 10 µm (corresponds to 3 nodules/mm2 based on area counts) 
 

  

  
Fig. 5-15 Accumulated sum of nodule count in chilled samples (J4 is near eutectic, the others are hyper-
eutectic) 

In Fig. 5-16 are shown an etched chilled sample from casting H4 from near the surface and at 
the centre of the sample. The nodules near the surface have only a thin shell of austenite2 
while the nodules in centre have a thicker shell. As with the graphite nodules there has been 
more time for growth of the austenite shell in the centre than at the surface of the chilled sam-
ple. 

                                                 

2 The austenite formed during solidification will during the cooling to room temperature after the solidification 
process transform to ferrite or pearlite, which actually are the phases visible in the pictures of the microstructure. 
In the following the matrix surrounding the graphite is for simplicity referred to as austenite, which is the phase 
formed during the solidification process. 
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Fig. 5-16 Nital etched chilled sample from casting H4. Near the surface (a) and in the centre (b) 

5.1.3 Carbides 

Two different types of carbides or white eutectic were observed in the castings. One can be 
called primary carbides where the carbides are needle or plate like and well dispersed in the 
castings, see Fig. 5-17. These will occur with fast cooling and poor nucleation of graphite 
nodules. The other type carbides is also called inverse chill where the carbides are found as 
intercellular small clusters in the centre of the castings, see Fig. 5-18. These carbides are 
nucleated in the last solidified material because of segregation of carbide promoting elements 
and inverse segregation of graphite promoting elements.  

The carbides in castings with many carbides (>5%) can best be characterized as primary car-
bides as shown in Fig. 5-17, while the carbides in castings with less than 5% best can be cha-
racterized as inverse chill as shown in Fig. 5-18. 

Fig. 5-17 Primary carbides (casting M2, 4.3 mm 
plate) 

Fig. 5-18 Cluster of carbides, also called inverse chill 
in the centre of the plate (casting L1, 4.3 mm plate) 
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The percentage of carbides for casting layout A (chemically bonded moulds) are shown in 
Table 5-7 and for casting layout B (green sand moulds) in Table 5-8. In general the amount of 
carbides increase with decreasing plate thicknesses. However in some cases (mould H1+2 and 
L1+2+4) it is opposite where a thicker plate has more carbide than a thinner plate.  

Table 5-7 Percentage carbides for casting layout A (Chemically bonded moulds) 

   Hypereutectic    Plate 
thickness E1 E2 E3 E4 H1 H2 K1 K2 
8.0 mm 0 0 0 0 0 0 0 0 
4.3 mm 0 0 0 0 <0.1 <0.1 0 0 
2.8 mm 0 0 0 0 0 0 0 0 

   Near eutectic   Plate 
thickness  F3 F4 F5 J1 J2 L1 L2 
8.0 mm  0 0 0 0 0 0 1.2 
4.3 mm  0 0 0 <0.1 <0.1 2.1 1.9 
2.8 mm  2.0 4.2 0 <0.1 <0.1 <0.1 <0.1 

 Hypoeutectic      Plate 
thickness G1 G2 M1 M2     
8.0 mm 0 0 0 0.7     
4.3 mm 0 2.0 15.8 13.9     
2.8 mm 15.4 12.4 26.9 29.6     

 

Table 5-8 Percentage carbides for casting layout B (green sand moulds) 

  Hypereutectic    Near eutectic  
 H3 H4 K3 K4  J3 J4 L3 L4 

4 mm 0 0 <0.1 <0.1  0 0 <0.1 3.0 
3 mm 0 0 <0.1 <0.1  0 0 1.8 1.0 
2 mm <0.1 <0.1 0.4 2.8  <0.1 1.5 6.4 6.9 

1.5 mm 7.3 3.3 9.3 17.7  16.8 17.9 28.2 29.9 
 

The amount of carbides as function of nodule count and plate thicknesses are shown in Fig. 
5-19. Decreasing nodule count and decreasing plate thicknesses will in general increase the 
carbide content in the casting. 
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Fig. 5-19 Carbides as function of nodule count and plate thickness 

 

Fig. 5-20 Carbides in casting J4, 1.5 mm plates, nital etched. The carbides are more coarse in the centre 
than at the surface of the casting. The orientation of the carbide needles are almost perpendicular to the 
surface of the casting except near the surface where the orientation are almost parallel to the surface. 

In the casting with many carbides (>5%) the carbides are more coarse in the centre than near 
the surface of the casting, see Fig. 5-20. Regarding the orientation of the carbide needles or 
plates it seems to be almost parallel with the surface of the casting near the surface but it 
gradually changes to be almost perpendicular to the surface of the casting. This can be ex-
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plained by that the carbides are nucleated at a few points near or at the surface of the mould. 
This corresponds well with what reported by Mampaey and Xu [5.2]. They have reported that 
in a 2 mm plate white eutectic “rays” have grown from the mould wall into the plate. Several 
of these rays originate from one point on the surface. They suggest that the carbides have 
been nucleated on the sand mould wall. 

5.1.4 Colour etching 

The colour etching reveals the segregation of Si and P. As the amount of P in the castings was 
low only the segregation of Si will have an influence on the colour etching. Depending on the 
etching time the areas with high Si content will have pale colour changing to red with in-
creasing etching time. The areas with low Si content will have a dark colour changing to blue 
and almost white with increasing etching time. Si segregates inversely giving the lowest Si 
content in the last solidified areas 

Pictures from colour etchings on as cast samples from hypereutectic casting E and near eutec-
tic casting F are shown in Fig. 5-21. Primary dendrite arms are visible as red lines or as lines 
of red dots. In general the primary dendrite arms are oriented perpendicular to the surface of 
the casting. The length of the dendrites was up to more than 1 mm going from the surface to 
the centre of the plate for the 2.8 mm plates. There were dendrites in all plate thicknesses but 
it seems to be more pronounced in the thinner plates. It is however not possible to quantify 
this as the cut through the casting has to be along the dendrites before they are visible. 

As the presence of pearlite in the matrix has an effect on the colour etching some samples 
from casting E was heat treated to get a fully ferritic matrix. This made it possible to distin-
guish the presence of secondary dendrite arms, see Fig. 5-22 for a 4.3 mm plate and Fig. 5-23 
for a 2.8 mm plates. The primary dendrite arms are in general perpendicular to the surface of 
the casting but there were also found examples on primary dendrite arms almost parallel to 
the surface, see Fig. 5-24. It was not possible to find clear evidence of dendrite in the 8 mm 
plate on the heat treated samples. 
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Fig. 5-21 Colour etching on as cast samples. Arrows are showing presence of dendrites. 2.8 mm plate cast-
ing E (a) and casting F (b); 4.3 mm plate casting E (c) and casting F (d); 8.0 mm plate casting E (e) and 
casting F (f) 
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Fig. 5-22 Colour etching, casting E4, 4.3 mm plate, heat treated. The dendrites are in general perpendi-
cular to the surface of the casting 

 

Fig. 5-23 Colour etching, casting E4, 2.8 mm plate, heat treated. Many of the dendrites are perpendicular 
to the surface of the casting 
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Fig. 5-24 Colour etching, casting E4, 2.8 mm plate. Primary dendrite arms are both perpendicular and 
parallel to the surface of the casting 

 

Fig. 5-25 Colour etching, casting E4, 2.8 mm plate, heat treated. In general all the large nodules are sur-
rounded by a bright shell while some of the small nodules are more close the darker/blue areas 

In general all the nodules were surrounded by a shell with high content of Si, see Fig. 5-25 for 
a 2.8 mm plate and Fig. 5-26 for a 8.0 mm plate. All the large nodules have a thick shell while 
some of the small nodules have a thinner shell and are closer to the areas with low content of 
Si. The content of Si seems to decrease with increasing distance from the nodules. The only 
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exceptions from this are in case of the presence of dendrites. This indicates that during the 
eutectic solidification the graphite nodules are surrounded by an austenite shell and the 
growth of the nodules will occur by diffusion for carbon through the austenite shell. The 
smaller nodules are nucleated latter during the solidification process which will give shorter 
time for growth giving a thinner austenite shell. There are also some small nodules with a 
thick shell but these can actually be large nodules which have been cut far from the centre. 

 

Fig. 5-26 Colour etching, casting E4, 8.0 mm plate, heat treated. In general all the large nodules are sur-
rounded by a bright/red shell while some of the small nodules are more close the blue areas 

5.1.5 Structures at shrinkage porosities 

During solidification microporosities can arise because of the shrinkage during the solidifica-
tion. These microporosities can be rationalized as interrupt solidification corresponding to that 
at some point during the solidification process the liquid have been removed leaving the solid 
phases behind. This can give some information about the solidification morphology. Example 
of porosities in thin plates is shown in Fig. 5-27, which are shown some dendrite formation. 
There have also been found presence of dendrites in the centre of the feeder (having a thick-
ness of 16 mm), see Fig. 5-28.  

In Fig. 5-29 are shown porosities in a chill sample from casting D. This also shows a dendritic 
structure but many of the dendrites have different orientations. 
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Fig. 5-27 Microporosities in casting F5, 2.8 mm  
plate, showing some dendritic formation  

Fig. 5-28 Porosities in casting F4, from centre of 
feeder (thickness of 16 mm), showing some dendritic 
formation 

To get some more information of the three 
dimensional structure in the porosities some 
samples from casting D were chilled in nitro-
gen and afterwards broken giving a brittle 
fracture. These samples were analysed in 
scanning electron microscope (SEM). The 
porosities revealed a dendritic structure with 
the dendrites having the same orientation, 
see Fig. 5-30. On Fig. 5-31 are shown many 
small dendrite arms that just started to grow. 
On Fig. 5-32 are shown a cross section of 
two dendrite arms with some graphite no-
dules inside the dendrites. This cross section 
corresponds to what is normally seen on a polished sample in light optical microscope as in 
Fig. 5-27 and Fig. 5-28. On Fig. 5-33 are shown a close up on a structure looking like many 
small cauliflowers. Every “cauliflower” corresponds to a graphite nodule surrounded by an 
austenite shell.  

All the structures found at these porosities are characterized by that the graphite nodules are 
surrounded by an austenite shell. This indicates that during the eutectic solidification the 
graphite nodules will be surrounded an austenite shell and the growth of the graphite nodules 
has been governed by diffusion of carbon through the austenite shell. 

Fig. 5-29 Microskrinkage in chill from casting D3. 
The orientation of the dendrites is randomly than 
normally seen in more slowly solidified castings 
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Fig. 5-30 SEM picture from casting D1. All the 
structure has the same orientation  

Fig. 5-31 SEM picture from casting D1. There are 
many small dendrite arms, just started to grow 

Fig. 5-32 SEM picture from casting D1, showing a 
cut through dendrite arms with graphite nodules. 
The cutting plan corresponds to what normally 
seen in a light optical microscope.  

Fig. 5-33 SEM picture, a close up from Fig. 5-30. 
Every cauliflower likely structure corresponds to a 
graphite nodule surrounded by austenite shell 
during solidification 

5.2 Cooling curves 

5.2.1 Definitions of temperatures on cooling curves 

An example of a cooling curve combined with the corresponding cooling rate dT/dt from a 
hypereutectic casting is shown in Fig. 5-34 together with the definition of some characteristic 
temperatures. T11 is defined as the point on dT/dt curve where there is an abrupt decrease in 
the cooling rate, which indicates the beginning of solidification. This point can in some cases 
be difficult to distinguish, especially in thin walled castings. T12 is the first maximum of the 
dT/dt curve and T21 is the following local minimum. Tmin and Tmax are the minimum respec-
tive maximum temperature during solidification. This increase in temperature from Tmin to 
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Tmax during the eutectic reaction will in the following be called recalesence. The recalescence 
ΔTrec is defined as Tmax – Tmin. 

In some of the castings, especially in the thinner plates there can also be a small recalescense 
in the beginning of solidification, see Fig. 5-35, where a Local Tmin og Local Tmax is defined. 

The above definitions are used for hypereutectic and near eutectic castings. 

Fig. 5-34 Definition of temperatures (From casting 
E1, 8 mm plate) 

Fig. 5-35 Definition of temperature including Local 
Tmin and Tmax (From casting E1, 4.3 mm plate) 

In the hypoeutectic castings a slightly 
different definition of temperatures has been 
used, see Fig. 5-36. In hypoeutectic castings 
the solidification will start with nucleation 
and growth of primary austenite. T1 is 
defined as the point on the dT/dt curve where 
there is an abrupt decrease in the cooling 
rate, which indicates the start of nucleation 
of primary austenite. T2 is defined as the 
following maximum on the dT/dt curve, in-
dicating a maximum growth of austenite 
after nucleation. T3 is the following 
minimum on the dT/dt curve, which indicates the beginning of steady state growth of primary 
austenite. T11 is defined as the following point on the dT/dt curve where there is an abrupt 
increase, which indicated the end of steady state growth of primary austenite and the start of 
the eutectic solidification. 

Fig. 5-36 Definition of temperatures, hypoeutectic 
casting (From casting M1, 8 mm plates) 
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5.2.2 Cooling curves in hypereutectic castings 

The measured temperature for the hypereutectic castings are shown in Table 5-9 for casting 
layout A (chemically bonded moulds) and Table 5-10 for casting layout B (green sand 
moulds). 

The shape of the cooling curves in hypereutectic castings can be divided into two different 
types, depending on the plate thicknesses. The shape of the cooling curves for 8 mm plates 
has one type of shape and cooling curves from plate with thicknesses ≤ 4.3 mm has an other 
shape. 

 
Fig. 5-37 Cooling curve from 8 mm plate, 
hypereutectic casting (mould E2) 

 
Fig. 5-38 Cooling curve from 8 mm plate, 
hypereutectic casting (mould K1) 

 
Fig. 5-39 Cooling curve from 4.3 mm plate, 
hypereutectic casting (mould E2) 

 
Fig. 5-40 Cooling curve from 2 mm plate, 
hypereutectic casting (mould H4) 

Two typical cooling curves from 8 mm plates are shown in Fig. 5-37 and Fig. 5-38. The 
cooling curves have an undercooling (Tmin) in the beginning of the solidification, followed by 
a short and small recalescence. After the maximum temperature (Tmax) there can, on some of 
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the cooling curves, be a small decrease in the dT/dt curve (see Fig. 5-37) but this point is not 
always clear on all curves (see Fig. 5-38). 

The cooling curves from the thinner plates (≤ 4.3 mm) have a different shape, which espe-
cially can be seen on the dT/dt curve, see Fig. 5-39 and Fig. 5-40. The dT/dt curve has a local 
maximum (T12) followed by a local minimum (T21) in the beginning of the solidification. For 
some of the 4.3 and 4 mm plates there was even a small recalescence on the cooling curve at 
this point, see Fig. 5-39, Table 5-11 and Table 5-12. After the local maximum and minimum 
on dT/dt curve further undercooling occurs before the main recalescence. 

Similar cooling curves for thin wall hypereutectic castings with two peaks on the dT/dt curve 
have also been reported in [5.3] for a 3 mm thick plate. Here the first peak is explained by 
growth of primary austenite. The volume of primary graphite is however small and the heat 
evolution from graphite precipitation will therefore be small and changes in slope rather than 
arrests are usually obtained [5.4]. In addition to that the same peak has also been observed on 
some of the near eutectic castings (see next section 5.2.3). The first peak on the dT/dt curve 
can therefore only be explained by growth of austenite, probably as off-eutectic austenite 
dendrites as seen in the colour etched samples, see section 5.1.4. 

Table 5-9 Temperatures in hypereutectic castings, cast layout A (chemically bonded moulds) 

Plates  E1 E2 E3 E4 H1 H2 K1 K2 
8 mm T11 1168.9 1161.9 1158.6 1162.6 - 1147.0 1152.0 1155.0

 T12 1151.0 1149.5 1145.1 1145.0 - 1131.9 1144.2 1141.9
 T21 1150.9 1150.3 1144.9 1145.6 - - - - 
 Tmin 1149.8 1148.7 1144.3 1144.6 - 1131.3 1142.4 1141.1
 Tmax 1152.0 1150.9 1145.9 1146.7 - 1133.8 1146.3 1143.9
 ΔTrec 2.2 2.2 1.6 2.1 - 2.5 3.9 2.8 

4.3 mm T11 1145.0 1133.7 1124.5 1133.1 1115.9 - 1130.0 1118.0
 T12 1128.8 1121.5 1107.4 1118.1 1109.4 1107.7 1115.7 1110.1
 T21 1127.6 1121.0 1106.1 1116.1 1109.0 1103.8 1113.3 1106.9
 Tmin 1125.3 1120.2 1104.1 1112.7 1106.0 1101.9 1110.0 1105.2
 Tmax 1127.0 1121.2 1106.7 1115.2 1106.2 1106.7 1112.1 1109.5
 ΔTrec 1.7 1.0 2.6 2.5 0.2 4.8 2.1 4.3 

2.8 mm T11 1131.7 - 1144.9 1143.7 - - 1126.0 1127.0
 T12 1111.1 1121.8 1122.5 1116.7 1103.9 1098.4 1114.4 1110.3
 T21 1107.0 1117.1 1115.7 1110.5 1099.9 1092.2 1105.6 1102.2
 Tmin 1100.4 1114.2 1105.3 1099.7 1091.4 1084.9 1097.9 1097.3
 Tmax 1101.9 1115.5 1105.6 1100.1 1094.6 1089.3 1101.1 1103.5
 ΔTrec 1.5 1.3 0.3 0.4 3.2 4.4 3.2 6.2 
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The temperature differences 
ΔTrec and T12 – Tmin are shown in 
Table 5-13 and Table 5-14. ΔTrec 
is the recalescence during the eu-
tectic growth. It is very similar 
for the different plate thicknes-
ses. A paired T-test gives a high 
P-value, see Table 5-15, indica-
ting that the recalescence is simi-
lar for the different plate thick-
nesses. 

The temperature differences T12 – 
Tmin indicates the difference in 
temperature between nucleation 
and growth of off-eutectic auste-
nite dendrites and the main eu-
tectic growth in the thin plates. 
This temperature difference will 

increase with decreasing plate thicknesses and the paired t-tests between the different plate 
thicknesses give very small P-values, see Table 5-15. 

Table 5-11 Local Tmin and Tmax in 4.3 mm plates, cast layout A
(chemically bonded moulds) 

 E1 E2 H1 K1 K2 
Local Tmin 1128.6 1121.3 1109.2 1115.6 1109.7
Local Tmax 1128.9 1121.8 1110.1 1115.9 1110.1
Local ΔTrec 0.3 0.5 0.3 0.1 0.4  

 

Table 5-12 Local Tmin and Tmax in 
4 mm plates, cast layout B.  

 K3 
Local Tmin 1114.4 
Local Tmax 1114.8 
Local ΔTrec 0.4  

 

Table 5-13 Temperature differences for hypereutectic casting, layout A (chemically bonded moulds) 

Difference Plates E1 E2 E3 E4 H1 H2 K1 K2 Avg. 
ΔTrec 8.0 mm 2.2 2.2 1.6 2.1 - 2.5 3.9 2.8 2.5 

 4.3 mm 1.7 1.0 2.6 2.5 0.2 4.8 2.1 4.3 2.4 
 2.8 mm 1.5 1.3 0.3 0.4 3.2 4.4 3.2 6.2 2.6 

T12 – Tmin 8.0 mm - - - - - - - - - 
 4.3 mm 3.5 1.3 3.3 5.4 3.4 5.8 5.7 4.9 4.2 
 2.8 mm 10.7 7.6 17.2 17.0 12.5 13.5 16.5 13.0 13.5 

 

Table 5-10 Temperatures in hypereutectic castings, cast layout B
(green sand moulds) 

  H3 H4 K3 K4 
4 mm T11   1127.0  

 T12 1111.0 1111.1 1114.8 1117.5
 T21 1109.0 1107.6 1111.7 1113.0
 Tmin 1103.0 1105.0 1107.5 1108.3
 Tmax 1106.7 1108.3 1110.1 1110.5
 ΔTrec 3.7 3.3 2.6 2.2 

3 mm T11     
 T12 1122.1 1111.3 1118.0 1115.1
 T21 1111.2 1105.7 1112.3 1110.3
 Tmin 1108.8 1101.0 1107.4 1102.2
 Tmax 1111.6 1105.8 1111.3 1106.5
 ΔTrec 2.8 4.8 3.9 4.3 

2 mm T11     
 T12 1112.6 1108.3 1114.5 1113.8
 T21 1093.3 1100.3 1105.2 1101.2
 Tmin 1088.6 1092.3 1095.9 1092.4
 Tmax 1095.1 1095.4 1097.6 1094.9
 ΔTrec 6.5 3.1 1.7 2.5  
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Table 5-14 Temperature differences for hypereutectic casting, layout B (green sand moulds) 

Difference Plates H3 H4 K3 K4 Avg. 
ΔTrec 4 mm 3.7 3.3 2.6 2.2 3.0 

 3 mm 2.8 4.8 3.9 4.3 4.0 
 2 mm 6.5 3.1 1.7 2.5 3.5 

T12 – Tmin 4 mm 8.0 6.1 7.3 9.2 7.6 
 3 mm 13.3 10.3 10.6 12.9 11.8 
 2 mm 24.0 16.0 18.6 21.4 20.0 

 

The increase in the temperature difference T12 – Tmin with increasing cooling rates can be ex-
plained by that nucleation and growth of off-eutectic austenite dendrites is relatively easy 
while nucleation and growth of graphite nodules is more difficult. At higher cooling rate more 
graphite nodules have to be nucleated before the onset of the eutectic growth and this will 
require higher undercooling. Therefore will the temperature difference T12-Tmin increase with 
decreasing plate thicknesses. 

Table 5-15 One-side paired T-test for temperature differences for hypereutectic castings 

Casting layout Difference Plates P-value 
Layout A ΔTrec 8.0 vs. 4.3 mm 0.34 

  4.3 vs. 2.8 mm 0.40 
 T12 – Tmin 8.0 vs. 4.3 mm - 
  4.3 vs. 2.8 mm 8.8×10-6 

Layout B ΔTrec 4 vs. 3 mm 0.11 
  3 vs. 2 mm 0.37 
 T12 – Tmin 4 vs. 3 mm 0.0012 
  3 vs. 2 mm 0.0020 

 

5.2.3 Cooling curves in near eutectic castings 

The measured temperature for the near eutectic castings are shown in Table 5-16 for casting 
layout A (chemically bonded moulds) and Table 5-17 for casting layout B (green sand 
moulds). 

While the shape of the cooling curves for the hypereutectic castings where similar for the dif-
ferent casting experiments there is more variation in the shape of the cooling curves for the 
near eutectic castings. 

The shapes of cooling curves from the near eutectic casting F are in many ways similar to the 
hypereutectic castings, see Fig. 5-41. The 8 mm plates have an undercooling followed by a 
recalescence during the eutectic growth. The undercooling and recalescence is however larger 
for the near eutectic casting in comparison to the hypereutectic casting.. 
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Table 5-16 Temperatures in near eutectic castings, cast layout A (chemically bonded moulds) 

  F3 F4 F5 J1 J2 L1 L2 
8 mm T11 1129.9 1132.4 1131.4    1167.0  

 T12 1127.6   1120.5  1126.3 1126.0 
 T21     1116.3  1127.1 1126.8 
 Tmin 1125.3 1127.6 1128.9 1113.7 1114.7 1127.2 1126.8 
 Tmax 1139.7 1141.8 1141.1 1128.8 1129.5 1135.9 1135.7 
 ΔTrec 14.4 14.2 12.2 15.1 14.8 8.7 8.9 

4.3 mm T11        1100.0  
 T12 1103.3 1096.6 1095.1    1095.4  
 T21 1100.3 1092.7 1093.8       
 Tmin 1099.2 1090.8 1091.8 1091.1 1090.6 1091.6  
 Tmax 1117.1 1109.4 1104.2 1112.6 1112.1 1113.2  
 ΔTrec 17.9 18.6 12.4 21.5 21.5 21.6  

2.8 mm T11           
 T12 1094.1 1087.2 1096.2 1083.2 1086.3    
 T21 1087.5 1078.1 1089.0 1081.9 1083.8    
 Tmin 1078.4 1067.4 1085.3 1081.4 1082.0 1081.3 1085.6 
 Tmax 1093.5 1089.9 1098.9 1101.9 1102.0 1103.5 1108.3 
 ΔTrec 15.1 22.5 13.6 20.5 20.0 22.2 22.7 

 

In the thinner plates (4.3 and 
2.8 mm) the near eutectic 
casting F has also a local 
maximum and minimum on 
the dT/dt curve as the hyper-
eutectic castings, see Fig. 
5-41. As for the thicker 
plates the undercooling and 
recalescence is higher for 
the near eutectic casting F in 
comparison the hypereutec-
tic castings. 

Table 5-17 Temperatures in near eutectic castings, cast layout B (green
sand moulds) 

  J3 J4 L3 L4 
4 mm T11   1096.0 1110.0 

 T12   1092.8 1101.1 
 T21    1098.4 
 Tmin 1083.0 1092.0 1090.4 1098.2 
 Tmax 1108.0 1115.0 1114.8 1110.2 
 ΔTrec 25.0 23.0 24.4 12.0 

3 mm T11   1102.6  
 T12   1100.4  
 T21   1100.0  
 Tmin 1090.0  1098.6 1086.7 
 Tmax 1114.0  1106.6 1110.4 
 ΔTrec 24.0  8.0 23.7 

2 mm T11     
 T12 1082.8    
 T21 1077.9    
 Tmin 1074.0 1084.0 1078.4 1075.2 
 Tmax 1094.0 1090.0 1100.8 1097.2 
 ΔTrec 20.0 6.0 22.4 22.0  
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Fig. 5-41 Cooling curves from hypereutectic 
(E1/E2) and near eutectic (F3) castings 

 

 

For the two other near eutectic castings, 
casting J and L, it is only possible to identify 
a local maximum and minimum on the dT/dt 
curve for some of the thin plates. In casting L 
there was however a local maximum and 
minimum on the dT/dt curve (including a 
small recalescence) for the 8 mm plate which 
not has been observed in the hypereutectic 
castings, see Fig. 5-42. This casting also had 
a recalescence ΔTrec of about 9°C for the 8 
mm plates while the other two other near 
eutectic castings had a recalescence of 14-
15°C, see Table 5-16. 

 

Fig. 5-42 Cooling curve from the near eutectic 
casting L1 
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The variations in the shapes of the cooling curves from the near eutectic castings can be ex-
plained by that only small variations in the chemical composition can change the melt from 
slightly hypoeutectic to slightly hypereutectic and by that change the condition for nucleation 
and growth of the austenite and the graphite nodules. 

In Table 5-18 are shown the temperature differences ΔTrec and T12 – Tmin for the near eutectic 
casting F. As for the hypereutectic casting the recalescence ΔTrec is similar for the different 
plate thicknesses in casting F, all though the 8 mm plates may have a little smaller reca-
lescence than the other two plate thicknesses. The P-values from the one sided t-tests shown 
in Table 5-19 shows the same result. The temperature difference T12 – Tmin is larger for the 
2.8 mm plate than the 4.3 mm plate giving a small P-value.  

As for the hypereutectic casting the increase in the temperature difference T12 – Tmin with in-
creasing cooling rate can be explained by that nucleation and growth of off-eutectic austenite 
dendrites is relatively easy while nucleation and growth of graphite nodules is more difficult.  

Table 5-18 Temperature differences for casting F 

Difference Plates F3 F4 F5 Avg.
ΔTrec 8.0 mm 14.4 14.2 12.2 13.6

 4.3 mm 17.9 18.6 12.4 16.3
 2.8 mm 15.1 22.5 13.6 17.1

T12 – Tmin 8.0 mm - - - - 
 4.3 mm 4.1 5.8 3.3 4.4 
 2.8 mm 15.7 19.8 10.9 15.5 

Table 5-19 One-side paired T-test for tempera-
ture differences for casting F 

Difference Plates P-value 
ΔTrec 8.0 vs. 4.3 mm 0.084 

 4.3 vs. 2.8 mm 0.366 
T12 – Tmin 8.0 vs. 4.3 mm - 

 4.3 vs. 2.8 mm 0.014   

 

5.2.3.1 Comparing temperature for hypereutectic and near eutectic castings 

Table 5-20 shows the hypereutectic and near eutectic castings that have similar casting condi-
tions except from the carbon content. When comparing the two different types of castings a 
paired t-test has been used. Only the Tmin, Tmax and ΔTrec have been compared. 

Table 5-20 Castings in the same column have the similar casting conditions (chemical composition, Mg-
treatment and inoculation) except from carbon content 

   Casting layout A    Casting layout B 
Hypereut. E2 E3 E4 H1 H2 K1 K2  H3 H4 K3 K4 
Near eut. F3 F4 F5 J1 J2 L1 L2  J3 J4 L3 L4 
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Table 5-21 Paired t-test for temperatures from
near- and hypereutectic castings, casting layout A 

  Average T-test 
Plate  Hyper Near P value 

8.0 mm Tmin 1142.1 1123.5 0.00003
 Tmax 1144.6 1136.1 0.00109
 ΔTrec 2.5 12.6 0.00048

4.3 mm Tmin 1108.6 1092.5 0.00009
 Tmax 1111.1 1111.4 0.48822
 ΔTrec 2.5 18.9 0.00007

2.8 mm Tmin 1098.7 1080.2 0.00516
 Tmax 1101.4 1099.7 0.36901
 ΔTrec 2.7 19.5 <0.00001 

 Table 5-22 Paired t-test for temperatures from
near- and hypereutectic castings, casting layout B 

  Average T-test 
Plate  Hyper Near P value 

4.0 mm Tmin 1106.0 1090.9 0.00314
 Tmax 1108.9 1112.0 0.07312
 ΔTrec 3.0 21.1 0.00380

3.0 mm Tmin 1104.9 1091.8 0.01973
 Tmax 1108.8 1110.3 0.42961
 ΔTrec 4.0 18.6 0.05547

2.0 mm Tmin 1092.3 1077.9 0.00333
 Tmax 1095.8 1095.5 0.45306
 ΔTrec 3.5 17.6 0.02004 

 

The average temperatures and the results from the paired t-test are shown in Table 5-21 for 
casting layout A and Table 5-22 for casting layout B. The Tmin is significantly smaller for the 
near eutectic than the hypereutectic castings. The Tmax is similar for the near eutectic and 
hypereutectic castings except for the 8 mm plates. Combining these results ΔTrec will obvious-
ly be larger for the near eutectic than the hypereutectic castings. 

5.2.4 Cooling curves in hypoeutectic castings 

5.2.4.1 Nucleation and growth of primary austenite 

The cooling curves from the hypoeutectic castings are characterized by that the solidification 
starts with precipitation of primary austenite, see Fig. 5-43. The nucleation of austenite is 
characterized by the temperature T1 (start of nucleation), T2 (max growth rate) and T3 (end of 
nucleation and start of steady state growth of primary austenite). The precipitation of primary 
austenite continues until the onset of the (stable or metastable) eutectic solidification at tem-
perature T11. The measured temperatures of the hypoeutectic castings are shown in Table 
5-23.  
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Fig. 5-43 Cooling curves from hypoeutectic castings (casting M1) 

Table 5-23 Temperatures in hypoeutectic castings, cast layout A (chemically bonded moulds) 

  G1 G2 M1A M1B M2A M2B 
8.0 mm T1 1181.6 1187.2 1183.3 1183.7 1184.0 1174.0 
 T2 1173.0 1174.1 1172.2 1171.9 1168.6 1160.1 
 T3 1163.6 1167.7 1166.6 1164.1 1163.9 1154.4 
 T11 1128.0 1130.6 1116.9 1119.2 1112.9 1109.6 
 Tmin 1121.3 1125.6 1114.8 1115.4 1110.3 1102.3 
 Tmax 1137.0 1140.3 1132.5 1133.1 1126.5 1118.9 
 ΔTrec 15.7 14.7 17.7 17.7 16.2 16.6 
4.3 mm T1 1143.7 1171.9 1162.0 - 1157.0 - 
 T2 1121.6 1135.5 1139.2 - 1132.1 1137.0 
 T3 1113.5 1129.7 1127 - 1119.7 1129.7 
 T11 - 1091.7 - - - - 
 Tmin 1071.1 1089.0 1083.0 - 1075.8 1076.0 
 Tmax 1089.2 1096.4 1099 - 1092.6 1095.6 
 ΔTrec 18.1 7.4 16 - 16.8 19.6 
2.8 mm T1 1169.0 - - - 1159.0 - 
 T2 1132.4 - 1124.7 - 1133.4 - 
 T3 1122.6 - 1113.0 - 1125.8 - 
 T11 - - - -   - 
 Tmin 1063.0 1083.8 1069.0 - 1077.4 - 
 Tmax 1083.0 1084.1 1089.0 - 1096.5 - 
 ΔTrec 20.0 0.3 20.0 - 19.1 - 
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It can however be difficult to exactly determine the different temperatures, especially in the 
thin plates. An other approach can therefore be used instead. Assuming: 

- Straight lines in the Fe-C phase diagram 

- Segregation of C follows the Lever Rule  

- No delay in nucleation of austenite 

- Constant heat flow from casting to mould 

the cooling curve will (see Fig. 5-44): 

- Consist of strait lines 

- Nucleation of austenite will be marked by a sharp bend on the cooling curve 

 
Fig. 5-44 Phase diagram and cooling curve for hypoeutectic cast iron with constant heat flow, segregation 
of C by Lever Rule and no delay in nucleation of primary austenite. TAL is the austenite-liquidus tem-
perature 

Looking at the cooling curves in Fig. 5-45 it is easy to identify the region of steady state 
growth of primary austenite, as the temperature curves are almost linear. A linear temperature 
curve would give a constant dT/dt curve. The dT/dt curve is however not constant but only 
linear, which corresponds to a quadratic temperature curve. This is because the heat flow will 
decrease with time as the mould is heated. The dT/dt curve is linear for all plate thicknesses. 

The temperature curve during the steady state growth of primary austenite has been fitted by a 
quadratic curve by: 

 ctbtaT 2
fitted +⋅+⋅=  (5.1) 

where Tfitted [°C] is the fitted temperature curve during steady state growth of austenite and t 
is time [s]. 

The parameters in equation (5.1) for the different castings are shown in Table 5-24 together 
with the squared R-value (the regression coefficient). All the R2 are very close to 1. 
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Fig. 5-45 Nucleation and growth of primary austenite, casting M1 (finger A). T is the measured tempera-
ture, Tfitted is a quadratic fit during growth of primary austenite, ΔTdiff is the difference between measured 
and fitted temperature. For all plate thicknesses the dT/dt curve is linear during growth of primary 
austenite. 
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Table 5-24 Fitting parameters for temperature curve during steady state growth of primary austenite 

 Mould: G1 G2 M1-A M1-B M2-A M2-B 
a 0.0278 0.0251 0.0264 0.0320 0.0242 0.0178 
b -4.6165 -4.2831 -4.5044 -4.7837 -4.4268 -3.9776 
c 1251.8 1247.1 1250.0 1256.7 1241.5 1239.0 

8 mm 

R2 >0.99995 0.9999 >0.99995 0.9999 >0.99995 >0.99995
a 0.1601 0.1473 0.1895 - 0.1097 0.1655 
b -10.743 -10.772 -11.990 - -10.498 -11.590 
c 1190.8 1198.0 1212.5 - 1195.1 1213.6 

4.3 mm 

R2 >0.99995 >0.99995 >0.99995 - 0.9999 >0.99995
a 0.8071 1.0988 0.9668 - 0.9186 - 
b -25.842 -26.423 -28.283 - -28.572 - 
c 1217.1 1199.2 1202.4 - 1208.2 - 

2.8 mm 

R2 >0.99995 0.9982 0.9999 - >0.99995 - 
 

If the fitted curve is extended it will intersect with the measured temperature curve. This is 
marked on the Fig. 5-45 as TAL (austenite-liquidus temperature). If there were no delay in 
nucleation of austenite there would have been a sharp bend at this point as shown in Fig. 5-44. 

ΔTdiff shown in Fig. 5-45 is the difference between Tfitted and the measured temperature. 
During the steady state growth of austenite ΔTdiff is generally less the 0.1°C (which also cor-
responds to R2 ~ 1).  

During the nucleation of austenite the measured temperature will be below Tfitted. The max 
ΔTdiff is defined to be the point where the nucleation of austenite takes place. As soon as the 
austenite is nucleated the growth rate will be very high because of the high undercooling and 
ΔTdiff will decrease again. The temperature for nucleation of austenite, Taus, is therefore de-
fined as the temperature where ΔTdiff has its maximum value. The undercooling for nucleation 
of austenite ΔTaus is the difference between the theoretical TAL and Taus. The theoretical 
TALtheoretical is calculates by:  

 ( )Si%w23.0C%w3.971576TAL ltheoretica ×+×−=  (5.2) 

This will give TALtheoretical = 1199.1°C for casting G and 1199.8° for casting M. All 
temperatures are shown in Table 5-25. 

The average of TAL for the 8 mm plates is 1196.7°C. This is very close to the theoretical 
value. The small difference indicates that the measured temperature in an 8 mm plate is close 
to the real temperature in castings as shown by simulations in [5.5]. The undercooling for nu-
cleation of austenite ΔTaus is about 23°C. In [5.6, 5.7] the undercooling has been measured to 
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17-20°C, but this was for cooling rates of 20°C/min. Here the cooling rate is more like 
300°C/min. 

Table 5-25 TAL and ΔTaus from nucleation of primary austenite 

 Mould: G1 G2 M1-A M1-B M2-A M2-B Average
8 mm TAL [°C] 1196.2 1198.4 1195.3 1200.0 1193.8 (1185.4)1 1196.7 

 Taus [°C] 1177.0 1178.5 1175.3 1176.1 1174.1 (1164.7)1 1176.2 
 ΔTaus[°C] 22.1 20.6 24.5 23.7 25.7 (35.1)1 23.3 
 Taus – T2 4.0 4.4 3.1 4.2 5.5 4.6 4.3 

4.3 mm TAL [°C] (1145.8)1 1164.7 1164.6 - 1152.9 1161.9 1161.0 
 Taus [°C] (1129.1)1 1143 1149.5 - 1139.4 1146.6 1144.6 
 ΔTaus[°C] (70.0)1 56.1 50.3 - 60.4 53.2 55.0 
 Taus – T2 7.5 7.5 10.3 - 7.3 9.6 8.4 

2.8 mm TAL [°C] 1159.7 (1151.5)2 1156.0 - 1161.1 - 1158.9 
 Taus [°C] 1140.7 - 1133.6 - 1144.6 - 1139.6 
 ΔTaus[°C] 58.4 - 66.2 - 55.2 - 59.9 
 Taus – T2 8.3 - 8.9 - 11.2 - 9.5 

1 Not included in the average because it is significantly lower than the other values 
2 Not included in the average because of relatively low R2 – value in Table 5-24 
 

The average for TAL for the 4.3 and 2.8 mm plates are very close to each other but 38-40°C 
below the TALtheoretical calculated by equation (5.2). The reason for this difference can be that 
the measured temperature is lower than the actual temperature in the casting during 
solidification. Simulations of temperature measurement in thin walled casting have shown 
that the measured temperature will probably be 15-20°C below the actual temperature in the 
castings depending on different parameters [5.5]. Assuming that the measured temperatures in 
the thin plates are 20°C too low the measured TAL will still be 18-20°C lower than the 
TALtheoretical calculated by equation (5.2) while there only was a difference of about 3°C for 
the 8 mm plates. 

The cooling rate is however very high in the thin plates, which makes the TAL very sensitive 
to small changes in the slope of the fitted curve. On Fig. 5-46 are shown the same curves as in 
Fig. 5-45 with the only difference that there is a small modification on the fitted curve which 
increase the TAL by 15-20°C. This will in the first part of the steady state growth of primary 
austenite give a ΔTdiff up to 1-2°C. This shows that only a small change of the fitted curve 
gives a large difference on the TAL. The small change can arise from small variations in 
cooling conditions, e.g. by variation of the HTC between mould and casting when the contact 
between casting and mould is changed due to the start of the solidification process or by 
variations in growth rate of the primary austenite. 
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The variation of the fitted curve has however only a minor influence on Taus. The undercool-
ing ΔTaus is found to be 35 and 40°C for the 4.3 and 2.8 mm plates respectively if it is as-
sumed that the measured temperature is 20°C too low. 

Fig. 5-46 Casting M1 (finger A). By small modification of the fitted curve the TAL is increased 15°C for 
the 4.3 mm plate and 20°C for the 2.8 mm plate. 

5.2.4.2 Eutectic solidification 

The eutectic solidification is for the 8 mm plates characterized by a large undercooling fol-
lowed by a recalescence of about 15°C. This part of the cooling curve is similar to the near 
eutectic castings. In Table 5-26 are the Tmin, Tmax and ΔTrec compared between the near eutec-
tic casting J1+2 and L1+2 with the hypoeutectic castings G1+2 and M1+2. The differences 
between the castings are relatively small. 

 

Table 5-26 Paired T-test for temperatures from hypo- and near eutectic castings 

  Average T-test 
Plate  Hypo Near P value 

8.0 mm Tmin 1118.0 1123.5 0.366 
 Tmax 1134.1 1136.1 0.379 
 ΔTrec 16.1 12.6 0.083 

 

The thinner plates, 4.3 and 2.8 mm plates, have a large content of primary carbides, which 
give a different shape of the cooling curves. These are further described in the next section.  
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5.2.5 Cooling curves for castings with high carbide content 

The castings with more than 5% carbides have a cooling curve with a different shape. The 
cooling curves have an abrupt increase in temperature during the eutectic recalescence, see 
Fig. 5-47 and Fig. 5-48. The increase in temperature is about 20°C in less than 2 seconds. 

 
Fig. 5-47 Cooling curve from casting M1, 4.3 mm 
plate. There is an abrupt increase in temperature, 
initiated by nucleation and growth of metastable 
eutectic 

 
Fig. 5-48 Cooling curve from casting L3, 2 mm 
plate. There is an abrupt increase in temperature, 
initiated by nucleation and growth of metastable 
eutectic 

After the increase in temperature there is a 
plateau with almost constant temperature. 
Casting G2, 2.8 mm plate is the only casting 
with more than 5% carbides that does not 
have an abrupt increase in temperature, but it 
has a plateau as the other castings, see Fig. 
5-49. In Table 5-27 are shown data from 
castings with more than 5% carbides. Tstart 
and Tend are defined as the temperature at the 
start and end of the abrupt increase in tem-
perature respectively, see also Fig. 5-47 and 
Fig. 5-48. The metastable eutectic tempera-
ture Tmet is calculated by: 

 Si%151148Tmet ⋅−=  (5.3) 

The abrupt increase in temperature, Tend-Tstart, is between 16 and 23°C with an average of 
about 19°C. This abrupt increase can be explained by that it can be difficult to nucleate car-
bides, as the carbides only are nucleated at very few points, see section 5.1.3. The growth rate 

 
Fig. 5-49 Cooling curve from casting G1, 2.8 mm 
plate. This is the only cooling from a casting with 
more than 5% carbides where the is no abrupt in-
crease in temperature, but it has still a plateau  
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can however be high in the metastable eutectic because it has a laminar or fibrous structure. 
As soon as the carbides are nucleated the growth rate will be very high giving an abrupt in-
crease in temperature. The temperature will increase until it reaches the metastable eutectic 
temperature, Tmet. At this temperature the solidification will probably continue as a mix of 
stable and metastable eutectic with simultaneously precipitation of austenite, graphite and 
carbide and the solidification rate is governed by heat flow from casting to mould. This will 
give a plateau of constant temperature until the last part of the solidification where impinge-
ment will decrease the rate of solidification. 

Table 5-27 Castings with more than 5% carbides and the influence on temperature curve 

Casting Plate 
thickness 

Carbide   Temperatures [°C]   

 [mm] [%] Tstart (Tmin) Tend (Tmax) Tend-Tstart Tmet  Tmet-Tstart Tmet-Tend
G1 2.8 15.4 1063.4 1080.3 16.9 1108.0 44.6 27.7 
G2 2.8 12.4 n.a.1 1084.1 - 1108.0 - 23.9 
M1 4.3 15.8 1082.8 1099.1 16.3 1117.6 34.8 18.5 
M1 2.8 26.9 1069.1 1088.7 19.6 1117.6 48.5 28.9 

M2-A 4.3 13.9 1074.2 1092.6 18.4 1117.6 43.4 25.0 
M2-A 2.8 29.6 1077.4 1096.5 19.1 1117.6 40.2 21.1 

L3 2.0 6.4 1078.4 1101.1 22.7 1116.5 38.1 15.4 
L4 2.0 6.9 1075.7 1097.2 21.5 1116.5 40.8 19.3 

    Average 19.2  41.5 21.9 
1 No abrupt increase, see Fig. 5-49 
 

In Table 5-27 is also shown the temperature difference Tmet-Tend, which has an average of 
21.9°C. Taking into account that the measured temperatures in thin plates probably are 15-
20°C too low [5.5] which corresponds well the assumption that the temperature will increase 
until it reaches the metastable temperature. 

The temperature difference Tmet-Tstart corresponds to the undercooling required for nucleation 
of carbides. The undercooling is about 40°C but if it is assumed that the measured tempera-
ture is 20°C too low the undercooling required for nucleation of carbides is about 20°C.  

In Table 5-28 are shown some data from the casting with the smallest Tmin and with less than 
0.1% carbides. The temperature difference Tmet-Tmin are for these castings is less than 40°C. 
Assuming that the measured temperature is 20°C too low these castings has a undercooling in 
relation to the metastable temperature of less than 20°C where for the casting with more than 
5% carbides had a undercooling of about 20°. 
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In Fig. 5-50 are shown are shown the undercooling Tmet-Tmin as function of % carbides in the 
casting. For the plates with thickness ≤ 4.3 mm it has been assumed that the measured tem-
perature in these plates are 20°C too low and the undercooling for these plates has therefore 
been decreased with 20°C. The casting can be divided into two different types: The one type 
is castings with more than 5% carbides where the carbides can be characterized as primary 
carbides and where the undercooling is about 20° (except from casting G2, 2.8 mm). Here the 
carbides has been nucleated because of too high undercooling in the beginning giving primary 
carbides. The other type of castings is with none or less than 5% carbides and where the un-
dercooling was less than 20°C. Here the carbides have been nucleated in last part of the so-
lidification where the temperature has decreased again. This will give carbides that can be 
characterized as inverse chill, which normally are located in the centre of the castings in the 
last solidified zones. 

Table 5-28 Castings with the smallest Tmin and with <0.1% carbides 

Type Plate thickness [mm] Casting Tmin [°C] Tmet [°C] Tmet-Tmin [°C]
Hypereutectic 2 H3 1088.6 1107.7 19.1 
  H4 1092.3 1107.7 15.4 
 2.8 H1 1091.4 1107.7 16.3 
  H2 1084.9 1107.7 22.8 
  K1 1097.9 1116.4 18.4 
  K2 1097.3 1116.4 19.1 
Near eutectic 2 L3 1078.4 1116.5 38.1 
 2.8 F5 1085.3 1107.5 22.2 
  J1 1081.4 1108.4 27.0 
  J2 1082.0 1108.4 26.4 
  L1 1081.3 1116.5 35.2 
  L2 1085.6 1116.5 30.9 
 3 L3 1098.6 1116.5 17.9 
  L4 1086.7 1116.5 29.8 
 4.3 F3 1099.2 1107.5 8.3 
  F4 1090.8 1107.5 16.7 
  F5 1091.8 1107.5 15.7 
  J1 1091.1 1108.4 17.3 
  J2 1090.6 1108.4 17.8 
Hypoeutectic 4.3 G1 1071.1 1108.0 36.9 
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Fig. 5-50 Undercooling and carbides in all castings (the undercooling Tmet-Tmin has been adjusted with 
20°C for plates with thickness ≤ 4.3 mm, as the measured temperature is too low [5.5]) 

 

5.3 Casting D, alloying elements 

The experimental procedure was a little different for casting D compared to the other castings 
because of the elements that was added during the casting. The details of inoculation and al-
loying elements are giving in Table 5-29. Cu, Mn, Ni and Si was most easy to dissolve while 
it was more difficult to dissolve Cr and Mo. 

Table 5-29 Inoculation and alloys in casting D 

Mould Inoculation Added element Dissolved in casting1 

D1 No inoculation - - 
D2 0.4% Alinoc - - 
D3 0.4% UltraSeed - - 
D4 0.4% UltraSeed 0.6% Cu 0.52% Cu 
D5 0.4% UltraSeed 0.3% Mn 0.30% Mn 
D6 0.4% UltraSeed 0.1% Cr 0.044% Cr 
D7 0.4% UltraSeed 0.3% Ni 0.21% Ni 
D8 0.4% UltraSeed 0.3% Mo 0.074% Mo 
D9 0.4% UltraSeed 0.5% Si 0.40% Si 
D10 No inoculation - - 

1 The amount of added alloy is based on there was 6 kg melt in the fibercup. This can vary
from casting to casting, which can explain some of the differences between added and dis-
solved.  
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5.3.1 Cooling curves 

The measured temperatures in casting D are shown in Table 5-30. 

 

Table 5-30 Measured temperatures in casting D 

  D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 
4mm T11 1122.0 1124.0 1127.0 1128.0 1124.0 1120.0 1124.0 1122.0 1123.0 1121.0
 T12 1112.3 1121.1 1120.8 1121.5 1119.6 1116.1 1122.6 1115.6 1121.9 1109.1
 T21 1110.7 1122.1 1121.6 1121.2 1118.5 1116.6 1123.4 1114.8 1123.4 1107.9
 Tmin 1108.9 1122.0 1121.2 1121.2 1118.4 1116.6 1122.6 1113.8 1123.4 1107.5
 Tmax 1119.4 1124.7 1123.8 1124.3 1121.8 1120.4 1124.1 1114.6 1123.5 1118.7
 ΔTrec 10.5 2.7 2.6 3.1 3.4 3.8 1.5 0.8 0.1 11.2 
 Local Tmin - 1119.8 1120.2 1120.4 1119.2 1114.3 1121.8 1114.8 1120.4 - 
 Local Tmin - 1122.1 1121.8 1121.5 1119.6 1116.7 1123.7 1115.8 1123.6 - 
3mm T11 1124.0 1127.0 1127.0 1124.0 1126.0 1119.0 1121.0 - 1120.0 1118.0
 T12 1112.6 1120.4 1122.3 1120.1 1122.4 1114.9 1120.6 - 1118.6 1109.2
 T21 1110.7 1119.7 1121.8 1117.8 1120.0 1113.9 1119.9 - 1118.7 1107.0
 Tmin 1107.4 1119.5 1120.7 1115.7 1117.8 1112.5 1118.3 - 1119.0 1103.8
 Tmax 1119.8 1122.6 1124.3 1119.8 1121.2 1117.4 1121.1 - 1120.5 1116.0
 ΔTrec 12.4 3.1 3.6 4.1 3.4 4.9 2.8 - 1.5 12.2 
 Local Tmin - 1120.2 1122.0 1120.0 - 1114.4 1120.2 - 1116.3 - 
 Local Tmin - 1120.4 1122.3 1120.2 - 1114.9 1120.7 - 1119.1 - 
2mm T11 1102.0 1117.0 1115.0 - - 1102.0 1108.0 1116.0 1114.0 1105.0
 T12 1098.0 1112.0 1106.9 - - 1099.0 1104.3 1111.1 1111.1 1098.4
 T21 1094.0 1108.0 1105.1 - - 1094.0 1102.1 1108.7 1108.7 1091.5
 Tmin 1087.6 1104.8 1103.0 - - 1089.2 1099.5 1102.3 1111.6 1086.7
 Tmax 1095.8 1108.1 1108.2 - - 1097.0 1103.5 1105.2 1114.4 1096.4
 ΔTrec 8.2 3.3 5.2 - - 7.8 4.0 2.9 2.8 9.7 
 Local Tmin - - - - - - - - 1112.8 - 
 Local Tmin - - - - - - - - 1113.1 - 
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There are three different types of cooling curves in casting D. Casting D1 and D10 with no 
inoculation have larger undercooling and recalescence than the other castings, see Fig. 5-51. 
The recalescence is 11-12°C for the 3 and 4 mm plates, a little lower for the 2 mm plate. The 
dT/dt curves have two peaks, but the first one is very small and there is no recalescence at this 
point. The cooling curves are similar to those from the near eutectic casting F, see section 
5.2.3. 

 

  

 

 

Fig. 5-51 Cooling curves from casting D1. Casting 
D1 and D10 had a higher undercooling and reca-
lescence compared to the other castings. These 
cooling curves can best be compared to the near 
eutectic castings like casting F. 
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The casting D2-8 have also two peaks on the dT/dt curve. The first peak is however larger 
than in casting D1+10, and there are even some recalescence in the 3 and 4 mm plates, see 
Fig. 5-52. After the first peak there is a secondary undercooling before the recalescence from 
the eutectic solidification. The eutectic recalescence ΔTrec is small for casting D2-8 than 
D1+10, about 3-4°C. The cooling curves from casting D2-8 are similar to the hypereutectic 
castings, see 5.2.2. 

 

  

 

 

Fig. 5-52 Cooling curves from casting D3. Casting 
D2 to D8 had similar cooling curves, which are 
similar to those from the hypereutectic castings 
like casting E. 
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The cooling curves from Casting D9 are a little different than for casting D2-8. The first peak 
on the dT/dt curve is larger and there is even some recalescence in the 2 mm plate at this 
point, which not was present in the other castings. For the 3 and 4 mm plates the first peak on 
the dT/dt curve is not followed by a secondary undercooling as for the other castings. 

 

  

 

Fig. 5-53 Cooling curves casting D9. The cooling 
curves are similar to hypereutectic castings except 
that the secondary undercooling is smaller of not 
is present.  

 

 

5.3.2 Nodule count 

The nodule count for casting D is shown in Fig. 5-54 for the 2, 3 and 4 mm plates. Casting 
D1+10 with no inoculation have the lowest nodule count and casting D9 the highest. The 
nodule count is almost constant for casting D2-8. The only exception for this is the 2 mm 
plate in casting D6+7, which has a higher nodule count. The reason for this is that this plate 
was filled less in this two castings because of misrun during filling of the mould. This meas 
that less melt passes the point at the thermocouple. This will give less preheating of the mould 
during filling, giving higher cooling rates and by that a higher nodule count. 
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Fig. 5-54 Nodule count in casting D for the 4, 3 and 2 mm plates 

5.3.3 Pearlite content 

The pearlite content is governed by diffusion of carbon from the austenite matrix to the 
graphite nodules. During cooling carbon will diffuse from the austenite matrix to the graphite 
nodules. The carbon content in the austenite will increase with increasing distance from the 
graphite nodules. When the temperature during cooling is passing the eutectoid transforma-
tion temperature the austenite closest to the graphite nodules with the lowest carbon content 
will transform to ferrite while the austenite with too high carbon content will transform to 
pearlite. 

There are several factors that can affect this phase transformation. The first is time for 
diffusion and therefore will thinner plates with higher cooling rates have higher pearlite 
content than thicker plates. The second is nodule count. A higher nodule count will give 
higher ferrite content and lower pearlite content. As high cooling rate will give higher nodule 
count this will to some extent counteract the shorter time for diffusion at higher cooling rates. 
The third factor is chemical composition of the casting, as some elements will decrease the 
diffusion rate or give a diffusion barrier around the graphite nodules [5.8]. Some elements can 
also have an influence on nucleation of ferrite and the Fe3C phase in pearlite [5.8]. 

The pearlite content for casting D is shown in Fig. 5-55 for the 2, 3 and 4 mm plates. Assum-
ing that every graphite nodules represents one average unit a shell of ferrite and pearlite as 
shown in Fig. 5-56 and there are no impingement of the diffusion zones the average thickness 
of the ferritic shell, ΔRferrite, can be calculated. These results are shown in Fig. 5-57. ΔRferrite 
corrosponds to a diffusion length carbon. 
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Fig. 5-55 Pearlite content in casting D for the 4, 3 and 2 mm plates 

 
Fig. 5-56 Carbon profile and 
thickness of ferritic shell around 
graphite nodules 

Fig. 5-57 Thickness of ferrite around graphite nodules in 3 and 4 mm 
plates in casting D 

Fig. 5-55 shows that D1 and D10 have a higher pearlite content and D9 a lower content in 
comparison to D2 and D3. This can however be explained by the difference in nodule count, 
as the thickness of the ferrite shell is similar for these castings, see Fig. 5-57. 

Casting D4 and D5 have high pearlite content which from Fig. 5-57 can be explained by the 
added Cu or Mn have an influence either on the diffusion of carbon or on nucleation and 
growth of ferrite. The added Ni casting D7 seems also to have a similar influence, see Fig. 
5-57. 
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Cr (casting D6) and Mo (casting D8) seems not to have an influence on the pearlite content, 
but only very little of these elements where dissolve in the melt, which make it difficult to see 
if they have an effect or not.  
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6 Numerical simulation 

The simulation of solidification of ductile iron has normally been based on the model that 
during the eutectic growth the graphite spheroid is surrounded by an austenite shell, see Fig. 
6-1. The graphite spheroid will grow by diffusion of carbon through the austenite shell. The 
growth will then be governed by diffusion by [6.1]: 
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where rx is radius of x-phase, ρx is density of x-phase, D is diffusion coefficient and wC
x/y is 

concentration of carbon in x-phase at the x-y interface. Superscript g and γ are graphite and 
austenite respectively. 

The radius of the austenite shell has been found to be [6.1]: 

 gr42r .=γ  (6.2) 

Although good results has been obtained using this 
model researches have shown that austenite dendrites 
plays and important role especially in thin castings. It 
has therefore been chosen to use an other model that 
takes into account the presence of austenite dendrite 
during the eutectic solidification. The model has been 
developed by Lesoult, Castro and Lacaze. The model 
will shortly be described in the following. For further 
details about the model refer to [6.2, 6.3]. 

 

6.1 Solidification model 

The basis for this solidification model is the heat balance by: 

 
dt

dVH
dt
dTcVAq s

p ρΔ−ρ=  (6.3) 

where T is the temperature, t is the time, V is the volume of the casting and A is the heat ex-
change area between casting and mould, q is the heat flux between casting and mould, ρ is the 
density and cp is the specific heat capacity of the casting, ΔH is the latent heat of melting per 

 

Fig. 6-1 Classically used solidification 
model of cast iron 
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unit mass of the casting and Vs is the solidified volume. Two other important relations are the 
total mass balance and total carbon mass balance. 

6.1.1 Solidification of primary austenite in hypoeutectic casting 

During solidification it has been chosen to neglect the kinetic barriers to nucleation of auste-
nite. It is also assumed that the solidification path follows the extrapolation of the austenite-
liquidus line in the isopleth phase diagram.  

In a hypoeutectic cast iron the growth of austenite will start as soon as the temperature reach 
the austenite-liquidus line in the phase diagram, see Fig. 6-2. When the temperature reaches 
the eutectic temperature nucleation of graphite nodules will start. It is assumed that the no-
dules are being encapsulated into an austenite shell as soon as they are nucleated and growth 
is controlled by diffusion of carbon from liquid through the austenite shell to the graphite 
nodules. Some undercooling down to Tmin below eutectic temperature is necessary before the 
number of graphite nodules and driving force for growth are high enough for the overall 
eutectic reaction to proceed faster. This will often give an increase in temperature up to Tmax. 

 

Fig. 6-2 Schematic illustration of solidification of hypoutectic cast iron. (a) Solidification path in the iso-
pleth section wSi = 0wsi, (b) cooling curve [6.2] 

The growth of austenite in the proeutectic stage of solidification of hypeeutectic castings will 
only depend on the cooling rate by: 
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where 0V is the starting volume of the casting, kC is the partition coefficient of carbon be-
tween austenite and liquid, mC

γ is the slope of the austenite liquidus, wC
l is the carbon content 
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in liquid, ργ and ρl  are the density of austenite and liquid respectively and f γ is the fraction of 
austenite. 

6.1.2 Solidification of primary graphite in hypereutectic casting 

In the hypereutectic castings the nucleation and growth of free graphite nodules in the liquid 
will start when the temperature reaches the graphite-liquidus line in the phase diagram, see 
Fig. 6-3. Both nucleation and growth of graphite nodules are difficult processes and the solidi-
fication path will therefore be located somewhere below the graphite liquidus line. When the 
temperature reaches the extrapolation of the austenite liquidus line all the graphite nodules 
will be encapsulated in austenite shells and further growth of the graphite nodules will be 
controlled by diffusion as for the hypoeutectic castings. After reaching the extrapolation of 
the austenite liquidus line further undercooling may be necessary before the number of 
graphite nodules and the driving force for growth is high enough to initiate a recalescence. 

 

Fig. 6-3 Schematic illustration of solidification of hypereutectic cast iron. (a) Solidification path in the 
isopleth section wSi = 0wsi, (b) cooling curve [6.2] 

The number of nucleated graphite nodules, N, is governed by the undercooling with respect to 
the graphite liquidus ΔTL

g by: 
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where n is a constant characteristic of the inoculation efficiency, An is a constant related to the 
amount of inoculant, f l is the liquid fraction in the non-eutectic volume Voff. 

Growth of graphite nodules in the proeutectic stage of solidification of hypereutectic casting 

will result in a flux of carbon, φ, giving by: 
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 ( )
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where rg is the radius of the graphite nodules, wC
g is the carbon content of graphite, wC

i is the 
carbon content in liquid at the interface and ρg is the density of graphite. 

There are two different forces governing the flux of carbon. One is an interfacial chemical 
reaction giving by: 
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where K is an constant which characterizes the interfacial process and wC
l/g is the carbon 

content of liquid in local equilibrium with graphite. 

The other is the diffusion process giving by: 
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where DC
l is the diffusion coefficient of carbon in liquid and 
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liquid at the interface. 

Assuming the carbon diffusion is a quasi-stationary process the composition of the liquid at 
the liquid-graphite interface can be calculated by: 
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Combining equation (6.6) and (6.7) can now give the growth of the graphite nodules: 
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6.1.3 Eutectic solidification 

During the eutectic stage of solidification both growth of graphite nodules and austenite shell 
is assumed to be governed by diffusion. If the growth of the austenite shell is too slow com-
pared to maintain the equilibrium according to the phase diagram the remaining austenite will 
precipitate as off-eutectic austenite as shown in Fig. 6-4. It is assumed that the carbon profile 
in the austenite shell around the graphite nodule is alike the one found in the case of steady-
state growth, i.e. it is a linear function of r-1. 
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Fig. 6-4 Growth during eutectic solidification involving some off-eutectic austenite. The lower part of the 
figure shows the carbon concentration along the arrow [6.2] 

If there is no off-eutectic austenite present a straight differentiation of the carbon mass 
balance will give the equation: 
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where Vgr is the volume of graphite and Veut  is the volume of the eutectic spheres including 
both graphite and austenite. Φ is defined by: 
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The growth of the radius of the graphite nodule, rg will be: 
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and the growth of the radius of the austenite shell will be: 
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where DC
γ is the diffusion coefficient of carbon in austenite. 

If there is off-eutectic austenite present the equation (6.11) will be changed to: 
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The growth of graphite is still governed by equation (6.14) but regarding the growth of the 
austenite shell the Δ(rγ) = 0 and equation (6.15) will be changed to: 
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6.2 1-D explicit method 

The solidification model described above has 
been used in a one dimensional grid using the 
Control Volume based Finite Difference 
Method. Having a grid like in Fig. 6-5 the heat 
balance will be: 
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where Qj is content of heat of the control volume j, Σq is the total heat flow into control 
volume j and Qgen,j is the heat generated in the control volume j. During solidification Qgen,j 
will be: 
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Using the explicit method the change of temperature in control volume j can be calculated by: 
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Fig. 6-5 Heat balance in one dimensional grid 
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H0 is a capacity function, giving by: 
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where Δxi is the size of the cell j in the grid, ρ is the density, cp is the specific heat capacity 
and Δt is the size of the time step. 

Hx is a conductivity function, giving by: 
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where x is the length of the control volume, λ is the thermal conductivity and M is the re-
sistance at the interface between the two neighbouring control volumes. This is only used if 
the two control volumes consist of different materials. M is the same as 1/HTC, where HTC is 
the heat transfer coefficient between the two materials. 

The explicit method has a limit on the size of the time step. The time step must be: 
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If the grid is uniform, there is no interface between two materials and the material properties 
are constant the equation can be simplified to: 
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6.3 Input parameters 

6.3.1 Geometry 

The geometry used for simulations are shown in Fig. 6-6. The casting plate is assumed to be 
one dimensional with an adiabatic boundary at the symmetry line in the centre of the plate. 

The interface between casting and mould will then be at x = d/2 where d is the plate thickness. 

10 cells with uniform width were used in the casting corresponding to a cell width of Δx = 
d/20. The mould was about 175 mm thick divided into 60 cells mould with increasing width 
of the cells with increasing distance from the casting.  
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Equation (6.24) for the maximum critical time step was used for setting the time step. Making 
the time step much smaller than predicted by equation (6.24) did not have an influence on the 
results. 

 

Fig. 6-6 Geometry used for simulation, where d = plate thickness 

6.3.2 Physical properties 

The selected physical properties are shown in Table 6-1. The casting temperature was set to 
1400°C in order to take into account the preheating of mould during filling. 

Table 6-1 The selected physical properties used in the calculations 

Physical properties Value 
Density of liquid, ρl [kg m-3] 6800 
Density of Austenite, ργ [kg m-3] 7000 
Density of Graphite, ρg [kg m-3] 2200 
Density of mould, ρm [kg m-3] 1550 
Specific heat capacity of liquid, cp

l [J K-1 kg-1] 920 
Specific heat capacity of solid, cp

s [J K-1 kg-1] 750 
Specific heat capacity of mould, cp

m [J K-1 kg-1] 1200 
Latent heat of melt, λs [J kg-1] 2.56x105 
Latent heat for dissolution of graphite in liquid [J kg-1] 7.62x105 
Thermal conductivity of casting, λc [W K-1 m-1] 25 
Thermal conductivity of mould, λm [W K-1 m-1] 0.9 
Heat transfer coefficient between casting and mould [W m-2 K-1] 1000 
Heat transfer coefficient between mould and air [W m-2 K-1] 10 
Diffusion coefficient of carbon in liquid, DC

L [m2 s-1] 5.0×10-9 
Interface constant, K 1 
Initial radius of graphite nodules, r0

g [m] 0.5×10-6 
Initial thickness of austenite shell [m] 1×10-6 
Constant for inoculant, An [m-3 K-1] 4×1011 
Inoculation efficiency, n 1 
Initial casting temperature, [°C] 1400 
Ambient temperature, [°C] 25 
The partition coefficient kC  0.47 
 

6.3.3 Phase diagram 

Simple linear approximations were selected for the austenite liquidus surface TL
γ [6.3]: 
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 ( )SiCL w23.0w3.971576T +−=γ  (6.25) 

and for the graphite liquidus surface TL
g [6.3]: 

 ( )SiC
g
L w29.0w3895.534T ++−=  (6.26) 

Combining the two equations will give the eutectic valley in the stable system: 

 Si
E
C w278.034.4w −=  (6.27) 

and the eutectic temperature: 

 SiEG w67.47.1153T +=  (6.28) 

The composition of austenite at the austenite-graphite interface is given by [6.3]: 

 EG
3E

CC
g/

C T1029.3wkw Δ×−⋅= −γ  (6.29) 

The partition coefficient kC was set to 0.47. 

6.3.4 Calculation algorithm 

For every time step in the calculations the temperatures in the cells in the mould is calculated 
by equation (6.20). (The area A is set to 1). 

For the cells in the casting the density and specific heat of the solid/liquid mixture is first cal-
culated by using the simple additive rule. Then it is analysed by temperature, wC

l and fs to 
find out which of the four possible solidification process to use, by the four different possi-
bilities: 

1. No solidification process (T above both liquidus lines or fs ≥ 1) 

2. Solidification of primary austenite (T ≤ TL
γ and T > TL

g) 

3. Solidification of primary graphite (T > TL
γ and T ≤ TL

g) 

4. Eutectic solidification (T ≤ TL
γ and T ≤ TL

g and fs < 1) 

In case of no solidification the equation (6.20) is used as for the mould. 

6.3.4.1 Primary austenite 

In case of solidification of primary austenite the ΔVs in equation (6.20) is replaced by equa-
tion (6.4) and the new temperature can be calculated. Having the new temperature the volume 
of the solidified primary austenite can be calculated. Solidification of primary austenite con-
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tinues until the eutectic temperature is reached. The volume of primary austenite will then be 
included into the off-eutectic volume. 

6.3.4.2 Primary graphite 

In case of solidification of primary graphite the ΔTL
g is first calculated and compared to pre-

vious maximum undercooling experienced by the melt in that cell. If the new value is higher 
than the maximum undercooling the maximum undercooling is set to this new value and nu-
cleation of new graphite nodules ΔNi,j in the actual time step i and cell j is calculated by 
equation (6.5). The nucleated graphite nodules are given an initial radius of r0

g. Afterwards 
the growth of the graphite nodules is calculated by using equation (6.9) and (6.10). The 
growth is calculated individually for the group of graphite nodules nucleated in the different 
time steps. The total deposition of graphite in cell j is summed up by: 

 ( )∑ Δπ=
i

g
j,i2g

j,ij,i

gr
j

dt
dr

rN4
dt

dV
 (6.30) 

The deposition of primary graphite continues until the temperature in the cell reaches the 
austenite liquidus temperature for the carbon content in the liquid and the eutectic reaction 
can begin. It is assumed that all the graphite nodules are encapsulated in an austenite shell 
with thickness δrγ when the eutectic solidification starts. 

6.3.4.3 Eutectic solidification 

In case of eutectic solidification the first step is nucleation as for primary graphite. Nucleated 
graphite nodules are given the initial radius r0

g and they are immediately encapsulated in an 
austenite shell with thickness δrγ.  

After the nucleation step the growth of graphite nodules are calculated by equation (6.14). 
Concerning the growth of austenite shell it is first assumed that off-eutectic austenite is pre-
sent in the cell and the growth is then calculated by equation (6.17). If the following calcula-
tions give Vaus < 0 the calculation is redone using equation (6.15).  

The growth is controlled by the diffusion coefficient DC
γ. Based on work by Ågren [6.4] and 

an average mol fraction of C in austenite of 0.073 the diffusion coefficient is found to be: 

 ⎟
⎠
⎞

⎜
⎝
⎛ −××= −γ

T
15260exp1056.1D 5

C  (6.31) 

where temperature T is expressed in degrees Kelvin. 

The change of graphite volume in a cell is found by the sum: 
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 ( )∑ ΨΔπ=
i

g
j,i2g

j,ij,i

gr
j

dt
dr

rN4
dt

dV
 (6.32) 

and the change of volume of eutectic solid is found by the sum: 

 ( )∑
γ

γΨΔπ=
i

j,i2
j,ij,i

eut
j

dt
dr

rN4
dt

dV
 (6.33) 

Due to impingement of the eutectic spheres during growth the growth is corrected by the 
Avrami’s correction factor, Ψ: 

 
V

V1 t

s

−=Ψ  (6.34) 

In case of no off-eutectic austenite is present the ΔVs in equation (6.20) is replaced by dVeut 
and the new temperature can be calculated. In case of off-eutectic austenite is present the 
change in solid volume is found by: 

 
[ ]

dt
dVfV

dt
df

dt
dV

dt
VfVd

dt
dV off

off
eutoffeuts

γ
γγ

++=
+

=  (6.35) 

dfγ is found by equation (6.16) which can be rewritten as: 

 ( ) ( )C
l
C

C

C
l
CC k1w

X
dt
dT

k1wmdt
df

−
−

−
Φ

= γ

γ

 (6.36) 

Voff is calculated by: 

 euttoff VVV −=  (6.37) 

and dVoff is calculated as the changing in Voff compared to previous time step. Once the new 
temperature has been calculated by equation (6.20), new values of dVs, dfγ and wC

l can be 
calculated. 

6.4 Verification of model 

6.4.1 Comparison with original results 

In order to verify that the solidification model was used correctly some of the calculated re-
sults in [6.3] was used for comparison using the same cooling conditions. Figures no. 1, 2, 3, 
9 and 10 from [6.3] are shown in Fig. 6-7 to 6-11 together with calculated results from this 
project. The results are very similar indicating that the solidification model was used cor-
rectly. There are however two curves with some larger variations.  
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The one is in Fig. 6-8 for the cooling curve for K = 10-4 . During the eutectic recalescence 
there was originally used an explicit scheme giving an oscillating temperature curve. In this 
project an iteration procedure was used at the same point. It was noticed that only 3 iterations 
were necessary to give a smooth curve, and more iterations would only give very small 
changes for the remaining solidification.      

Fig. 6-7 Simulation of temperature and nodule count of hypoeutectic SG iron (3.0%C, 2.6%Si) 1450°C, 
two different nucleation constants (1011 and 4.0 1011) and two values of initial radius of graphite nodules, 
dotted line 0.5 µm, continuous line 5.0 µm. (a) Fig 1 in [6.3]. (b) Calculated in this project 

Fig. 6-8 Simulation of temperature and nodule count of hypereutectic SG iron (3.9%C, 2.6%Si) 1500°C, 
three different kinetics constant K to describe the interfacial reaction between graphite and liquid during 
primary deposition of graphite (a) Fig 2 in [6.3]. (b) Calculated in this project 

A more significant difference is the difference in solidification time for the same curve in Fig. 
6-8a and b. In Fig. 6-8a the cooling curve for K = 10-4 has a shorter solidification time in com-
parison with the curves for K = 10-2 and K = 100, and reaches 1100°C about 80 seconds be-
fore the two other curves. This difference can not be explained physically since solidification 
and cooling only occur when heat is removed from the castings. It must be assumed that latent 
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heat and specific heat is very similar for all three castings, so the same amount of heat must 
be removed from the castings before the temperature can reach 1100°C. Although the casting 
with K = 10-4 has a little higher temperature during the eutectic solidification, giving a little 
higher heat flow, this can not explain the difference at the end of solidification. In that respect 
the cooling curve in Fig. 6-8b is looking more realistic. 

The curve for K = 10-4 in Fig. 6-8a has also a sharp bend at the end of solidification indication 
that the solidification process has been terminated very suddenly. All the other curves has a 
smooth bend at the end of solidification. The casting with K = 10-4 has a high nodule count in 
comparison with all the other castings and this can maybe explain the difference, especially if 
large time steps are used. 

Fig. 6-9 Simulation of temperature and nodule count of hypereutectic SG iron (3.9%C, 2.6%Si) 1500°C, 
two different nucleation constants (1011 and 4.0 1011) and two values of initial radius of graphite nodules, 
dotted line 0.5 µm, continuous line 5.0 µm. (a) Fig 3 in [6.3]. (b) Calculated in this project 

 
Fig. 6-10 (a) Comparison between experimental (solid lines) and predicted (dotted lines) cooling curves for 
cylinders with diameter of 9, 16, 32 and 62 mm, Fig 9 in [6.3]. (b) Calculated results in this project, cooling 
curves (dotted lines) and nodule count (solid lines) 
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Fig. 6-11 Predicted evolution of volume fraction of eutectic (solid lines) and off-eutectic austenite (dotted 
lines) for the castings with the cooling curves shown in Fig. 6-10. Decreasing casting diameter decrease 
volume fraction of eutectic and increase off-eutectic austenite. (a) Fig 10 in [6.3]. (b) Calculated in this 
project 

An other major difference is found in Fig. 6-11 where there are some differences for the curve 
for the 9 mm cylinder (= the highest value of off-eutectic and smallest of eutectic). The values 
in Fig. 6-11b for the off-eutectic are higher than in Fig. 6-11a. In addition to that the solidify-
cation process also seems to terminates latter for the same cylinder in Fig. 6-11b in compari-
son with b. The difference can maybe again as for Fig. 6-8 be explained by the high nodule 
count in the 9 mm cylinder (see Fig. 6-10b). 

6.4.2 Balance of total mass and carbon mass 

The total mass balance and the carbon mass balance during solidification can be used to vali-
date the model. The total mass balance, m, was controlled by: 

 ( ) ( ) grggreutausstl VVVVf1Vm ρ+−+ρ+−ρ= γ  (6.38) 

where f 
s  is the fraction solid of the total system, Vt is the volume of the system at time t, Vaus, 

Veut and Vgr are the total volume of off-eutectic austenite, eutectic spheres and graphite no-
dules respectively. The total mass was constant during the solidification process. 

The total carbon mass, mC, can be calculated by: 

 ( ) shells
C

grl/
C

grgg
C

stll
CC mVwVwf1Vwm +ρ+ρ+−ρ= γγ  (6.39) 

where mC
shells are the carbon in the eutectic austenite shells around the nodules. 

The calculation of mC
shells is more complicated as the carbon content in the austenite shell will 

vary linearly with r-1 and because of the use of Avrami’s correction for graphite and austenite 
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growth in equations (6.32) and (6.33). The correct mC
shells can only be calculated by equiva-

lent radius for graphite nodules req
g and eutectic spheres req

γ: 

 ( ) 3

j,i

gr
j,i

j,i
g
eq N4

V3
r

Δπ
=  (6.40) 

 ( ) 3

j,i

eut
j,i

j,ieq N4
V3

r
Δπ

=γ  (6.41) 

where Vi,j
gr and Vi,j

eut are the total volume of graphite nodules and eutectic spheres respec-
tively of the graphite nodules nucleated in time step i. 

Assuming a steady state diffusion of carbon through the austenite shell the content of carbon 
in the austenite shell as function of radius will be: 

 ( )
( ) ( )[ ] ( ) ( )[ ]

( ) ( )[ ]
j,ieqj,ieq

j,i
g
eq

l/
Cj,ieqj,ieq
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The total carbon in the austenite shells can then be calculated by: 
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  (6.43) 

The results of the carbon mass balance are shown in Fig. 6-12. In the beginning of the solidi-
fication process there is a small decrease in the total carbon mass and in the end of solidifica-
tion the total mass increases again. Having the total carbon mass as function of temperature as 
shown in Fig. 6-12b an increase in temperature will decrease the carbon mass and decreasing 
the temperature in general increases the total carbon mass. The reason for this is probably that 
the equations (6.11) and (6.16) are based on steady state diffusion of carbon through the 
austenite shell. However as the graphite nodules and austenite shells are growing the bounda-
ries are moving and if the temperature is changing too the values at the boundaries are 
changing according to the phase diagram. The diffusion of carbon does not occur under 
steady state conditions and this will give small variations in the total carbon mass during the 
calculations. The main errors are however at the end of the solidification process where the 
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temperature is decreasing fast. The error will only have a small influence on the main part of 
the solidification process. 

Fig. 6-12 Total carbon mass in 1 m3 of casting in hypereutectic casting (same as in Fig. 6-7) and hypo-
eutectic casting (same as in Fig. 6-9) both having nucleation constant 4.0 1011 and initial radius of graphite 
nodules of 0.5 µm. (a) carbon content as function of time and (b) as function of temperature 

6.5 Diffusion coefficient 

During the first calculation with diffusion coefficient from [6.3] it was noticed that it was not 
possible to get a recalescence in the thin plates. The same had been noticed in the original 
work with the solidification model where there was no recalescence in a Ø9 mm cylinder 
[6.3]. The cooling conditions in a Ø9 mm cylinder corresponds to those in a 4 mm plate. 
Experimental results in this project have however shown that there can be recalescence in 
plates with thickness of at least 2 mm. Different parameters in the solidification model were 
varied but only the diffusion coefficient had a significant effect on the recalescence in the thin 
plates. 

During the growth of the eutectic spheres there are three main factors influencing the growth 
rate, see equation (6.14) and (6.17). This is the diffusion coefficient of carbon in austenite 
DC

γ, the radius of graphite nodule and eutectic sphere rg and rγ and the driving force from the 
phase diagram wC

x/y. The driving force from phase diagram is an almost linear function of 
undercooling with respect to the eutectic temperature TEG, see Fig. 6-13.The radius will in-
crease during solidification and is by that indirectly a function of the solid fraction. 

The diffusion coefficient will have a large influence on the temperature during solidification. 
Assuming a constant heat flow from casting to mould, the release of latent heat is constant 
and by that the growth rate will be constant too. Increasing the diffusion coefficient by a 
factor 2 will decrease the undercooling by a factor 2. The undercooling has however an effect 
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on the nucleation of graphite nodules and by that the diffusion coefficient has an indirect in-
fluence on the shape of the cooling curve. 

It can be difficult to find reliable data for 
diffusion of carbon in austenite. In Table 6-2 
are shown different diffusion coefficient 
used for simulation of ductile iron. There is a 
variation in the diffusion coefficient by more 
than a factor 3.  

Many of the diffusion coefficients including 
the one used in this project are based on Fe-
C system. In cast iron however other 
elements are also present which can 
influence the diffusion coefficient. The only 
data found for Fe-Si-C system was only for 

the temperatures 880-950°C with 0.0-1.2w% Si. In this interval the diffusion coefficient was 
increasing with increasing Si content [6.5]. 

Table 6-2 Different diffusion coefficient for carbon in austenite used in different calculations 

Diffusion coefficient DC
γ  

(T is in degrees Kelvin) 
Relatively DC

γ 
at 1150°C Reference Comments 

⎟
⎠
⎞

⎜
⎝
⎛ −××= −γ

T
15260exp1056.1D 5

C  3.87 [6.4]  Used in the present 
calculations 

⎟
⎠
⎞

⎜
⎝
⎛ −××= −γ

T
17767exp10345.2D 5

C  1.00 [6.3] Original used in the 
solidification model 

⎟
⎠
⎞

⎜
⎝
⎛ −××= −γ

T
13647exp10175.0D 5

C  1.35 [6.6]  

⎟
⎠
⎞

⎜
⎝
⎛ −××= −γ

T
6.14341exp107.0D 5

C  3.31 [6.7]  

⎟
⎠
⎞

⎜
⎝
⎛ −××= −γ

T
16117exp104.1D 5

C  1.90 [6.8]  

 

Fig. 6-14 shows some simulated cooling curves for three different diffusion coefficient: The 
diffusion coefficient used in [6.3] (original DC

γ); the diffusion coefficient used in this project 
(new DC

γ); and one in between this two diffusion coefficient (0.5*new DC
γ). As the number of 

nodules increases with increasing undercooling the nucleation constant An has been varied to 
give a similar final nodule count for all three diffusion coefficient. The three constants were 

An = 4.0, 2.5 and 1.5×1011 m-3K-1 for New DC
γ, 0.5*new DC

γ and Original DC
γ respectively. 

Fig. 6-13 Driving force from phase diagram as func-
tion of undercooling below eutectic temperature 
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Experimental cooling curves from casting E are also shown in the figure. For the 8 mm plate 
the temperature level is different for the different diffusion coefficients but the shape of the 
cooling curves are similar for the different diffusion coefficients. However for the thinner 
plates there are some major differences between the cooling curves for the different diffusion 
coefficients. Only the highest diffusion coefficient can give a recalescence in the 2.0 and 2.8 
mm plate.  

Fig. 6-14 Influence of diffusion coefficient in hypereutectic casting. New DC
γ > 0.5*new DC

γ > original DC
γ. 

As the experimental measured temperature in the 2.0, 2.8 and 4.3 mm plates probably are about 20ºC too 
low [6.9] the T(ex.)+20ºC are also shown in these graphs.  

Based on the temperature level the intermediate diffusion coefficient (0.5*new DC
γ) would be 

the best choice. The focus in this project is however on solidification of thin walled cast 
plates. As the shape of the measured cooling curves in the thin plates are more reliable than 
the actual measured temperature level [6.9] there has initially been focused on reproducing 
the shape of the experimental cooling curves. Therefore the highest of these three diffusion 
coefficients has been chosen for the simulations.  
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An explanation for the use of higher diffusion coefficient in the thinner plates can be that it 
will take some time before the graphite nodules are encapsulated in austenite shell. The initial 
growth of graphite nodules will therefore be in contact with liquid which has a higher diffu-
sion coefficient. The time before the graphite nodules are encapsulated in austenite shell, 
relatively to the solidification time, will probably be relatively longer in thinner plates in 
comparison with the thicker plates. 

6.6 Simulation and results 

In the following the results of the simulations are presented and discussed. In general there are 
good agreements between the simulated and experimental dT/dt curves corresponding to 
similar shape between simulated and measured temperature curves. The simulated tempera-
tures are however higher than the experimental temperatures even when taking into account 
that the measured temperatures in the thin plates probably are about 20°C lower than the ac-
tual temperature in the casting during solidification according to [6.9]. The problem about the 
shape of simulated temperature curves and temperature differences are strongly related to the 
diffusion coefficient DC

γ and this is discussed in section 6.5. 

6.6.1 Simulation results for hypereutectic castings 

The simulated temperature for the hypereutectic casting E are shown in Fig. 6-15 together 
with the measured temperature. In Fig. 6-16 are shown the simulated temperatures and nodule 
counts at the centre and at the edge of the plates (edge here defined as the cell in the casting 
plate at the interface between casting and mould). In Fig. 6-17 is shown the fraction solid and 
fraction of eutectic and off-eutectic solid as temperature. 

In the thin plates (2.8 and 4.3 mm) there are a local maximum and minimum on the dT/dt on 
both the simulated and experimental curves before the onset of the main eutectic reaction. In 
the simulations this max/min corresponds to that the temperature reaches the austenite 
liquidus line in the phase diagram which will start the growth of off-eutectic austenite. In the 
model the undercooling for nucleation of austenite is neglected and therefore the peak on the 
simulated dT/dt curve is rather sharp compared to that on the experimental dT/dt curve. 

In the 8 mm plate this first peak is not present on the experimetal dT/dt curve. This can be 
explained by that the nucleation of off-eutectic austenite and the arrest of the eutectic solidifi-
cation contribute to the same peak of the experimental dT/dt curve. This also explains the 
relatively large peak on the measured dT/dt curve, which is not present on the simulated dT/dt 
curve. 
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Fig. 6-15 Hypereutectic casting (casting E). Experi-
mental and simulated temperature and dT/dt curves 
for the different plate thicknesses. As the measured 
temperature in the 2.8 and 4.3 mm plates probably 
are 20ºC too low the T(ex.)+20ºC are also shown in 
these graphs. 

 

 

The differences between the simulated temperatures in centre and at the edge of the plates 
shown in Fig. 6-16 will increase slightly with increasing plate thicknesses. The temperature 
gradient will however be higher in the thinner plates than in the thicker plates when taking 
into account the differences in plate thicknesses. 

The nucleation of graphite nodules can from the curves be divided into three stages, see Fig. 
6-16. The first stage is nucleation of primary graphite nodules in the hypereutectic region. 
This will continue until the growth of nucleated graphite nodules is in equilibrium with the 
cooling rate. The second stage of nucleation is when the temperature reaches the austenite 
liquidus starting the growth of off-eutectic austenite. As the carbon content in liquid is fol-
lowing the austenite liquidus line the undercooling with respect to graphite liquidus will in-
crease and new graphite nodules will be nucleated until the onset of eutectic recalescence. The 
third stage of nucleation is in the last part of the solidification process where the temperature 
is decreasing again. 
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Fig. 6-16 Hypereutectic casting (casting E). Simu-
lated temperature and nodule count in centre (solid 
line) and at edge of the casting (dotted line). 

 

 

The numbers of nodules nucleated in the centre and at the edge of the plates are very similar. 
There is however some differences in which stage the nodules are nucleated. The number of 
nucleated nodules in the first stage is similar for the centre and the edge of the plates. In the 
second stage more nodules are nucleated at the edge than in the centre of the plate. This effect 
will increase with increasing plate thicknesses. At the edge in the 8 mm plate many nodules 
are nucleated in the second stage and very few in the third stage while it is opposite for the 
centre of the plate.  

The group of nodules nucleated in the first stage probably corresponds to the group of large 
nodules found in thin plates in the hypereutectic castings, see section 5.1.1. The number of 
large nodules in the experiments is not as high as the number of nodules nucleated in the first 
stage in the simulations. However in the experiments the large nodules are probably nucleated 
during the filling of the mould. This can increase the diffusion of carbon in the liquid due to 
the forced convention in liquid during filling and the number of nodules does not have to be 
as large to keep the growth of nucleated graphite nodules in equilibrium with the cooling rate. 
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Fig. 6-17 Hypereutectic casting (casting E). Results form simulation of 2.8, 4.3 and 8.0 mm plates. Solid 
line: centre of plate. Dotted line: Edge of plate. (a) Simulated fraction solid af function of temperature. (b) 
Volume fraction of eutectic and off-eutectic solid as function of temperature 

In Fig. 6-17 is shown the fraction solid and fraction of eutectic and off-eutectic solid as func-
tion of temperature. Decreasing the plate thicknesses will increase the fraction of off-eutectic 
austenite. The fraction of off-eutectic austenite is similar at the edge and in the centre of the 
plates. However looking at fraction solid in Fig. 6-17a it is clearly seen that the solidification 
terminates at a much lower temperature in centre of the plate than at the edge. The difference 
is up to about 40ºC. This is explained by the fact that solidification starts at the edge giving 
more time for solidification. In addition to that the temperature during solidification will al-
ways be lower at the edge than in the centre increasing the driving force for the solidification 
process. The edge will therefore solidify faster than the centre. During the solidification of the 
edge it will also be heated by the release of latent heat from the centre. When the edge has 
finished the solidification it will increase the cooling rates. This will also increase the cooling 
rates in the centre of the plate. As the solidification is controlled by diffusion it will take some 
time before the solidification terminated in the centre of the plates and this will give higher 
undercooling in the centre of the plate compared to the edge. This explains that in case of 
inverse chill this is located in the centre of the plate in the last solidified. 

6.6.2 Simulation results for near eutectic castings 

The simulated temperatures for the near eutectic casting F are shown in Fig. 6-18 together 
with the measured temperature. In Fig. 6-21 are shown the simulated temperatures and nodule 
counts at the centre and at the edge of the plates. In Fig. 6-22 is shown the fraction solid and 
fraction of eutectic and off-eutectic solid as temperature. 
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As for the hypereutectic casting, casting F had also a max/min peak on the dT/dt curve in the 
beginning of the solidification in the thin plates. This corresponds to nucleation and growth of 
off-eutectic austenite. The undercooling and recalescence in the simulation results is however 
not as large as the experimental results.  

Fig. 6-18 Near eutectic casting (casting F). Experi-
mental and simulated temperature and dT/dt curves 
for the different plate thicknesses. As the measured 
temperature in the 2.8 and 4.3 mm plates probably 
are 20ºC too low [6.9] the T(ex.)+20ºC are also 
shown in these graphs. 

 

 

The difference can be explained by the fact that nucleation of austenite is neglected in the 
simulations and this will also affect the nucleation of graphite. In case of low cooling rates (8 
mm plates) and neglecting of nucleation the solidification path will follow the austenite 
liquidus line as soon as the temperature reaches the eutectic temperature, see Fig. 6-19. This 
will increase the graphite undercooling ΔTL

g very fast as the slope of graphite liquidus line is 
high. If undercooling is required for nucleation of austenite, a lower temperature will also be 
required before the ΔTL

g has reached the same size as if the nucleation was neglected. The 
graphite nodules will probably be nucleated during the recalescence started by the nucleation 
of austenite. In case of higher cooling rates, see Fig. 6-20, the nucleation of graphites needs 
higher undercooling the nucleated austenite will grow at some undercooling below the 
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austenite liquidus line due too build up of carbon concentration in front of the austenite-liquid 
interface. Some of this undercooling will probably be reduced during the eutectic recalescence 
when the graphite nodules have been nucleated and started to grow. 

 

Fig. 6-19 Solidification of near eutectic castings at low cooling rates (8 mm plates) with nucleation of 
austenite (dotted line) and nucleation of austenite neglected (solid line) 

 

Fig. 6-20 Solidification of near eutectic castings at higher cooling rates (4.3 and 2.8 mm plates) with nucle-
ation of austenite (dotted line) and nucleation of austenite neglected (solid line) 

Regarding the nucleation of graphite nodules there are only two stages in the near eutectic 
castings, see Fig. 6-21. As for the hypereutectic casting the nodule count is similar for the 
edge and centre of the plate. At the edge of the plate the main part of the nodules are nucle-
ated in the first stage in all plate thicknesses. In the centre the number of nodules nucleated in 
the second and finale stage will increase with increasing plate thicknesses. 

Regarding the fraction solid as function of temperature shown in Fig. 6-22 it is similar to that 
for the hypereutectic castings except that near eutectic casting has more off-eutectic austenite. 
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Fig. 6-21 Near eutectic casting (casting F). Simu-
lated temperature and nodule count in centre (solid 
line) and at edge of the casting (dotted line). 

 

 

Fig. 6-22 Near eutectic casting (casting F). Results form simulation of 2.8, 4.3 and 8.0 mm plates. Solid 
line: centre of plate. Dotted line: Edge of plate. (a) Simulated fraction solid af function of temperature. (b) 
Volume fraction of eutectic and off-eutectic solid as function of temperature 
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6.6.3 Simulation results for hypoeutectic castings 

The simulated temperatures for hypoeutectic casting are shown in Fig. 6-23 together with the 
experimental temperatures. The solidification starts with nucleation and growth of primary 
austenite. The values at the dT/dt curves are very similar for the experimental and simulated 
results during this part of the solidification. During the eutectic solidification the simulated 
results have smaller recalescence compared to the experimental results, especially for the 8 
mm plates. For the thinner plates there were carbides in many of the castings which will in-
fluence the experimental cooling curves. The carbides were not modelled in the numerical 
simulations. 

Fig. 6-23 Hypoeutectic casting (casting G). Experi-
mental and simulated temperature and dT/dt curves 
for the different plate thicknesses. As the measured 
temperature in the 2.8 and 4.3 mm plates probably 
are 20ºC too low [6.9] the T(ex.)+20ºC are also 
shown in these graphs. 

 

 

In Fig. 6-24 is shown the simulated temperature and nodule count at the centre and edge of 
the plates. This is similar to that found in the near eutectic castings. 
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The fraction solid and fraction of eutectic and off-eutectic solid are shown in Fig. 6-25. The 
volume of off-eutectic austenite is higher than in the near eutectic castings but else are the 
curve very similar to what found in the near eutectic castings. 

Fig. 6-24 Hypoeutectic casting (casting G). Simu-
lated temperature and nodule count in centre (solid 
line) and at edge of the casting (dotted line). 

 

 

Fig. 6-25 Hypoeutectic casting (casting G). Results form simulation of 2.8, 4.3 and 8.0 mm plates. Solid 
line: centre of plate. Dotted line: Edge of plate. (a) Simulated fraction solid af function of temperature. (b) 
Volume fraction of eutectic and off-eutectic solid as function of temperature 
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6.7 Discussion and concluding remarks  

The simulations have shown that the first peak on the dT/dt curves in the thin hypereutectic 
castings corresponds to growth of off-eutectic austenite. This off-eutectic austenite probably 
corresponds to the austenite dendrites found even in the hypereutectic castings. 

The nucleation of austenite has been neglected in the numerical model. In the thin walled 
hypereutectic casting this has only a small influence as it can be assumed that the presence of 
primary graphite nodules will make it possible to nucleate austenite at relatively low under-
cooling. The onset of the eutectic recalescence will only occur at a relatively higher under-
cooling long time after the nucleation of austenite has occurred.  

In the simulation of the thicker hypereutectic castings the nucleation of off-eutectic austenite 
and the eutectic recalescence gave two small peaks on the dT/dt curve. In reality a small un-
dercooling is necessary for nucleation of austenite which will give a small delay for the actual 
peak on the dT/dt curve. In this way the two small peaks on the dT/dt curve can be merged 
into one main peak as seen on the experimental curves. 

Regarding the near eutectic castings the neglected nucleation of austenite is of much more 
importance as shown in Fig. 6-19 and Fig. 6-20. The neglected nucleation of austenite will 
have the effect that the nucleation of graphite nodules will occur faster than if undercooling 
was necessary for nucleation of austenite. 

The influence on the diffusion coefficient of carbon in austenite has been discussed. It seems 
that the diffusion coefficient should be higher in the thin walled castings. The reason for this 
is that it will take some time before the graphite nodules are encapsulated in austenite shell. 
The initial growth of graphite nodules will therefore be in contact with the liquid which has a 
higher diffusion coefficient. The time before the graphite nodules are encapsulated in 
austenite shell, relatively to the solidification time, will probably be longer in thinner plates in 
comparison with the thicker plates. 

An other possibility is that the fraction of off-eutectic austenite should be higher in the thin 
walled casting. This would give thinner austenite shells around the graphite nodules which 
would correspond to an increase in diffusion coefficient. 

In the numerical model it has been assumed that there is no build up of carbon concentration 
in the liquid at the solidification front but that the carbon content will be the same in all the 
liquid. It is also assumed that during cooling the carbon content in liquid will gradually in-
crease according to the austenite liquidus line. There will however be a limit to the diffusion 
of carbon in liquid and by that there will be a build up of carbon concentration in the liquid at 



6 Numerical simulation 139 

the solidification front. This will decrease the temperature if it is assumed that there is equili-
brium at the solidification front. For slow cooling rates carbon build up and by that the tem-
perature decrease will probably be small but in thin walled castings will high growth rates this 
decrease in temperature will maybe be of some importance. 
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7 Discussion 

7.1 Temperature measurement in thin walled castings 

Numerical simulations have shown that the measured temperature in thin walled castings 
(thickness ≤ 4 mm) is 15-20°C too low while in an 8 mm plate the measuring error will be 
small, probably about 3°C [7.1]. The measuring error will depend on the material properties 
of thermocouple wire, ceramic tube and melt and the heat transfer coefficient in between these 
materials. Especially decreasing the thermal conductivity of the thermocouple wire will de-
crease the measuring error.  

The cooling curves from castings with high carbide content predicts that the measuring error 
in the thin plates is about 22°C (see section 5.2.5), which corresponds well with the results 
from the simulations. 

There is however a large scatter in the results from the measured temperatures [7.2]. This can 
be explained by that there can be some variation in how well the melt is in contact with the 
thermocouple wire, see Fig. 7-1. The contact point can be some distance from the ceramic 
tube because of oxide layer as at wire A, or there can be a small penetration into the ceramic 
tube as at wire B. The temperature gradient in the thermocouple wire is large at these points 
so a small difference in the measuring point will give a relatively large difference in the 
measured temperature.  

 

Fig. 7-1 Measuring point without and with penetration into ceramic tube 

From the solidification of primary austenite in the hypoeutectic castings the TAL (austenite 
liquidus temperature) was found to be close to the theoretical TAL for the 8 mm plate, which 
corresponds to the results of the simulations (see section 5.2.4.1). For the thinner plates the 
measured TAL was 38-40°C lower than the theoretical TAL. This is a larger temperature dif-
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ference than the simulations have shown. There should however only be a small change in 
temperature for the steady state growth of primary austenite to increase the TAL with 15-
20°C, giving a measuring error of about 20°C as the simulations had shown in [7.1]. 

7.2 Solidification morphology in thin walled casting 

The solidification morphology can be divided into two main subjects: Nucleation of phases 
and growth of the nucleated phases. 

7.2.1 Nucleation of austenite 

Nucleation of austenite is normally assumed to be neglected. However some undercooling is 
necessary in order to nucleate austenite. From the hypereutectic castings undercooling was 
found to be 23, 35 and 40°C for the 8, 4.3 and 2.8 mm plates respectively.  

The nucleation of austenite did not give any recalescence in the hypoeutectic castings. As 
soon as an austenite dendrite is nucleated it will start to grow and the growth rate can be as-
sumed to be high in the beginning because of the high undercooling. As the growth of auste-
nite is releasing latent heat there would probably have to be some recalescence if all dendrites 
were nucleated at the same time. The 8 mm plates had a clearer plateau on the cooling curve 
from nucleation of austenite than the thinner plates and the slope (dT/dt) of the temperature-
time curve for 8 mm plates was almost 0°C/s. The cooling rates in the 8 mm plates are slower 
giving more time for the nucleation to occur than in the thinner plates. This indicates that in 
the thin plates nucleation occurs over a relatively long period. 

In the hypereutectic castings in the thin plates the first peak on the dT/dt curve is identified as 
nucleation of austenite (see section 5.2.2), which also has been confirmed by the numerical 
simulations (see section 6.6.1). The presence of both graphite nodules and austenite is nor-
mally characterized as eutectic growth. The first peak is however short and relatively small 
and is followed by a further undercooling before the main eutectic recalescence. It can there-
fore be assumed that nucleation and growth of austenite is giving the main contribution to the 
first dT/dt peak. As the nucleation of austenite even gave a recalescence in some of the hyper-
eutectic castings it can be assumed that all the austenite dendrites were nucleated in relatively 
short time probably because of the presence of primary graphite nodules. 

Several other elements indicate that graphite nodules are good nucleants for austenite. On the 
colour etching the matrix around the graphite nodules, especially the large ones, and the den-
drites have similar colours. This indicates that they have the same chemical composition and 
by that they have been growing at the same time (see section 5.1.4). In the shrinkage poro-
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sities all the graphite nodules were covered by a shell (see section 5.1.5). In the chilled sam-
ples from the hypereutectic melts the graphite nodules are surrounded by a shell (see section 
5.1.2). It seems that a graphite nodule is surrounded by an austenite shell shortly after it has 
been nucleated. The melt close to the graphite nodules will also have a lower content of car-
bon due to diffusion of carbon from melt to graphite nodules. This effect will also make the 
surface of the graphite nodules a logical place to nucleate austenite. 

7.2.2 Nucleation of graphite 

In the hypereutectic castings in the thin plates there was a group of large graphite nodules. In 
the near eutectic and hypoeutectic castings there were only very few large nodules if any (see 
section 5.1.1). This indicates that the large nodules in the hypereutectic castings are primary 
graphite nodules nucleated before the eutectic solidification. These nodules have been al-
lowed to grow without an austenite shell and they have therefore become larger. In the near 
eutectic and hypoeutectic castings the nodules have only been nucleated during the eutectic 
part of the solidification. The effect of large nodules was only clear in the thin plates (thick-
ness ≤ 4.3 mm) and not in the 8 mm plates. 

In the hypereutectic castings there were 1500-3000 large nodules/mm3 in the plates. It seem 
there is a small increase in the number of large nodules with decreasing plate thicknesses.. 
However in the chilled samples from inside the moulds there were about 25000 large 
nodules/mm3 in casting H and 15000 in casting K (see section 5.1.2).  

 

Fig. 7-2 Steps in nucleation of graphite 

Graphite is nucleated on particles at some undercooling depending on the disregistries be-
tween the lattice of the particle and graphite [7.3]. These particles will probably have an 
anisotropic surface and some places on the particles will be more favourable than others for 
nucleation of graphite. Assuming that nucleation of graphite occurs in steps as indicated on 
Fig. 7-2 depending on the undercooling with respect to the graphite liquidus ΔTL

g. The nu-
cleation will start on the most favourable place on the particle, see Fig. 7-2a. If the under-
cooling increase graphite will cover more of the particle until the nucleation step has finished 
as shown on Fig. 7-2c and the growth of the graphite nodule can start. If this is the case the 
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nucleation process will take some time due to diffusion of carbon from melt to graphite nuclei 
on the particle. Having a high cooling rate as in the chilled sample there will be no time for 
growth to occur, giving a continuous increase in ΔTL

g and many graphite nodules are nucle-
ated. This explains the high number of large nodules in the chilled samples from the hyper-
eutectic castings. In the near eutectic casting the nucleation will start relatively late and there 
will not be time for the following growth in the chilled samples as in the hypereutectic cast-
ing. In the plates the cooling rate will be slower in comparison to the chilled samples and 
there will be time for growth of graphite nodules. Growth of graphite nodules will contribute 
to decrease the ΔTL

g and fewer particles will go through all nucleation steps. This will give 
fewer large nodules in the plates than in the chilled sample. Concerning the particles where 
the nucleation not was completed it has although been started and can therefore be completed 
faster than if the nucleation process not have been started. In the hypereutectic castings the 
nucleation process has been started for several particles during the proeutectic stage. In the 
near eutectic castings the nucleation process does not start until the temperature reaches the 
eutectic temperature. The nucleation process can therefore be completed faster in the hyper-
eutectic than the in the near eutectic castings. This explains why the near eutectic castings 
have a higher undercooling than the hypereutectic castings but when the graphite nodules 
have been nucleated the temperature will increase to almost the same temperature, Tmax, in 
both near eutectic and hypereutectic castings (see section 5.2.3.1). 

7.2.3 Nucleation of carbides 

From the castings with high content of carbides it was found that an undercooling of about 
20°C was needed for nucleation of primary carbides (see section 5.2.5). These carbides were 
nucleated on or near the surface of the mould (see section 5.1.3). Carbides can also be nucle-
ated in the last part of the solidification process as inverse chill. If the freezing temperature, 
TF is determined by the last minimum on the dT/dt curve some of the castings had a freezing 
temperature below 1050°C3 without formation of carbides. This should be compared to a 
metastable temperature which is in between 1105-1120°C depending on the Si-content. This 
metastable temperature has even not been compensated for the segregation of Si during solidi-
fication. The same large undercooling has also been observed in [7.4] where TF could be up to 
60°C below the metastable temperature without formation of carbides. It seems that carbides 

                                                 

3 This temperature has for the thin plates been adjusted by 20°C to compensate for the error in the measured 
temperatures 
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are more easily nucleated on the surface of the sand mould than inside in the casting. Inside in 
the casting a relatively large undercooling is necessary to nucleate carbides. 

7.2.4 Growth morphology  

In the thin plate the growth of austenite can be divided into two different morphologies. One 
is dendrite growth, also called off-eutectic austenite. The other is growth of a shell around the 
graphite nodules.  

Both the colour etching and SEM pictures of shrinkage cavities show the presence of auste-
nite dendrites (see section 5.1.4 and 5.1.5). From the colour etching the dendrites seems to be 
very long and thin, with a diameter of 10-15 µm. Examples of dendrites with a length up to 1 
mm was found. Some the dendrites may have been even longer as it can be difficult to deter-
mine the length of dendrites from a planar cut. Many of the long dendrites have probably 
grown from the surface into the centre of the casting only being stopped by the dendrites 
growing from the opposite surface. There have also been secondary dendrite arms. In the 
shrinkages small secondary dendrite arms are 20-30 µm long and have a diameter of about 10 
µm. On the colour etching the length can be up to 100 µm and a diameter of 10-15 µm. 

The other growth morphology of austenite is as a shell around graphite nodules. On the colour 
etching the colour of the matrix is changing with respect to the distance from the graphite 
nodules, especially around the large nodules (see section 5.1.4). In the chilled samples from 
the hypereutectic casting both the nodules and the shell around them are large in the centre 
than near the surface (see section 5.1.2). These indicate that the graphite nodules and the 
austenite shell are growing as concentric spheres. 

Concerning the graphite nodules it has previously been assumed that they are covered by an 
austenite shell shortly after they have been nucleated. The main growth of the graphite no-
dules is therefore governed by diffusion of carbon through the austenite shell. Due to the 
presence of austenite dendrites the austenite shell surrounding the graphite nodules will how-
ever be thinner than if it is assumed that all the austenite was precipitated as shells around the 
nodules. According to the numerical modelling the austenite shell will be thinner especially in 
the first part of the solidification if taking into account the presence of off-eutectic austenite 
dendrites [7.5]. 
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Fig. 7-3 Solidification morphology in thin walled hypereutectic ductile cast iron 

The growth morphology for a thin walled hypereutectic casting has been summarized in Fig. 
7-3: 

a) At some temperature primary graphite nodules are nucleated and start to grow. 

b) At some temperature below the austenite liquidus temperature austenite is nucleated. The 

presence of primary graphite nodules makes the nucleation of austenite easier. The 

austenite will mainly grow as dendrites because of the low number of graphite nodules at 

this point. 

c) At some point new graphite nodules have to be nucleated. In a hypereutectic melt the nu-

cleation particles may have been “prepared” for nucleation making it faster to nucleate 

graphite than in case of a near eutectic casting. 

d) The newly nucleated graphite nodules are shortly afterwards covered by an austenite 

shell, either by growth of the austenite dendrites or by nucleation of austenite on the sur-

face of the graphite nodules. At some point the graphite nodules with an austenite shell 

will be fixed on one of the austenite dendrites. As the number of graphite nodules now 

has been increased greatly the main growth of austenite will now be as shells around 

graphite nodules. 
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e) During growth new graphite nodules are nucleated. The last melt to solidify will be in be-

tween the graphite nodules 

 

Fig. 7-4 Solidification morphology in thin walled near eutectic ductile cast iron 

The growth morphology for a thin walled near eutectic casting has been summarized in Fig. 
7-4 and is in many ways similar to the hypereutectic castings but there will be some dif-
ferences: 

a) There will not be any primary graphite nodules 

b) The first phase to be nucleated is austenite. As there is no graphite present it will require 

a higher undercooling than in the hypereutectic castings before the austenite is nucleated. 

c) Graphite nodules have to be nucleated before the growth can continue. As the nucleation 

particles not have been “prepared” as in the hypereutectic castings this will also require a 

higher undercooling 

d) The nucleated nodules are covered by austenite. As the undercooling has become rela-

tively large due to the nucleation process there will be a high driving force for the growth 

process giving a large increase in the temperature. 

e) The growth continues as in the hypereutectic casting with nucleating of new graphite no-

dules. 
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7.2.4.1 Growth morphology in thicker plates 

In the thicker plates (the 8 mm plates) the cooling rate is slower giving more time for the nu-
cleation of graphite nodules and therefore the undercooling will be smaller than in the thinner 
plates with higher cooling rates. Furthermore less graphite nodules have to be nucleated in the 
thicker plates. If it is also assumed that the number of activated particles for nucleation is a 
function of undercooling the required undercooling will therefore be even smaller for the 
thicker plates than for thinner plates. The graphite nodules can therefore be nucleated more at 
the same time as the austenite in the near eutectic and hypereutectic casting.  

If the graphite nodules surrounded by an austenite shell and austenite dendrites are growing at 
the same time the graphite nodules can possibly interrupt the growth of austenite dendrites if 
they are placed in front of the dendrite tips. In the thinner plates the growth of austenite den-
drites have probably occurred before the graphite nodules surrounded by austenite shell play 
an important role. 

In general for the thicker plates the graphite nodules surrounded by an austenite shell will 
therefore have a major influence on the growth earlier in the solidification process at the ex-
pense of the austenite dendrites. The austenite dendrites can still be present in the thicker 
plates but they will play a less important role. 

7.2.4.2 Recalescence and growth morphology 

The cooling curve from solidification of a metal will normally have an undercooling in the 
beginning. This undercooling is the driving force for nucleation. The period of nucleation is 
normally short and is followed by an increase in the temperature giving a maximum tem-
perature shortly after the nucleation event [7.6]. In the current experiments the cooling curves 
from casting with high content of carbides had this type of cooling curves (see section 5.2.5). 
The laminar structure of carbide and austenite during the growth of the metastable eutectic 
can have a high growth rate making it possible to have this large increase in temperature in a 
few seconds.  

However on the cooling curves from castings that solidified as stable eutectic the temperature 
is increasing more slowly and the maximum temperature is placed in the middle or near the 
end of the solidification process. The only exception from that are the hypereutectic 8 mm 
plates, which have a short and small increase in temperature with the maximum temperature 
in the first part of the solidification process.  
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As the growth process of the graphite nodules is controlled by diffusion this gives some limits 
in the growth rate explaining why there is no abrupt increase in temperature as for the meta-
stable eutectic. The slow increase in temperature can be explained by two elements:  

a) There can be a continuous nucleation of new graphite nodules which gradually increases 

the growth rate.  

b) As the graphite nodules and austenite shells are growing the surface area will increase 

which can increase the growth rate too. This is however counteracted by the increase in 

thickness of the austenite shell which will decrease the diffusion rate of carbon through 

the austenite shell. 

The numerical model is based on that the growth of graphite nodules during the eutectic stage 
of solidification occurs by diffusion of carbon through the austenite shell and there is no nu-
cleation when the temperature is increasing. As the results from the numerical simulations 
show that the temperature can increase, the last possibility b) can be the explanation of the 
maximum temperature late in the solidification process. This also indicates that growth is 
controlled by diffusion of carbon through the austenite shell. 

7.2.5 Microstructure and plate thicknesses 

It is normally recommended that in thin walled castings the melt should be hypereutectic with 
a carbon equivalent of 4.55 or above [7.7, 7.8 and 7.9]. The results in this project have shown 
that in thin plates the near eutectic castings have higher undercooling than the hypereutectic 
melt but both melts have the same Tmax after the recalescence. The smaller undercooling in 
the hypereutectic melts decreases the possibility for nucleation of primary carbides in the 
casting and therefore hypereutectic melts are preferred in thin walled castings. The 
hypereutectic melts can however give graphite flotation in the thicker castings which have 
been observed particular in the 8 mm plates in this project (see section 5.1.1.2).  

For thin walled castings it is recommended to use a nodulariser with high content of RE as the 
nodulariser Remag® used in some of the castings in this project [7.10]. This can however 
give exploded graphite nodules particular in the thicker plates (see section 5.1.1.2) 

Many cast parts will however have both thinner and thicker sections with different cooling 
rates. The choice of CE and content of RE will therefore depend on the cooling rates and the 
demands for properties at different places in a particular casting. 
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8 Conclusion 

Solidification of thin walled casting has been investigated experimentally using temperature 
measurement and metallographic examination. The experimental results have been combined 
with 1-D numerical simulations using a solidification model that takes the precipitation of off-
eutectic austenite dendrites into account. Based on this the following has been concluded: 

An experimental method for reproduceable temperature measurement in thin walled iron 
castings has been developed. The temperature measurements can give useful information 
about the solidification process. The measured temperature will however be about 20°C too 
low in the thinner castings (thickness ≤ 4 mm) while in an 8 mm plate the measuring error 
will be in the order of 3°C. 

Temperature measurement and metallographic examination has revealed that in thin walled 
hypereutectic castings (thickness ≤ 4.3 mm) off-eutectic austenite dendrites precipitate before 
the main eutectic reaction. Due to nucleation of graphite nodules further undercooling is 
necessary before the onset of the main eutectic reaction. The effect of off-eutectic austenite 
dendrites was not observed in the 8 mm plates.  

The near eutectic castings have higher undercooling and recalescence than the hypereutectic 
castings. The maximum temperature after the recalescence is however similar for the hyper-
eutectic and near eutectic castings for the thin plates. The difference in undercooling and re-
calescence can be explained by differences in nucleation of graphite.   

In the hypoeutectic castings undercooling of 23, 35 and 40°C for 8, 4.3 and 2.8 mm plate re-
spectively where required for nucleation of primary austenite. 

An undercooling of about 20°C was required for nucleation of primary carbides. These car-
bides where in general nucleated near or at the surface of the sand mould. The freezing tem-
perature could be more than 50°C below the metastable eutectic temperature without nuclea-
tion of carbides in the last solidified material. 

A model for nucleation of graphite involving partial nucleation on particles has been pro-
posed. Solidification morphology for thin walled ductile iron casting has also been proposed.   

A 1-D numerical model of the solidification has been developed. Results from the numerical 
model have confirmed the effect of precipitation of off-eutectic austenite dendrites in thin 
walled hypereutectic castings. 
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8.1 Recommendation on future work 

The casting has only been performed in a test laboratory with no possibility of keeping the 
temperature of the melt after the nodularising treatment. The melt has therefore been poured 
in to the moulds shortly after the nodularising treatment. In a foundry there will normally be 
more time between the nodularising treatment and pouring the melt into the moulds. This can 
have an influence on the number of particles in the melt, which are available for the nuclea-
tion of graphite. It can therefore be useful to perform an experiment in a foundry with dif-
ferent holding time of the melt to see the influence of this. 

The focus in this project has been on the solidification morphology of the thin walled cast-
ings. The mechanical properties of the casting have not been tested. The mechanical proper-
ties are however very important for the final use of the castings e.g. in cars. It would therefore 
be useful to be able to couple the solidification morphology with the mechanical properties of 
the castings. 

The nucleation of austenite in the numerical model has been neglected so far. As some under-
cooling is required for nucleation of austenite this will probably have some influence on the 
solidification. The numerical model should therefore include the nucleation of austenite. The 
proposed model for nucleation of graphite which should be depending on both cooling rate 
and time should also be included in the numerical model. 
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cast iron. Part 1: Theory and experiment 
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Department of Manufacturing Engineering and Management, Technical University of 
Denmark, Building 425, DK-2800 Kgs. Lyngby, Denmark 

Abstract 

Temperature measurement using thermocouples (TC’s) influence solidification of the casting, 
especially in thin wall castings. The problems regarding acquisition of detailed cooling curves 
from thin walled castings is discussed.  

Experiments were conducted where custom made TC’s were used to acquire cooing curves in 
thin wall ductile iron castings. The experiments show how TC’s of different design interact 
with the melt and how TC design and surface quality affect the results of the data acquisition. 
It is discussed which precautions should be taken to ensure reliable acquisition of cooling 
curves. Measurement error depending on TC design and cooling conditions is shown.  

A method is presented that allows acquisition of cooling curves in thin walled ductile iron 
castings down to thickness of at least 2.8 mm. The obtained cooling curves can be used to 
compare nucleation and growth during solidification of castings with different plate 
thicknesses. 

Keywords 

Temperature measurement; Thermocouple; Thin wall casting; Ductile iron 

1. Introduction 

In the recently years there has been increasing interest in solidification of thin wall ductile 
cast iron. Most of work on the subject has been based on metallurgical examination after 
solidification and cooling to room temperature, which also involves a phase transformation 
during the cooling process. Temperature measurement, an important tool in investigation of 
solidification, has rarely been used. The most detailed cooling curves found in literature is 
published by Labrecque and Gagné [1] with temperature measurement in 3 mm plates. In the 
large “Thin Wall Iron Casting” project temperature measurement in plates down to thickness 
of 1.5mm has been carried out [2], although the results have mainly been used to determine 
the cooling rate at 1170°C [3-5]. Lacaze et al. [6] has reported measured temperatures from a 
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cylinder of Ø9 mm, corresponding to about 4 mm thick plate, but no details from the cooling 
curves are given.  

Temperature measurement in castings is normally done with thermocouples (TC) placed in 
the casting as illustrated in Fig. 1. Placing a TC in the casting will affect the temperature 
locally, especially in thin wall castings, as the thermal properties of the wire and ceramic will 
normally differ from the mould. Erickson and Houghton [7] have made numerical simulations 
of the effect of a ceramic-sheathed TC in a 1.5 inch Pb rod casting. The conclusion was that 
initially the TC was acting as a chill but later the ceramic was acting as an insulator increasing 
the local solidification time. Xue et.al. [8] has made a parametric study of TC properties on 
transient temperature measurement. The conclusion was that the TC should have lower 

density and specific heat (ρCp) and higher thermal conductivity (λ) than the surrounding 
material. The diameter of the TC should be small and the heat transfer coefficient (HTC) 
between TC and surrounding should be high. This study is however based on a 1-D model 
with the TC in the middle, which does not correspond well with temperature measurement in 
thin plates as shown in Fig. 1. 

A better approach is made by Shaukatullah and Claassen [9] in the experimental work of 
temperature measurement on electronic components. Here the TC was attached to the surface 
of the electronic component so the thermal conditions correspond better with Fig. 1. They 
concluded that the TC should have low thermal conductivity and a small diameter to reduce 
measuring error. 

2. Theory 

The physical principles behind thermocouples are known as the so called Seebeck effect, 
which gives a thermoelectric force. This force results from the variation of electron density 
along a conductor subjected to a non-uniform temperature distribution. The Seebeck 
thermoelectric force E is given by: [10] 

dTTdE A )(σ=  (1)  

where σA is the Seebeck coefficient of metal A and T is the temperature. 

The Seebeck thermoelectric force in a homogeneous conductor, whose ends are at 
temperature T1 and T2, is given by integrating: 
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Having a closed circuit of two conductors A and B, whose both joined ends are at the 
temperatures, T1 and T2, will create a thermoelectric force in the circuit equal to the sum of 
the thermoelectric forces for the two conductors. 

In the practical application, with TC of metals A and B, it is necessary to introduce other 
metals in the circuit in order to measure the thermoelectric force. This can be done because of 
the law of the third metal saying that:  

Introducing a third metal, C, into a circuit of the two metals A and B, does not alter the 
resulting thermoelectric force in the circuit, provided that both ends of the metal C are at the 
same temperature. [10]  

The third metal C may be introduced in the circuit at any point. The law of the third metal 
also implies that the TC wires do not have to be welded in the measuring point but the two 
wires can simply be submerged into the melt at two different points (see Fig. 2) provided that 
the temperature of the melt is uniform.  

2.1 Response time 

An important factor when measuring temperature in thin wall castings is the response time of 
the TC. The response time can be estimated by making some assumptions:  

• The TC wire has the temperature T0 before the mould is filled.  

• At the time t = 0 the mould is filled with melt having a constant temperature Tc.  

• The TC wire is ideal with no heat transfer along the wire, e.g. from the wire 

surrounded by the melt to the wire inside the ceramic tube.  

The temperature of the TC wire can then be calculated by applying a heat balance [10]: 

dtTThAdTcV cp )( −=ρ  (3) 

where V = volume of TC wire surrounded by melt [m3], ρ = density of TC wire [kg m-3], cp = 
specific heat of TC wire [J kg-1K-1], h = heat transfer coefficient (HTC) between TC wire and 
melt [Wm-2K-1] and A = heat exchange area [m2]. Solving the equation gives the temperature 
of the TC wire as a function of time t: 
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NT is called the sensor time constant and is expressed in time units. 
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The time before the measured temperature has an error of 1% of the initial temperature 
difference can then be calculated by: 

TT NNt ⋅≈⋅−= 6,4)01,0ln(01,0  (5) 

The least well known parameter in equation 4 is the HTC since its value depends on how well 
the TC wire is in contact with the melt. The HTC can have a large influence on the response 
time. Having an unsheathed TC the situation can be compared with high pressure die casting 
where HTC of 10000 Wm-2K-1 may be found [11]. Having a ceramic-sheathed TC the HTC 
will probably only be 500 Wm-2K-1 or even less. Having an ideal TC like the one in Fig. 1 

with ρ = 8600 kg m-3, cp = 500 Jkg-1K-1 and wire diameter of 0.5 mm the response time will 
then be about 0.25s and 5 s respectively for the two different HTC. In comparison to that thin 
wall castings may have a solidification time of 10-20 s, so it will not be useful to use ceramic-
sheathed TC in thin wall castings. 

2.2 Measuring point of the thermocouple 

Normally the welding point between the two wires of the TC is defined as the measuring 
point. Without a sheathing material protecting the TC wire it can be assumed that there will 
be electrical contact between the melt and the TC wires and the melt will then act as a short 
circuit. The measuring point will not be at the welding point but where the surface of the TC 
wire is in electrical contact with the melt as indicated in Fig. 3.  

It is important to prevent penetration of melt into the ceramic tube. Penetration into the tube 
will typically occur at the end of mould filling where a pressure shock wave can be created by 
the melt hitting the end of the mould [12]. An example of melt penetration can be seen in Fig. 
4 and the corresponding cooling curve in Fig. 5. The temperature measurement will then be 
characterised by an abrupt decrease in temperature. This abrupt decrease indicates that the 
measuring point has moved from the preheated TC wire outside the ceramic tube into the 
colder wire inside the ceramic tube to the point where the short circuit starts.  

Experimental experience shows that melt penetration in general can be avoided by using 
ceramic tubes where the diameter of the holes is no more than 0.1mm larger the diameter of 
the TC wires and by avoiding pressure shock waves at the end of the mould filling. 
Penetration can also be avoided by using ceramic paste to cover the holes in the ceramic tube 
but in practice it can be difficult to cover the holes and still have a bare TC wire with good 
thermal contact to the melt.  
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2.3 Diffusion and dissolution of TC wire 

Equation (1), describing the thermoelectric force, contains the Seebeck coefficient σ, which is 
a function of the chemical composition of the TC wire material. When a TC wire is immersed 
in a melt at high temperature for a long period of time diffusion of elements across the 
interface between melt and TC wire will take place as indicated in Fig. 6. Diffusion of 
elements into the TC wire can change the Seebeck coefficient giving an error to the 
thermoelectric force and by that an error to the temperature measurement.  

However looking at the equation (1), there will at a local point only be a thermoelectric force 
if there is a temperature gradient at the same place. Since thermal diffusion is several 
magnitudes higher than diffusion of elements in solid materials this will not, in practice, 
influence the temperature measurement in thin walled castings. According to Ågren [13] the 

diffusion coefficient D for carbon in iron at 1200°C will be about 5×10-10 m2s-1. This will give 
a diffusion length of about 0.07mm after 10s, which is smaller than the diameter of commonly 
used TC wires. It can be assumed that after 10s there will not be a temperature gradient across 

a TC wire of practical importance. And as the temperature gradient dT≈0 in the volume 
affected by diffusion, the diffusion will not have a practical influence on the temperature 
measurement.  

If the solubility of TC wire material in the melt is high diffusion will lead to dissolution of the 
TC wire. The rate of dissolution will probably depend on the temperature, but it is possible 
that, after some time, there will not be a direct circuit between the two wires as indicated in 
Fig. 6. The dissolution of the TC wire will however also indicate a good electric contract 
between the wires and the melt. The melt will then be a part of the circuit as a third metal and 
this will not affect the temperature measurement as long as the temperature gradient in the 
melt is small, which it normally is. In addition to that, dissolution also indicates a very high 
heat transfer coefficient, giving a very short response time for the TC. 

3. Experiments 

3.1 Manufacture of thermocouples 

Thermocouples with wire diameter of 0.2 mm were percussion welded, which gives a small 
and well-defined welding point, see Fig. 7. Wires with diameter of 0.5 mm were TIG welded. 
This welding process creates a relatively large weld bead, see Fig. 7. In practise the latter one 
can be difficult to control and to get the same geometry and size every time. The surface area 
and volume of TC wire in contact with the melt is given in Table 1.  
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3.2 Casting Procedure 

Ductile cast iron was produced in a batch of 100 kg. The chemical composition was: 3.7% C, 
2.7% Si and 0.037% Mg. The pouring temperature was about 1350°C. The moulds were made 
of chemically bonded sand (Resol-CO2). The casting layout (see Fig. 8) consists of two 
fingers, A and B, with plate thickness of 8, 4.3 and 2.8 mm and a feeder with thickness of 
16mm. The temperature was measured in the middle of each plate. At finger A in each mould, 
normal percussion welded unsheathed K-element TC of 0.2 mm wire was used. In finger B a 
modified TC’s were used. A list of the TC’s used in each experiment is shown in Table 2. The 
distance, d, the ceramic tube penetrated into the casting (see Fig 1) were 0.5 mm for the 2.8 
and 4.3 mm plate and 3.5 mm for the 8 mm plate and the feeder. The sample rate for 
temperature measurement was 500 Hz. In the TC response time analysis data was used as they 
were acquired. For the cooling curves every 100 values were averaged to reduce noise giving 
a time increment of 0.2 second. Cross-sections of some of the TC’s have been analysed in 
light optical microscope (LOM) and scanning electron microscope (SEM) equipped with 
energy dispersive spectroscopy (EDS). 

4. Results of experiments 

4.1 Heat Transfer Coefficient 

A useful method to find the heat transfer coefficient HTC between melt and TC wire is to 
look at the response time of the TC. It is however difficult to determine the temperature of the 
melt surrounding the TC. The first melt that fills the mould will be cooled as it flows through 
the gating system and will have a temperature lower than the pouring temperature when it 
reaches the TC. In the following it will be assumed that the first melt hitting the TC’s was 
1200°C. The TC can also be preheated by radiation from the melt before it hits the TC. To 
simplify the problem the measured heating time of the TC was defined as the time between 
measured temperatures of 200 to 1000°C, t2-10. The HTC can then be calculated from equation 
(4): 
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For the normal 0.2 mm TC wire the heating time was between 0.010 and 0.018 s with an 
average of 0.014 s and a standard deviation of 0.0030. This will give a HTC of about 25000 
Wm-2K-1. 
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The TC with 0.5mm wire thickness had a t2-10 between 0.12 and 0.19 s, with an average of 
0,15 s. This corresponds to a HTC of about 20000 Wm-2K-1, which is a little lower than the 
calculated HTC based on 0.2 mm wires. However the calculations are based on assumptions 
on the geometry of the TC and especially for the 0.5 mm wire there is some variation due to 
the welding process. Another assumption is that the melt has a constant temperature but in 
reality the TC will cool the melt close to it. Since the thermal conductivity of the melt is 
limited there will be a local reduction in temperature.  

It is then reasonable to conclude that when the TC is being heated by the melt the HTC is 
approximately 25000 Wm-2K-1. 

The TC’s that were not welded will first give a signal, when there is an electric circuit 
between the two wires. In that case the first signal received from TC was around 1000°C, or 
in other words the heating time t2-10 was less than the time step of the temperature 
measurement of 0.002 s.  

The coated TC had a t2-10 of about 1 s, which is so large, that it will not be reasonable to 
calculate the HTC based on equation (6). Only for the thicker parts (8mm plate and feeder) 
were the temperature measurements useful. For the thinner plates the response time is too 
long to give a useful measurement. 

4.2 Measured temperatures 

An example of a cooling curve combined with the corresponding cooling rate dT/dt can be 
seen in Fig. 9 together with definition of some characteristic temperatures. T12 is the first 
maximum of the dT/dt curve and T21 is the following local minimum. T23 and T31 are a 
local minimum, respectively maximum temperature during solidification.  

The shapes of the obtained cooling curves are equal to those found in thermal analysis of 
medium size castings, except for those cooling curves that were obtained by coated TC’s in 
thin plates.  

The measured characteristic temperatures are listed in Table 3. The differences between the 
measured temperatures in the two fingers A and B of the casting are listed in Table 4. There is 
some parallel shift between the measured temperatures in the two fingers. For the thicker 
parts the parallel shift is generally small, except in mould E2, where one of the TC was 
coated. For the thinner plates there is larger variation in the parallel shift. 
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4.3 Microstructure 

The microstructure is not affected by the presence of TC in the casting, even in the thin plates, 
see Fig. 10.  

Metallographic examination revealed a thin layer coating the TC wires in the casting. The 
layer is too thick to be the natural surface layer that coats the TC wire when it is handled at 
ambient temperature.  

It appears to have been formed during filling of the mould. The thickness of this layer seems 
to depend on two factors. One is the distance from ceramic tube, where the thickness 
decreases with increasing distance, and at a point the oxide layer disappear again, see Fig. 11. 
The other factor is the local solidification time of the melt where the thickness of the oxide 
layer will decrease with increasing solidification time. An example of this is shown in Fig. 12, 
where the oxide layer only was found close to the ceramic tube.  

After some time the melt will start to dissolve the TC even if there still is a thin oxide layer 
present, indicating the ordinary boundary between TC and melt (see Fig. 12). The oxide layer 
has been analysed in SEM using EDS and it had a high level of Mg, Al and O compared to 
the casting, see Fig. 13 and Table 5. 

The eutectic metastable temperature, Te,m, for the casting can be calculated by [14]: 

SipctT me ⋅−= 151148,  (7) 

The Si content of 2.7% used in the experiment will give Te,m = 1108°C. This would predict 
the presence of carbides in especially some of the 2.8mm plates as there have be measured 
temperature below 1100°C during the solidification. But all plates solidified without carbides. 

5. Discussion  

Ductile cast iron is known for its ability to form oxides on the surface on the melt [15]. 
According to the Ellingham diagram the most stable oxides will be CaO, MgO and Al2O3 
[15]. These oxides will stick to the TC when hitting it during filling of the mould. They will 
later be dissolved or be ripped away from the TC during the continuous filling of the mould 
and the following solidification process. From EDS analysis a high content of Al, Mg and O 
was found around the TC, indicating the presence of MgO and Al2O3. In addition to the oxide 
layer also a graphite film can be formed on the surface of liquid cast iron [15]. 

It can be difficult to predict the rate of dissolution the oxide layer. However during the filling 
there will be a continuous flow of melt passing the TC. Therefore the TC will always be 
surrounded by fresh hot melt during the filling of the mould. This will probably make it easier 
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to dissolve or wash away the oxide layer during the filling compared to the solidification 
process where there is no forced convection around the TC. 

It is therefore important to ensure that the melt flows past the TC for some time when the 
mould is filled. Then the surface of the TC-wire is cleaned and the TC is heated so that the 
temperature field around it is as close as possible to that of the melt.  

The effect of this oxide layer can also be seen from the heating time t2-10 of the TC. If it is 
assumed that oxides in general are good electric insulators the melt will not act as a short 
circuit when hitting the TC. Only after some time will there be proper electric contact 
between the two TC wires and the melt. This explains why the first signal from the not 
welded TC is around 1000°C (t2-10 < 0.002 s) while the normally welded TC has a t2-10 of 
around 0.014 s.  

The HTC was found to be around 25000 Wm-2K-1 based on the heating time of the TC. It is 
probably the thickness of the oxide layer that determine the HTC but some of oxide layer if 
not all will disappear again and then the TC be will in direct contact with the melt giving a 
very good thermal contact. Only in the thin plates close to the tip of the ceramic tube will the 
oxide layer envelope the TC wire during the solidification. However as long as the oxide layer 
also is an electrical insulator the measuring point will be where the TC is in electrical contact 
with the melt and at that point there will be no thermal resistance between TC and melt. 

The acquisition hardware used in this experiment has an accuracy of ±1°C. In addition to that 

the tolerance of TC type K according to IEC 584-2 will be ±4°C at 1000°C. The TC wire was 
however from the same batch so it can be assumed that the accuracy for all of the TC will be 

close to the same, probably within ±1°C compared to each other. The accuracy will then be 

about ±1.4°C when comparing the measured temperature. This could explain some of the 
parallel shifts between the measured temperatures in plate A and B but not all of it. 

The parallel shift could be explained by differences in nucleation and growth kinetics in the 
plate A and B, but the temperature curves are displaced by an almost constant temperature 
difference having the same differentiated curve. This indicates that the nucleation and growth 
are very similar in the two plates.  

For the thicker parts, 8mm plate and feeder, the parallel shift was small except from mould E2 
where the coated TC can explain the parallel shift. 

For the thinner plates the parallel shift in mould E1 can be explained by the use of TC wire 
with diameter of 0.5mm instead of 0.2mm given higher cooling rate. However also mould E3 
and E4 had large parallel shift, which cannot be explained by differences in the used TC. 
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Therefore, the presence of parallel shift in the thin plates indicates that the level of the 
measured temperature is inaccurate and precautions most be taken when comparing the level 
of the measured temperatures from different castings. Instead the measured temperatures can 
give information about the nucleation and growth during the solidification process and this 
information can be useful when comparing the solidification process between different 
castings including different plate thicknesses.  

6. Conclusion 

- Using unsheathed thin thermocouple wire, e.g. diameter of 0.2 mm, mounted in a thin 

ceramic tube, e.g. diameter of 1.6mm, so that the thermocouple wire is immersed naked in 

the melt it is possible to obtain reliable cooling curves in the casting. 

- The obtained cooling curves can be useful when comparing nucleation and growth during 

solidification of different castings including different plate thicknesses. 

- The two thermocouple wires do not need to be welded if there is electrical contact between 

melt and the wires. 

- If there is electrical contact between melt and thermocouple wire, making a short circuit, the 

measuring point can best be defined as the point where the short circuit starts. 

- The microstructure of the casting around the thermocouple was not affected by the presence 

of the thermocouple.  

- During filling of the mould with ductile iron the thermocouple wire was surrounded by an 

oxide layer from surface of the melt. This layer was initially giving a heat transfer 

coefficient (HTC) between thermocouple wire and melt of about 25000 Wm-2K-1 estimated 

from the heating time between measured temperatures of 200 to 1000 °C. 

- Later, the oxide layer decreased in thickness or it disappeared and the thermocouple wire 

was partly dissolved by the melt, which is assumed to give a very high HTC between 

thermocouple wire and melt.  

- To achieve good measurements it is important that the melt is allowed to flow past the 

thermocouple for as long time as possible so that the thermocouple is cleaned by the melt 

and is at thermal equilibrium with the surroundings. 
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Figures and tables 
Table 1 Calculated areas and volumes of TC 

Wire Heat exhange 
area with melt, 
mm2 

Volume outside 
ceramic tube, 
mm3 

Ø 0.2 mm 1.70 0.085 

Ø 0.5 mm 21.7 9.4  

Table 2 Overview over the casted moulds 

Mould Modification of TC in “Finger 
B” 

E1 0.5 mm wire TIG welded 

E2 0.2 mm wire, coated with 
Silico M4 

E3 0.2 mm wire, normal 

E4 0.2 mm wire, not welded  
 

Table 3 Measured temperatures 

E1 E2 E3 E4 

A B A B A B A B 

Plate 
thickness 

Points on 
cooling 
curve 

Normal 0.5mm Normal Coated Normal Normal Normal Not 
welded 

8mm T_12 1151.0 1149.6 1149.5 1144.4 1145.1 (na)1 1145.0 (na)1 

 T_21 1150.9 1150.1 1150.3 1143.9 1144.9 (na)1 1145.6 (na)1 

 T_23 1149.8 1149.0 1148.7 1143.8 1144.3 (na)1 1144.6 (na)1 

 T_31 1152.0 1150.9 1150.9 1145.5 1145.9 (na)1 1146.7 (na)1 

4.3mm T_12 1128.8 1117.9 1121.5 (na)2 1107.4 1114.2 1118.1 1115.5 

 T_21 1127.6 1116.7 1121.0 (na)2 1106.1 1112.6 1116.1 1114.0 

 T_23 1125.3 1115.0 1120.2 (na)2 1104.1 1110.6 1112.7 1110.7 

 T_31 1127.0 1116.9 1121.2 (na)2 1106.7 1113.5 1115.2 1112.8 

2.8mm T_12 1111.1 1108.2 1121.8 (na)2 1122.5 1110.2 1116.7 1120.4 

 T_21 1107.0 1104.3 1117.1 (na)2 1115.7 1104.2 1110.5 1114.7 

 T_23 1100.4 1097.3 1114.2 (na)2 1105.3 1097.5 1099.7 1103.0 

 T_31 1101.9 1098.1 1115.5 (na)2 1105.6 1099.1 1100.1 1104.2 

Feeder T_12 (na)3 (na)3 (na)3 (na)3 (na)3 (na)3 (na)3 (na)3 

 T_21 (na)3 (na)3 (na)3 (na)3 (na)3 (na)3 (na)3 (na)3 

 T_23 1149.1 1150.2 1149.1 1139.8 1146.4 1143.7 1149.0 1148.5 

 T_31 1149.9 1152.3 1150.2 1141.1 1148.1 1145.8 1150.3 1150.6 
1 Thermocouple broken; 2 Not useful because of coating; 3 Not clearly detectable on curves 
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Table 4 Temperature differences between the two fingers of the casting (finger A minus finger B) 

Plate 
thickness 

Points 
on 

cooling 
curve E1 E2 E3 E4 

T_12 1.4 5.1 - - 

T_21 0.8 6.4 - - 

T_23 0.8 4.9 - - 

8mm 

T_31 1.1 5.4 - - 

T_12 10.9 - -6.8 2.6 

T_21 10.9 - -6.5 2.1 

T_23 10.3 - -6.5 2 

4.3mm 

T_31 10.1 - -6.8 2.4 

T_12 2.9 - 12.3 -3.7 

T_21 2.7 - 11.5 -4.2 

T_23 3.1 - 7.8 -3.3 

2.8mm 

T_31 3.8 - 6.5 -4.1 

Feeder T_23 -1.1 9.3 2.7 0.5 

 T_31 -2.4 9.1 2.3 -0.3 

 

Table 5 Chemical analysis from oxide layer around TC wire 

Point C O Mg Al Si Ca Mn Fe Ni Total 

1 63.9 10.5 0.8 2.1 1.4 0.5 1.2 19.6 - 100.0 

2 34.5 13.3 3.6 20.7 1.9 0.7 3.5 20.1 1.7 100.0 

3 33.2 17.3 3.9 10.0 6.1 1.3 3.3 23.8 1.1 100.0 

4 30.4 15.5 1.2 7.5 2.0 0.4 0.6 41.4 1.0 100.0 
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Fig. 1 Measuring of 
temperature in thin wall 
casting with TC 

 

 

Fig. 2 TC with 
measuring 
device at one end 
and the other 
end submerged 
in melt 

Fig. 3 Measuring point without (wire A) and with 
penetration of melt into ceramic tube (wire B) 

 

Fig. 4 Penetration of cast iron into ceramic tube 
initiated by the pressure shock wave from 
ending the mould filling. Wires: Ø0.5mm; holes: 
Ø0.8mm 

Fig. 5 Temperature measurement from 
thermocouple at Fig. 4 
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Fig. 6 Diffusion and dissolving of the 
thermocouple wire 

 

Fig. 7 Geometry of used thermocouple 

 

Fig. 8 Casting layout 

Fig. 9 Definition of temperatures (mould E2, 
2.8mm plate) 

 

 

 

Fig. 10 Casting E3 2.8mm plate. Cross-section of TC about 0.2 mm from ceramic tube 
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Fig. 11 Mould E3 2.8mm plate. Cross section of TC wire about 0.3 mm (a) and 0.45 mm (b) from the 
ceramic tube. Initial diameter of wire is marked on picture 

 

Fig. 12 Casting E1 Feeder. Cross-section of TC about 0.1 mm from the ceramic tube 

 

 

Fig. 13 Casting E1, Feeder.  SEM - EDS at point 1-4 
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cast iron. Part 2: Numerical simulations 
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Denmark, Building 425, DK-2800 Kgs. Lyngby, Denmark 

Abstract 

Temperature measurements in castings are carried out with thermocouples (TC’s), which are 
inserted in the melt. The TC influence solidification of the casting, especially in thin wall 
castings where the heat content of the melt is small compared to the cooling power of the TC.  

A numerical analysis of factors influencing temperature measurement in thin walled castings 
was carried out. The calculations are based on and compared with experiments presented in 
part 1 of this paper.  

The analysis shows that the presence of the TC has only a minor influence on the 
microstructure of the casting. The influence is restricted to a volume within 2mm from the 
TC. Measured cooling curves will have the right shape. In a 2 mm plate the measured 
temperature was 17 °C below the true temperature in the melt. However, the cooling curve 
provides important information about nucleation and growth during solidification. 

Keywords 

Temperature measurement; Thermocouple; Thin walled casting; Numerical simulation 

1. Introduction 

Measuring temperature in castings is an important tool for investigation of the solidification 
process. Temperature measurement is normally done using thermocouples (TC’s). Placing a 
TC in a casting will however change the thermal field and thus influence the solidification 
process, especially in thin walled castings. The question is how large this influence is and if 
the measured temperature gives a correct picture of what happens during solidification.  

In part 1 the theory of temperature measurement with TC is given combined with results from 
experiments with temperature measurement in plate thickness of 2.8 to 8 mm [1]. Based on 
results from the experiments a number of numerical simulations have been performed in order 
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to evaluate how different parameters influence temperature measurement in thin walled 
castings.  

2. Simulation 

2.1 Input parameters 

Magmasoft® 4.2 including the MAGMAiron module [2] was used for the simulation. In this 
module it is possible to set parameters related to inoculation and chemical composition of the 
alloy, so that the nucleation conditions during solidification are equivalent to those found in 
the experiments. In that way indication of nucleation of phases, under cooling and eutectic 
solidification will be shown correctly on the cooling curves. The experiment described in part 
1 was the background for the simulation. In order to reduce calculation time a number of 
simplifications were done. Only the plate and not the complete gating system was included in 
the simulation. For the same reason the width of the plate was reduced to 10 mm and replaced 
by adiabatic boundaries. In order to simulate the effect of melt flow past the thermo couple 
during filling a feeder of 20 x 35 mm was placed on top of the plate to get a flow around the 
TC similar to what is found in the experiment. The filling time was between 1.8 s for the 2mm 
plate up to 2.3 s for the 8mm plate. The geometry is shown in Fig. 1. The distance, d, is the 
depth the ceramic tube penetrates into the casting. Normally the naked TC wire will be placed 
in the centre of the casting plate. As the length of this part of the wire will be about 1 mm the 
distance, d, can be calculated by: d = t/2 – 0.5, where t is the plate thickness. 

In the software round shapes are approximated with a mesh of cubic cells. This means that the 
small, round cross section of the TC wire in the model becomes square.  

Therefore the TC wire dimension in the model was 0.2 x 0.2 mm corresponding to a diameter 
of about 0.2mm. The ceramic tube was 1.4 x 1.4 mm in the model corresponding to a 
diameter of about 1.6 mm. From the enmeshment of the geometry the TC wire had a thickness 
of 1 cell.  

A number of cooling curves were recorded from the simulations, these are shown in Table 1. 
CC1 is placed in the middle of the TC wire just outside the ceramic tube and CC2 is placed in 
the melt in the middle of the cell nearest to CC1. The other cooling curves are placed in the 
middle of the plate at different distance from the TC. CC3-5 are localed at the same height 
and placed horizontal from the TC. CC6 is placed 10 mm below the TC, near the inlet. As 
previously discussed in part 1 the measured temperature Tm will be the temperature on the 
surface on the TC. Tm will therefore be defined as an average of CC1 and CC2. 
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An important factor is the heat transfer coefficient (HTC) between melt and TC. From the 
heating time of TC used in the experiments the HTC was found to be around 25000 Wm-2K-1 
[1]. This HTC value could be explained by the presence of an oxide layer, which will stick to 
the TC when the melt hits the TC during filling of the mould. This oxide layer will however 
be dissolved or ripped away from the TC during the continuous filling of the mould. As the 
oxide layer disappears again it can be assumed that there will be very good thermal contact 
between melt and TC wire. The HTC between the TC wire and melt will therefore be given a 
very high number (1010 W m-2K-1). The HTC along the rest of the TC wire and the HTC at 
interfaces of the other materials involved are of less importance. Values are listed in Table 2. 

The thermal properties of the material in the simulation are given in Table 3. The casting 
material is ductile iron as in the experiments. The material properties for mould and casting 
are taken from the database in Magmasoft. As these properties depend on the temperature the 
values in the tables are an average for the actual temperature interval. The thermal properties 
of TC wire and ceramic tube are constant. 

2.2 Results 

In the following the results from the simulations are presented. In general it was found that 
the presence of a TC had minor influence on the graphite nodule count in the casting.  Only 
the volume within a distance of maximum 2 mm from the TC was affected, see Fig. 2. The 
difference is however small, the increase is about 100 nodules mm-2 compared to a level of 
about 800 nodules mm-2. It can therefore be assumed that presence of TC will not have an 
influence on the CC5 placed 4 mm from the TC. CC5 will therefore be the reference curve 
when comparing measured temperature with solidification temperature. The temperature 

difference between temperature in the casting and the measured temperature, ΔTc-m, will be 
defined as the average temperature difference between CC5 and Tm during solidification at 
CC5. 

The simulated temperature curve for simulation 1 (2mm plate) are shown in Fig. 3 and the 
corresponding differentiated curves dT/dt are shown in Fig. 4. The shape of both temperature 
and dT/dt curves are very similar to each other except for the last part of the solidification at 
around 11 seconds, see Fig. 4. This small difference can be explained by a difference in local 
solidification time due to a little faster cooling around the TC. This similarity was found in 
the results from all the simulations. 

Details from the simulations are given in Table 4. 
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2.2.1 Influence of plate thickness 

Simulations with different plate thickness have been performed, where the TC was placed in 
the centre of the plate (simulation 1-4). Different inlet temperature was used for the different 
plate thicknesses as in general the temperature loss during filling will be higher in the thinner 
plates compared to the thicker plates. 

The difference between the measured temperature and the CC3-6 are shown in Fig. 5 and Fig. 
6 for the 2 mm and 8 mm plate respectively. The temperature difference is large, more than 20 
°C in the first few seconds. As soon as solidification begins the difference decreases and reach 
a more stable value. The differences are more stable for the 8 mm plate compared to the 2 mm 
plate. This can be explained by the difference in solidification time, where there will be longer 

time for the temperature to equalize in the 8 mm plate. This also explains why ΔTc-m for the 8 
mm plate is 2.7°C and for the 2 mm plate it is 16.9°C. The temperature difference seems to be 
inversely proportional with the thickness of the plate.  

2.2.2 Influence of inlet temperature 

Each plate thickness was simulated with different inlet temperature, similar to the conditions 
in the experiments [1]. A simulation was performed of a 2 mm plate with the same inlet 

temperature as in the 8 mm plate: 1320°C. Here ΔTc-m was 16.1°C compared to 16.9°C when 
inlet temperature was 1240°C (simulation 5 and 1). This difference can be explained by a 
higher inlet temperature, which gives a little longer solidification time. The effect is however 

small compared to ΔTc-m of 2.7°C with the 8mm plate. But it indicates that ΔTc-m is relatively 
insensitive to the pouring temperature. 

2.2.3 Influence of melt flow passing the TC 

The preheating during filling was thought to have an influence on the temperature 

measurement so as to reduce ΔTc-m. To test this a simulation was performed on a 2 mm plate 
without a feeder (simulation 6). This reduced the filling time from 1.8 s to 0.2 s. This gave a 

ΔTc-m of 20.7°C instead of 16.9°C. So preheating of the TC during filling has an influence on 
temperature measurement. More important is however that an oxide layer can be formed on 
the TC when the first melt hits the TC during filling. If the oxide layer is not dissolved again 
during the continuous filling there will be reduced thermal contact between TC and melt and 

the ΔTc-m will been even larger.  

2.2.4 Influence of thermal properties of TC wire and ceramic tube 

In order to see the influence of thermal properties four different simulations were performed 
on the 2mm plate. Tests were made where the thermal properties of the thermocouple were 
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changed, so that either thermal conductivity (λ) was reduced by 50 % or the heat capacity 

(ρcp) was decreased by 50 %. Similar chances were done to the thermal properties of the 

ceramic tube, see simulation 7-10. Reducing the λ for the TC wire reduced ΔTc-m to 14 °C 

while reducing ρcp for the TC wire only had a negligible effect. For the ceramic tube reducing 

λ or ρcp had almost the same effect, giving a ΔTc-m of 15.1 and 15.8 °C respectively.  

2.2.5 Influence of oxide layer on TC wire 

In the case where there is an oxide layer envelope the TC wire close to the ceramic tube the 
measuring point will be at the end of the oxide layer where the melt is in electrical contact 
with the TC wire. A simulation was performed on a 2 mm plate where the HTC between the 
TC wire and the melt was changed (simulation 11). At the first 0.4 mm of the wire outside the 
ceramic tube the HTC was 25000 Wm-2K-1 as the oxide layer was still present. On the 
remaining TC wire the HTC was still high, 1010 Wm-2K-1. The position of CC1 and CC2 was 

changed with 0.4mm too. The presence of a oxide layer gave a ΔTc-m of 9.0°C instead of 
16.9°C 

2.2.6 Influence of diameter of TC wire 

Two simulations were performed where the TC wire was 0.4 x 0.4 mm, corresponding to a 

diameter of about 0.5 mm (simulation 12 and 13). Here the ΔTc-m for the 2mm plate was 30°C 
compared to 16.9°C for the smaller TC wire and for the 8mm plate it was 7.1 compared to 2.7 
for the smaller TC wire. 

2.2.7 Influence of placement of TC 

Two simulations were performed where the distance, d, (see Fig. 1) was reduced to see if it 
had an influence on the cooling curve if the TC was placed closer to the surface. One 
simulation with 4 mm plate where d = 0.5mm compared to d = 1.5 and one simulation with 8 
mm plate where d = 1.5 mm compared to 3.5 mm (simulation 14 and 15). For the 4 mm plate 

the ΔTc-m was now 15.4 °C compared to 8.7 °C and for the 8 mm plate the ΔTc-m was 7.7 °C 
compared to 2.7 °C. All these temperature differences are between the measured temperature 
and the temperature in the middle of the plates. There will however also be a temperature 

gradient within the plates. Taking this into account ΔTc-m would be 12.1°C for the 4 mm plate 
and 4.2°C for the 8 mm plate, in both cases larger compared to when the TC was placed in the 
middle. 

2.2.8 Influence of geometry of casting 

Cylindrical geometries are commonly used instead of plates to investigate solidification of 
cast alloys. Two simulations were therefore performed where the plate casting was replaced 
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by a cylinder with diameter of 5 or 9 mm (simulation 16 and 17). The solidification time of 
these cylinders corresponds to a 2 and 4 mm plate respectively. The adiabatic boundary was 
removed and the cylinders were completely surrounded by the mould. The feeder was the 

same as for the plates. The cylinder with diameter of 5 mm had a ΔTc-m of 12.3°C compared 

to 16.9°C for the 2 mm plate. The cylinder with diameter of 9 mm had a ΔTc-m of 5.0°C 
compared to 8.7°C for the 4 mm plate.  

2.3 Discussion of simulation results 

In sand moulds the cooling of a casting is governed by how fast the heat can be extracted 
from the casting, or in other words the thermal properties of the mould. Increasing of either 

the heat conductivity (λ) or the heat capacity (ρcp) of the mould will increase the cooling rate 

of the casting. As both the TC wire and the ceramic tube have a larger λ and ρcp than the 
mould (see Table 3) there will be a larger cooling rate around the TC compared to other 

places in the casting. Especially the TC wire has a higher λ in comparison to both the mould 
and ceramic tube. Looking at the temperature profile in the TC wire it can be noted that the 
TC wire is relatively quickly heated up to a temperature above 600 °C in the few millimetres 
close to the casting, while the ceramic tube and mould heats up more slowly, see Fig. 7. 

Because of the high λ there will be a higher heat flow through the TC wire compared the 
surroundings but the wire will also be cooled by the surroundings. As the wire is relatively 
small there will be almost a steady state flow of heat from the casting through the TC wire to 
the surroundings of the wire the first 5 mm from the surface of the casting into the mould. 

This explains why reducing λ of the TC wire will have a large effect because the heat flow is 

governed by λ. On the other hand as the volume of the TC wire is very small the effect of 

changing ρcp will be small. The effect of increasing the diameter of the TC wire can be 
explained by an increase in the heat flow through the wire because of the increase of the cross 
section.  

Another important factor seems to be the distance, d, that the ceramic tube penetrates into the 

casting. Reducing d will increase the temperature difference ΔTc-m more than what can be 
explained by the temperature gradient in the plate. Another way to study the effect of the 
distance, d, is to change the casting geometry from a plate to a cylinder with the same 
solidification time. When measuring the temperature in the centre of both plate and cylinder 

there will not be an effect from temperature gradient in the melt on ΔTc-m. In this way the 

distance d can be increased and by that the effect on ΔTc-m is reduced. The effect of increasing 
the distance d can also be explained by the temperature profile of TC wire and ceramic tube. 
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The temperature profile of the ceramic tube will be close to the surroundings. When a longer 
part of ceramic tube is in contact with the melt it will give a longer path for the heat to flow 
through the TC wire or in other words: Less cooling of the melt through the TC wire.  

The simulations have shown that the measured temperature will give correct and useful 
information of what happens during the solidification process. The shape of the measured 
temperature curve will be the same as from a casting that not is affected by the presence of a 
TC. There will be some displacement between the measured and unaffected temperature curve 
during the solidification, but the variation of the displacement during solidification is small 
and could also be called a parallel shift. The size of the parallel shift can change; depending 
on different factors such as plate thickness, presence of oxide layer on TC wire or thermal 
properties of TC wire and ceramic tube.  

3. Discussion 

It was concluded from the experiment that placing a TC in the casting did not change the 
microstructure of the casting significantly [1]. The simulation showed a small change within 
the first 2 mm from the TC by an increase in nodule count. The increase in nodule count was 
however so small that it  will be difficult to detect it in reality.  

The simulations showed that in the 2mm plate the temperature difference ΔTc-m was about 17 
°C. This could explain how the thin plates in the experiment could solidify without carbides 
even though the measured temperature during the solidification was below the eutectic 
metastable temperature.  

In the experiment there was some parallel shift between the measured temperature in plate A 
and B. Some of this can be explained by the accuracy of the measured temperature but not all 
of it. From the results of the simulations a number of other explanations can be found. It could 
be small variations in the distance d that the ceramic tube penetrates into the casting, which 

from the manufacturing process can vary ± 0.3 mm. It could be variation in amount of 
residual oxide layer envelope the TC wire. But regardless of the reasons for the parallel shift 
the displacement of the temperature curve from plate A and B was constant showing the same 
history of the nucleation and growth morphology during the solidification process. And this is 
also what the simulations have shown. The parallel shift can for different reasons have 
different size, but the measured temperature curve will still give some useful information 
about the solidification process. 

Temperature curves recorded from thin walled castings can therefore give information about 
nucleation and growth during solidification process. The actual temperature level will 
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however be lower than the actual temperature in unaffected castings and it is therefore 
important to be careful when comparing measured temperatures, especially when comparing 
between different plate thicknesses. For the 2 and 4 mm plate however the simulations shows 

that the temperature difference ΔTc-m is nearly the same for if the distance d = 0.5mm, 
showing that it is possible to compare these two different plate thicknesses. 

Looking at the ΔTc-m it will be better to use cylinders instead of plates as the casting 
geometry. However when examining the microstructure of a casting a cross section is 
normally cut out of the casting and polished. The area to examine should have a certain size. 
It can therefore be difficult only to be content with the area just around the TC. Having a plate 
it can therefore be advantageous to cut a couple of millimetres from the TC and by that get a 
large area along the centreline of the plate where it can be assumed that the microstructure is 
the same. For a similar investigation in a cylinder, it is necessary to carefully cut and polish of 
the casting sample in order to be sure that the examined area is in the middle of the casting. 
Therefore it can be more easy to use plates rather than cylinders as casting geometry.  

4. Conclusion 

- The simulations have shown that placing a thermocouple (TC) in thin wall casting will only 

have a small influence on the microstructure very close to the TC. 2mm from the TC the 

microstructure seems to be unaffected. This also corresponds with what found in 

experiment. 

- The measured temperature curve will have the correct shape compared to temperature in 

unaffected melt during the solidification process.  

- The measured temperature will however be lower than in the unaffected casting. There will 

be a parallel shift between the measured temperature and the temperature in unaffected 

casting.  

- Temperature measurement with TC in thin wall castings will therefore give reliable 

information about nucleation and growth during solidification taking into account that the 

measured temperature will be lower than in unaffected casting. 

- The size of parallel shift will depend on different parameters. For a 2 mm thick plate using 

Ø0.2 mm TC wire the measured temperature will be about 17°C too low compared to 

unaffected melt.  

- The size of the parallel shift seems to be inversely proportional with the thickness of the 

casting plate. 
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- Decreasing the thermal conductivity or the diameter of the TC wire will decrease the size of 

the parallel shift. The heat capacity of TC had only a very little influence on temperature 

measurement. 

- Decreasing the thermal conductivity or heat capacity of the ceramic tube will decrease the 

parallel shift. 

- Increasing the distance the ceramic tube penetrates into the casting will decrease the parallel 

shift. 
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Figures and tables 
 

Table 1 Placement of cooling curves during simulation 

Point Placement 

CC1 In thermocouple 

CC2 Melt, nearest to CC1 

CC3 Melt, 1 mm from thermocouple 

CC4 Melt, 2 mm from thermocouple 

CC5 Melt, 4 mm from thermocouple 

CC6 Melt, 10 mm below 
thermocouple 

 

Table 2 HTC used in the simulations 

Interface HTC (Wm-2K-1) 

Melt – mould 1000 

Melt – ceramic tube 1000 

Melt – TC wire 1010 

Ceramic tube – mould 500 

Ceramic tube – TC wire 200 

 

Table 3 Thermal properties of materials 

 Thermocouple 
wire 

Ceramic tube Mould: 
Silica_dry (an 

average) 

Casting: GJS-
600 (an 
average) 

λ (Wm-1K-1) 25 2 ~0.65 ~22 

ρ (kg m-3) 8600 2600 ~1520 ~6900 

Cp (J kg-1K-1) 500 850 ~1000 ~800 

ρCp (Jm-3K-1) 4.3 x 106 2.21 x 106 ~1.52 x 106 ~5.52 x 106 

Low λ (Wm-1K-1) 2.5 0.2   

Low ρCp (Jm-3K-1) 2.15 x 106 1.105 x 106   
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Table 4 Performed simulations including the temperature difference between the temperature in the 
casting and the measured temperature 

Simulation Plate 
thickness 

(mm) 

Modification Inlet 
temperature 

(°C) 

Distance 
d  (mm) 

Temperature 
difference  
ΔTc-m (°C) 

1 2  1240 0.5 16.9 

2 4  1260 1.5 8.7 

3 6  1300 2.5 4.7 

4 8  1320 3.5 2.7 

5 2 Increased inlet temperature 1320 0.5 16.1 

6 2 Without feeder 1240 0.5 20.7 

7 2 TC wire: Low λ 1240 0.5 14.0 

8 2 TC wire: Low ρCp 1240 0.5 16.9 

9 2 Ceramic: Low λ 1240 0.5 15.1 

10 2 Ceramic: Low ρCp 1240 0.5 15.8 

11 2 Special HTC 1240 0.0 9.0 

12 2 TC wire Ø0.5mm 1240 0.5 30.4 

13 8 TC wire Ø0.5mm 1320 3.5 7.1 

14 4 Reduces d 1260 0.5 15.4 

15 8 Reduces d 1320 1.5 7.7 

16 Ø5 Cylinder instead of plate 1240 2.0 12.3 

17 Ø9 Cylinder instead of plate 1260 4.0 5.0 

 

  

Fig. 2 Nodule counts near the thermocouple in 2 
mm plate 
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Fig. 1 Layout for simulation 

 
Fig. 3 Temperatures from simulation 1, 2mm 
plate 

 
Fig. 4 Differentiated temperature from 
simulation 1,  2mm plate 

 
Fig. 5 Temperature difference between surface of 
TC and CC3-6, from simulation 1 (2 mm plate) 

 
Fig. 6 Temperature difference between surface of 
TC and CC3-6, from simulation 4 (8 mm plate) 

 
Fig. 7 Temperature profile in TC wire, ceramic tube and mould, 2mm plate (simulation 1)i
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184  Appendix A: Cooling curves and graphite nodule size distribution 

 

Mould: E1 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.70 2.75 0.039 4.47 0.97% FeMgSi-5529 0.1% UltraSeed 1340 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T11 1168.9 1145.0 1131.7  Nodules/area [mm-2] 336 479 692 
T12 1151.0 1128.8 1111.1  Nodules/volume [mm-3] 20740 29082 52229 
T21 1150.9 1127.6 1107.0  Large nodules [mm-3]  1405 1915 
Tmin 1149.8 1125.3 1100.4  Davg. [µm] 15.9 16.1 13.0 
Tmax 1152.0 1127.0 1101.9  Nodularity Number [%] 81.5 88.2 91.1 
ΔTrec 2.2 1.7 1.5  Nodularity Area [%] 69.5 82.3 81.3 

Local Tmin  1128.6   Graphite [%] 10.1 11.3 10.9 
Local Tmax  1128.9   Ferrite [%] 66.8 53.7 33.4 

Max. T  1239.4 1220.1  Pearlite [%] 23.1 35.0 55.8 
     Carbides [%] 0.0 0.0 0.0 
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Mould: E2 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.70 2.75 0.039 4.47 0.97% FeMgSi-5529 0.2% UltraSeed 1340 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T11 1161.9 1133.7   Nodules/area [mm-2] 384 531 727 
T12 1149.5 1121.5 1121.8  Nodules/volume  [mm-3] 25861 34871 55585 
T21 1150.3 1121.0 1117.1  Large nodules [mm-3]  1420 2447 
Tmin 1148.7 1120.2 1114.2  Davg. [µm] 14.6 14.9 12.8 
Tmax 1150.9 1121.2 1115.5  Nodularity Number [%] 70.8 88.5 91.8 
ΔTrec 2.2 1.0 1.3  Nodularity Area [%] 53.5 82.3 85.8 

Local Tmin  1121.3   Graphite [%] 9.4 11.2 10.8 
Local Tmax  1121.8   Ferrite [%] 74.6 56.5 40.7 

Max. T  1238.6 1215.4  Pearlite [%] 16.0 32.3 48.6 
     Carbides [%] 0.0 0.0 0.0 



186  Appendix A: Cooling curves and graphite nodule size distribution 

 

Mould: E3 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.70 2.75 0.039 4.47 0.97% FeMgSi-5529 0.1% Foundrisil 1340 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T11 1158.6 1124.5 1144.9  Nodules/area [mm-2] 289 445 636 
T12 1145.1 1107.4 1122.5  Nodules/volume  [mm-3] 16072 27232 46352 
T21 1144.9 1106.1 1115.7  Large nodules [mm-3]  2008 2352 
Tmin 1144.3 1104.1 1105.3  Davg. [µm] 17.6 16.0 13.4 
Tmax 1145.9 1106.7 1105.6  Nodularity Number [%] 75.3 88.9 89.4 
ΔTrec 1.6 2.6 0.3  Nodularity Area [%] 61.0 83.3 83.1 

Local Tmin     Graphite [%] 10.6 11.0 10.4 
Local Tmax     Ferrite [%] 70.7 52.8 31.9 

Max. T  1210.5 1223.1  Pearlite [%] 18.8 36.2 57.7 
     Carbides [%] 0.0 0.0 0.0 
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Mould: E4 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.70 2.75 0.039 4.47 0.97% FeMgSi-5529 0.2% Foundrisil 1340 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T11 1162.6 1133.1 1143.7  Nodules/area [mm-2] 286 447 643 
T12 1145.0 1118.1 1116.7  Nodules/volume  [mm-3] 16452 26870 47496 
T21 1145.6 1116.1 1110.5  Large nodules [mm-3]  1757 2076 
Tmin 1144.6 1112.7 1099.7  Davg. [µm] 17.1 16.2 13.3 
Tmax 1146.7 1115.2 1100.1  Nodularity Number [%] 71.3 88.6 90.3 
ΔTrec 2.1 2.5 0.4  Nodularity Area [%] 90.8 82.3 86.0 

Local Tmin     Graphite [%] 10.2 10.9 10.4 
Local Tmax     Ferrite [%] 70.7 52.4 32.7 

Max. T - 1226.4 1205.5  Pearlite [%] 19.1 36.7 56.9 
     Carbides [%] 0.0 0.0 0.0 



188  Appendix A: Cooling curves and graphite nodule size distribution 

 

Mould: H1 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.90 2.69 0.033 4.65 1.17% Remag3400 0.1% UltraSeed 1370 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T11 - 1115.9   Nodules/area [mm-2] 501 542 833 
T12 - 1109.4 1103.9  Nodules/volume  [mm-3] 37795 38333 68901 
T21 - 1109.0 1099.9  Large nodules [mm-3]  1503 1551 
Tmin - 1106.0 1091.4  Davg. [µm] 13.1 13.9 11.9 
Tmax - 1106.2 1094.6  Nodularity Number [%] 71.0 72.1 84.3 
ΔTrec - 0.2 3.2  Nodularity Area [%] 57.6 51.8 67.6 

Local Tmin - 1109.2   Graphite [%] 10.8 11.5 11.2 
Local Tmax - 1110.1   Ferrite [%] 62.8 59.5 39.0 

Max. T - 1234.7 1218.2  Pearlite [%] 26.4 39.1 49.8 
     Carbides [%] 0.0 <0.1 0.0 
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Mould: H2 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.90 2.69 0.033 4.65 1.17% Remag3400 0.1% UltraSeed 1370 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T11 1147.0    Nodules/area [mm-2] 430 555 869 
T12 1131.9 1107.7 1098.4  Nodules/volume  [mm-3] 30165 41377 75694 
T21  1103.8 1092.2  Large nodules [mm-3]  1214 1587 
Tmin 1131.3 1101.9 1084.9  Davg. [µm] 14.1 13.2 11.4 
Tmax 1133.8 1106.7 1089.3  Nodularity Number [%] 73.6 78.2 89.2 
ΔTrec 2.5 4.8 4.4  Nodularity Area [%] 56.0 57.5 72.1 

Local Tmin     Graphite [%] 10.4 10.5 11.0 
Local Tmax     Ferrite [%] 61.8 43.3 34.8 

Max. T 1305.2 1225.7 1209.1  Pearlite [%] 27.7 46.1 54.2 
     Carbides [%] 0.0 <0.1 0.0 



190  Appendix A: Cooling curves and graphite nodule size distribution 

 

Mould: H3 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.90 2.69 0.033 4.65 1.17% Remag3400 0.1% UltraSeed 1370 

 

 
 
 

 

 

 

 
 

 
 

 

 

 

 
 
 

 

 

 
 

Plate [mm] 4 3 2  Plate [mm] 4 3 2 1.5 
T11     Nodules/area [mm-2] 495 643 861 1058 
T12 1111.0 1122.1 1112.6  Nodules/volume  [mm-3] 34077 47880 71459 119112
T21 1109.0 1111.2 1093.3  Large nodules [mm-3] 2066 1901 2535 2787 
Tmin 1103.0 1108.8 1088.6  Davg. [µm] 14.3 13.2 11.9 9.0 
Tmax 1106.7 1111.6 1095.1  Nodularity Number [%] 85.6 91.5 95.2 95.9 
ΔTrec 3.7 2.8 6.5  Nodularity Area [%] 72.0 86.5 91.1 90.5 

Local Tmin     Graphite [%] 10.5 10.9 10.9 8.7 
Local Tmax     Ferrite [%] 41.9 36.0 27.6  

Max. T 1230.7 1211.5 1217.6  Pearlite [%] 47.6 53.2 61.5  
     Carbides [%] 0.0 0.0 <0.1 7.3 
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Mould: H4 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.90 2.69 0.033 4.65 1.17% Remag3400 0.1% UltraSeed 1370 

 

 
 
 

 

 

 

 
 

 
 

 

 

 

 
 
 

 

 

 
 

Plate [mm] 4 3 2  Plate [mm] 4 3 2 1.5 
T11     Nodules/area [mm-2] 508 626 912 991 
T12 1111.1 1111.3 1108.3  Nodules/volume  [mm-3] 34864 45752 74324 120317
T21 1107.6 1105.7 1100.3  Large nodules [mm-3] 2029 2250 3167 2706 
Tmin 1105.0 1101.0 1092.3  Davg. [µm] 14.3 13.4 12.1 8.5 
Tmax 1108.3 1105.8 1095.4  Nodularity Number [%] 90.2 91.4 95.0 95.9 
ΔTrec 3.3 4.8 3.1  Nodularity Area [%] 83.5 82.8 90.8 91.0 

Local Tmin     Graphite [%] 11.0 11.4 12.0 7.4 
Local Tmax     Ferrite [%] 41.8 35.4 26.6 21.4 

Max. T 1221.2 1220.2 1216.4  Pearlite [%] 47.2 53.2 61.4 68.0 
     Carbides [%] 0.0 0.0 <0.1 3.3 



192  Appendix A: Cooling curves and graphite nodule size distribution 

 

Mould: K1 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
4.15 2.11 0.039 4.74 1.30% Remag3400 0.1% UltraSeed 1360 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T11 1152.0 1130.0 1126.0  Nodules/area [mm-2] 435 444 674 
T12 1144.2 1115.7 1114.4  Nodules/volume  [mm-3] 29376 27480 49573 
T21  1113.3 1105.6  Large nodules [mm-3]  1348 1648 
Tmin 1142.4 1110.0 1097.9  Davg. [µm] 14.5 15.8 13.3 
Tmax 1146.3 1112.1 1101.1  Nodularity Number [%] 74.5 80.1 90.8 
ΔTrec 3.9 2.1 3.2  Nodularity Area [%] 49.5 56.5 75.3 

Local Tmin  1115.6   Graphite [%] 11.9 12.1 11.5 
Local Tmax  1115.9   Ferrite [%] 48.5 30.3 19.6 

Max. T 1323.1 1241.6 1227.5  Pearlite [%] 39.6 57.6 68.9 
     Carbides [%] 0.0 0.0 0.0 
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Mould: K2 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
4.15 2.11 0.039 4.74 1.30% Remag3400 0.1% UltraSeed 1360 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T11 1155.0 1118.0 1127.0  Nodules/area [mm-2] 374 426 651 
T12 1141.9 1110.1 1110.3  Nodules/volume  [mm-3] 25159 26430 46680 
T21  1106.9 1102.2  Large nodules [mm-3]  1580 1796 
Tmin 1141.1 1105.2 1097.3  Davg. [µm] 14.5 15.8 13.7 
Tmax 1143.9 1109.5 1103.5  Nodularity Number [%] 70.0 84.0 91.0 
ΔTrec 2.8 4.3 6.2  Nodularity Area [%] 48.2 63.9 75.4 

Local Tmin  1109.7   Graphite [%] 11.8 12.0 12.2 
Local Tmax  1110.1   Ferrite [%] 47.0 33.6 22.7 

Max. T 1317.2 1231.7 1229.8  Pearlite [%] 41.2 54.4 65.1 
     Carbides [%] 0.0 0.0 0.0 



194  Appendix A: Cooling curves and graphite nodule size distribution 

 

Mould: K3 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
4.15 2.11 0.039 4.74 1.30% Remag3400 0.1% UltraSeed 1360 

 

 
 
 

 

 

 

 
 

 
 

 

 

 

 
 
 

 

 

 
 

Plate [mm] 4 3 2  Plate [mm] 4 3 2 1.5 
T11 1127.0    Nodules/area [mm-2] 425 537 724 691 
T12 1114.8 1118.0 1114.5  Nodules/volume  [mm-3] 26293 36385 60168 69160 
T21 1111.7 1112.3 1105.2  Large nodules [mm-3] 1660 2556 2025 3006 
Tmin 1107.5 1107.4 1095.9  Davg. [µm] 15.8 14.5 11.9 10.0 
Tmax 1110.1 1111.3 1097.6  Nodularity Number [%] 83.3 90.2 93.5 96.5 
ΔTrec 2.6 3.9 1.7  Nodularity Area [%] 73.3 83.0 85.9 92.0 

Local Tmin 1114.4    Graphite [%] 10.8 11.4 10.0 7.1 
Local Tmax 1114.8    Ferrite [%] 27.4 22.4 17.8  

Max. T 1225.1 1229.3 1212.8  Pearlite [%] 61.8 66.2 71.8  
     Carbides [%] <0.1 <0.1 0.4 9.3 
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Mould: K4 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
4.15 2.11 0.039 4.74 1.30% Remag3400 0.1% UltraSeed 1360 

 

 
 
 

 

 

 

 
 

 
 

 

 

 

 
 
 

 

 

 
 

Plate [mm] 4 3 2  Plate [mm] 4 3 2 1.5 
T11     Nodules/area [mm-2] 435 553 745 717 
T12 1117.5 1115.1 1113.8  Nodules/volume  [mm-3] 27322 37612 66727 81050 
T21 1113.0 1110.3 1101.2  Large nodules [mm-3] 1580 1985 2867 2823 
Tmin 1108.3 1102.2 1092.4  Davg. [µm] 15.6 14.4 11.1 9.0 
Tmax 110.5 1106.5 1094.9  Nodularity Number [%] 88.8 90.1 92.5 95.9 
ΔTrec 2.2 4.3 2.5  Nodularity Area [%] 81.3 83.2 80.7 88.8 

Local Tmin     Graphite [%] 10.8 11.0 9.8 6.6 
Local Tmax     Ferrite [%] 28.0 23.4   

Max. T 1217.1 1220.3 1154.7  Pearlite [%] 61.2 65.6   
     Carbides [%] <0.1 <0.1 2.8 17.7 



196  Appendix A: Cooling curves and graphite nodule size distribution 

 

Mould: F3 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.51 2.70 0.030 4.27 0.86% FeMgSi-5529 0.2% UltraSeed 1360 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T11 1129.9    Nodules/area [mm-2] 345 510 703 
T12 1127.6 1103.3 1094.1  Nodules/volume  [mm-3] 20859 32351 53910 
T21  1100.3 1087.5  Large nodules [mm-3]  110 18 
Tmin 1125.3 1099.2 1078.4  Davg. [µm] 16.2 15.4 12.8 
Tmax 1139.7 1117.1 1093.5  Nodularity Number [%] 79.0 79.5 81.6 
ΔTrec 14.4 17.9 15.1  Nodularity Area [%] 72.8 73.3 76.9 

Local Tmin     Graphite [%] 8.9 10.4 9.8 
Local Tmax     Ferrite [%] 67.0 51.1 42.8 

Max. T 1292.1 1260.8 1232.6  Pearlite [%] 24.2 38.6 45.2 
     Carbides [%] 0.0 0.0 2.0 
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Mould: F4 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.51 2.70 0.030 4.27 0.86% FeMgSi-5529 0.1% Foundrisil 1360 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T11 1132.4    Nodules/area [mm-2] 253 482 583 
T12  1096.6 1087.2  Nodules/volume  [mm-3] 14952 29554 43205 
T21  1092.7 1078.1  Large nodules [mm-3]  116 91 
Tmin 1127.6 1090.8 1067.4  Davg. [µm] 16.7 16.0 13.3 
Tmax 1141.8 1109.4 1089.9  Nodularity Number [%] 67.1 74.5 75.0 
ΔTrec 14.2 18.6 22.5  Nodularity Area [%] 63.0 67.7 68.7 

Local Tmin     Graphite [%] 9.3 10.4 9.1 
Local Tmax     Ferrite [%] 64.5 51.6  

Max. T 1301.8 1230.7 1209.8  Pearlite [%] 26.4 38.1  
     Carbides [%] 0.0 0.0 4.2 
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Mould: F5 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.51 2.70 0.030 4.27 0.86% FeMgSi-5529 0.2% Foundrisil 1360 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T11 1131.4    Nodules/area [mm-2] 313 572 736 
T12  1095.1 1096.2  Nodules/volume  [mm-3] 20725 37049 57105 
T21  1093.8 1089.0  Large nodules [mm-3]  26 47 
Tmin 1128.9 1091.8 1085.3  Davg. [µm] 14.9 15.1 12.7 
Tmax 1141.1 1104.2 1098.9  Nodularity Number [%] 72.0 79.5 81.6 
ΔTrec 12.2 12.4 13.6  Nodularity Area [%] 63.4 74.1 76.0 

Local Tmin     Graphite [%] 8.8 10.6 10.2 
Local Tmax     Ferrite [%] 68.9 55.2 42.3 

Max. T 1287.8 1204.1 1198.6  Pearlite [%] 22.6 34.3 47.7 
     Carbides [%] 0.0 0.0 0.0 
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Mould: J1 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.57 2.64 0.028 4.31 1.17% Remag3400 0.1% UltraSeed 1350 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T11     Nodules/area [mm-2] 271 503 747 
T12   1083.2  Nodules/volume  [mm-3] 15188 32757 54268 
T21   1081.9  Large nodules [mm-3]  53 84 
Tmin  1091.1 1081.4  Davg. [µm] 17.4 15.0 13.5 
Tmax  1112.6 1101.9  Nodularity Number [%] 71.2 80.0 87.7 
ΔTrec  21.5 20.5  Nodularity Area [%] 64.0 74.8 82.7 

Local Tmin     Graphite [%] 10.0 9.9 10.9 
Local Tmax     Ferrite [%] 65.6 55.5 39.5 

Max. T  1221.2 1201.4  Pearlite [%] 24.4 34.7 49.6 
     Carbides [%] 0.0 <0.1 <0.1 
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Mould: J2 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.57 2.64 0.028 4.31 1.17% Remag3400 0.1% UltraSeed 1350 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T11     Nodules/area [mm-2] 267 512 849 
T12   1086.3  Nodules/volume  [mm-3] 14457 32531 65073 
T21   1083.8  Large nodules [mm-3]  132 65 
Tmin 1114.7 1090.6 1082.0  Davg. [µm] 18.1 15.4 12.8 
Tmax 1129.5 1112.1 1102.0  Nodularity Number [%] 72.7 79.7 88.8 
ΔTrec 14.8 21.5 20.0  Nodularity Area [%] 67.4 74.0 84.5 

Local Tmin     Graphite [%] 10.2 10.3 11.2 
Local Tmax     Ferrite [%] 63.2 55.0 42.1 

Max. T 1276.9 1226.8 1200.4  Pearlite [%] 26.7 34.8 46.7 
     Carbides [%] 0.0 <0.1 <0.1 
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Mould: J3 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.57 2.64 0.028 4.31 1.17% Remag3400 0.1% UltraSeed 1350 

 

 
 
 

 

 

 

 
 

 
 

 

 

 

 
 
 

 

 

 
 

Plate [mm] 4 3 2  Plate [mm] 4 3 2 1.5 
T11     Nodules/area [mm-2] 604 788 1009 924 
T12   1082.8  Nodules/volume  [mm-3] 42192 58443 89148 105159
T21   1077.9  Large nodules [mm-3] 169 118 19 34 
Tmin 1083.0 1090.0 1074.0  Davg. [µm] 14.0 13.2 11.2 8.9 
Tmax 1108.0 1114.0 1094.0  Nodularity Number [%] 83.3 89.9 90.7 95.6 
ΔTrec 25.0 24.0 20.0  Nodularity Area [%] 78.6 86.4 87.1 93.3 

Local Tmin     Graphite [%] 9.8 10.9 10.1 6.2 
Local Tmax     Ferrite [%] 52.6 45.4 35.3  

Max. T 1192.7 1196.5 1170.6  Pearlite [%] 37.6 43.7 54.6  
     Carbides [%] 0.0 0.0 <0.1 16.8 
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Mould: J4 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.57 2.64 0.028 4.31 1.17% Remag3400 0.1% UltraSeed 1350 

 

 
 
 

 

 

 

 
 

 
 

 

 

 

 
 
 

 

 

 
 

Plate [mm] 4 3 2  Plate [mm] 4 3 2 1.5 
T11     Nodules/area [mm-2] 636 790 993 949 
T12     Nodules/volume  [mm-3] 44162 60672 87943 108187
T21     Large nodules [mm-3] 103 67 30 25 
Tmin 1092.0  1084.0  Davg. [µm] 14.1 12.8 11.2 8.9 
Tmax 1115.0  1090.0  Nodularity Number [%] 85.0 88.7 91.0 95.5 
ΔTrec 23.0  6.0  Nodularity Area [%] 80.0 84.1 87.6 92.9 

Local Tmin     Graphite [%] 10.2 10.3 9.9 6.3 
Local Tmax     Ferrite [%] 52.5 45.0 35.1  

Max. T 1202.2  1164.8  Pearlite [%] 37.4 44.7 53.5  
     Carbides [%] 0.0 0.0 1.5 17.9 
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Mould: L1 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.65 2.10 0.038 4.24 1.30% Remag3400 0.1% UltraSeed 1350 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T11 1167.0 1100.0   Nodules/area [mm-2] 214 474 752 
T12 1126.3 1095.4   Nodules/volume  [mm-3] 10801 30615 55495 
T21 1127.1    Large nodules [mm-3]  272 95 
Tmin 1127.2 1091.6 1081.3  Davg. [µm] 19.0 15.2 13.3 
Tmax 1135.9 1113.2 1103.5  Nodularity Number [%] 78.7 86.2 86.4 
ΔTrec 8.7 21.6 22.2  Nodularity Area [%] 74.7 83.1 86.0 

Local Tmin 1125.4    Graphite [%] 10.9 10.3 10.8 
Local Tmax 1127.6    Ferrite [%] 43.5 39.9 26.6 

Max. T 1312.4 1234.4 1221.7  Pearlite [%] 45.6 47.8 62.5 
     Carbides [%] 0.0 2.1 <0.1 



204  Appendix A: Cooling curves and graphite nodule size distribution 

 

Mould: L2 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.65 2.10 0.038 4.24 1.30% Remag3400 0.1% UltraSeed 1350 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T11  -   Nodules/area [mm-2] 214 450 717 
T12 1126.0 -   Nodules/volume  [mm-3] 11538 27537 51401 
T21 1126.8 -   Large nodules [mm-3]  323 167 
Tmin 1126.8 - 1085.6  Davg. [µm] 18.0 16.0 13.6 
Tmax 1135.7 - 1108.3  Nodularity Number [%] 77.8 82.5 88.7 
ΔTrec 8.9 - 22.7  Nodularity Area [%] 74.0 78.3 85.7 

Local Tmin 1125.5 -   Graphite [%] 10.5 10.4 10.7 
Local Tmax 1126.8 -   Ferrite [%] 40.8 41.2 32.0 

Max. T 1297.7 - 1220.2  Pearlite [%] 47.5 46.4 57.4 
     Carbides [%] 1.2 1.9 <0.1 
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Mould: L3 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.65 2.10 0.038 4.24 1.30% Remag3400 0.1% UltraSeed 1350 

 

 
 
 

 

 

 

 
 

 
 

 

 

 

 
 
 

 

 

 
 

Plate [mm] 4 3 2  Plate [mm] 4 3 2 1.5 
T11 1096.0 1102.6   Nodules/area [mm-2] 539 630 751 575 
T12 1092.8 1100.4   Nodules/volume  [mm-3] 34329 42132 63525 63082 
T21  1100.0   Large nodules [mm-3] 10 17 0 153 
Tmin 1090.4 1098.6 1078.4  Davg. [µm] 15.4 14.6 11.7 9.2 
Tmax 1114.8 1106.6 1100.8  Nodularity Number [%] 87.2 89.6 91.9 97.5 
ΔTrec 24.4 8.0 22.4  Nodularity Area [%] 84.3 87.0 90.1 96.5 

Local Tmin  1097.4   Graphite [%] 10.5 10.4 8.2 4.1 
Local Tmax  1100.0   Ferrite [%] 37.6 31.9   

Max. T 1219.7 1221.8 1198.2  Pearlite [%] 52.0 55.9   
     Carbides [%] <0.1 1.8 6.4 28.2 
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Mould: L4 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.65 2.10 0.038 4.24 1.30% Remag3400 0.1% UltraSeed 1350 

 

 
 
 

 

 

 

 
 

 
 

 

 

 

 
 
 

 

 

 
 

Plate [mm] 4 3 2  Plate [mm] 4 3 2 1.5 
T11 1110.0    Nodules/area [mm-2] 501 625 757 632 
T12 1101.1    Nodules/volume  [mm-3] 31496 42529 69561 71647 
T21 1098.4    Large nodules [mm-3] 16 42 38 25 
Tmin 1098.2 1086.7 1075.2  Davg. [µm] 15.6 14.4 10.8 9.0 
Tmax 1110.2 1110.4 1097.2  Nodularity Number [%] 84.5 88.4 93.3 95.3 
ΔTrec 12.0 23.7 22.0  Nodularity Area [%] 80.3 85.0 91.8 94.4 

Local Tmin     Graphite [%] 10.4 10.5 7.1 4.3 
Local Tmax     Ferrite [%] 35.9 29.7   

Max. T 1205.2 1211.1 1189.8  Pearlite [%] 50.7 58.8   
     Carbides [%] 3.0 1.0 6.9 29.9 
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Mould: G1 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.26 2.67 0.030 4.01 0.94% FeMgSi-5529 0.1% UltraSeed 1390 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T1 1181.6 1143.7 1169  Nodules/area [mm-2] 251 415 360 
T2 1173 1121.6 1132.4  Nodules/volume  [mm-3] 15192 27897 28459 
T3 1163.6 1113.5 1122.6  Large nodules [mm-3]  136 37 
T11 1128.0    Davg. [µm] 16.4 14.6 12.5 
T12     Nodularity Number [%] 65.8 63.9 78.8 
Tmin 1121.3 1071.1 1063.0  Nodularity Area [%] 59.3 55.2 75.5 
Tmax 1137.0 1089.2 1083.0  Graphite [%] 8.4 8.5 5.1 
ΔTrec 15.7 18.1 20.0  Ferrite [%] 57.1 43.0  

Max. T 1317.8 1256.0 1234.0  Pearlite [%] 34.5 48.5  
     Carbides [%] 0.0 0.0 15.4 
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Mould: G2 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.26 2.67 0.030 4.01 0.94% FeMgSi-5529 0.1% UltraSeed 1390 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T1 1187.2 1171.9   Nodules/area [mm-2] 264 390 328 
T2 1174.1 1135.5   Nodules/volume  [mm-3] 19044 25622 23830 
T3 1167.7 1129.7   Large nodules [mm-3]  172 37 
T11 1130.6 1091.7   Davg. [µm] 13.9 15.0 13.6 
T12     Nodularity Number [%] 73.7 62.9 79.7 
Tmin 1125.6 1089.0 1083.8  Nodularity Area [%] 65.0 54.0 75.7 
Tmax 1140.3 1096.4 1084.1  Graphite [%] 8.7 8.5 5.3 
ΔTrec 14.7 7.4 0.3  Ferrite [%] 56.2 42.8  

Max. T 1323.2 1229.6 1210.0  Pearlite [%] 35.2 46.8  
     Carbides [%] 0.0 2.0 12.4 
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Mould: M1 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.40 2.03 0.027 3.97 1.27% Remag3400 0.1% UltraSeed 1350 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T1 1183.3 1162   Nodules/area [mm-2] 175 200 170 
T2 1172.2 1139.2 1124.7  Nodules/volume  [mm-3] 10243 11731 14995 
T3 1166.6 1127 1113  Large nodules [mm-3]  42 10 
T11 1116.9    Davg. [µm] 17.1 16.7 11.3 
T12     Nodularity Number [%] 66.3 78.9 92.1 
Tmin 1114.8 1083.0 1069.0  Nodularity Area [%] 64.3 75.2 91.8 
Tmax 1132.5 1099.0 1089.0  Graphite [%] 8.7 5.1 2.1 
ΔTrec 17.7 16.0 20.0  Ferrite [%] 32.9   

Max. T 1306.5 1232.4 1198.3  Pearlite [%] 58.4   
     Carbides [%] 0.0 15.8 26.9 
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Mould: M2 
% C % Si % Mg CE Mg-treatment Inoculation Cast Temp. [°C] 
3.40 2.03 0.027 3.97 1.27% Remag3400 0.1% UltraSeed 1350 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 

Plate [mm] 8.0 4.3 2.8  Plate [mm] 8.0 4.3 2.8 
T1 1184 1157 1159  Nodules/area [mm-2] 171 213 178 
T2 1168.6 1132.1 1133.4  Nodules/volume  [mm-3] 9821 12179 15122 
T3 1163.9 1119.7 1125.8  Large nodules [mm-3]  36 18 
T11 1112.9    Davg. [µm] 17.3 17.1 11.7 
T12 1114.5    Nodularity Number [%] 67.0 80.6 90.6 
Tmin 1110.3 1075.8 1077.4  Nodularity Area [%] 60.4 78.1 91.6 
Tmax 1126.5 1092.6 1096.5  Graphite [%] 8.7 5.5 2.3 
ΔTrec 16.2 16.8 19.1  Ferrite [%] 32.6   

Max. T 1293.9 1224.4 1202.7  Pearlite [%] 58.0   
     Carbides [%] 0.7 13.9 29.6 
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Mould: D1 
% C % Si % Mg CE Mg-treatment Inoculation Alloy Cast Temp. [°C] 
3.70 3.05 0.031 4.55 1.26% Remag3100 None - 1325 

 

 
 
 

 

 

 

 
 

 
 

 

 

 

 
 
 

 

 

 
 

Plate [mm] 4 3 2  Plate [mm] 4 3 2 1.5 
T11 1122.0 1124.0 1102.0  Nodules/area [mm-2] 643 782 991 1077 
T12 1112.3 1112.6 1098.0  Nodules/volume  [mm-3] 46321 64166 96291 142257
T21 1110.7 1110.7 1094.0  Large nodules [mm-3] - - - - 
Tmin 1108.9 1107.4 1087.6  Davg. [µm] 13.5 12.0 10.3 7.9 
Tmax 1119.4 1119.8 1095.8  Nodularity Number [%] 88.0 90.3 92.4 96.2 
ΔTrec 10.5 12.4 8.2  Nodularity Area [%] 83.4 84.8 86.5 91.2 

Local Tmin     Graphite [%] 10.9 9.9 9.9 6.7 
Local Tmax     Ferrite [%] 56.2 50.3 38.3  

Max. T 1192.8 1189.9 1177.2  Pearlite [%] 32.9 39.8 51.8  
     Carbides [%] 0.0 0.0 0.0  
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Mould: D2 
% C % Si % Mg CE Mg-treatment Inoculation Alloy Cast Temp. [°C] 
3.70 3.36 0.030 4.64 1.26% Remag3100 0.4% Alinoc - 1325 

 

 
 
 

 

 

 

 
 

 
 

 

 

 

 
 
 

 

 

 
 

Plate [mm] 4 3 2  Plate [mm] 4 3 2 1.5 
T11 1124.0 1127.0 1117.0  Nodules/area [mm-2] 773 941 1277 1360 
T12 1121.1 1120.4 1112.0  Nodules/volume  [mm-3] 65786 92497 144528 196891
T21 1122.1 1119.7 1108.0  Large nodules [mm-3] - - - - 
Tmin 1122.0 1119.5 1104.8  Davg. [µm] 11.6 10.2 9.0 7.4 
Tmax 1124.7 1122.6 1108.1  Nodularity Number [%] 88.4 89.4 94.2 93.0 
ΔTrec 2.7 3.1 3.3  Nodularity Area [%] 83.3 81.7 88.9 82.3 

Local Tmin 1119.8 1120.2   Graphite [%] 9.2 9.2 9.8 7.5 
Local Tmax 1122.1 1120.4   Ferrite [%] 70.0 61.9 43.9  

Max. T 1189.4 1194.3 1163.2  Pearlite [%] 20.8 28.9 46.4  
     Carbides [%] 0.0 0.0 0.0  
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Mould: D3 
% C % Si % Mg CE Mg-treatment Inoculation Alloy Cast Temp. [°C] 
3.70 3.36 0.031 4.64 1.26% Remag3100 0.4% UltraSeed  1325 

 

 
 
 

 

 

 

 
 

 
 

 

 

 

 
 
 

 

 

 
 

Plate [mm] 4 3 2  Plate [mm] 4 3 2 1.5 
T11 1127.0 1127.0 1115.0  Nodules/area [mm-2] 813 1046 1333 1570 
T12 1120.8 1122.3 1106.9  Nodules/volume  [mm-3] 65454 98312 153925 214248
T21 1121.6 1121.8 1105.1  Large nodules [mm-3] - - - - 
Tmin 1121.2 1120.7 1103.0  Davg. [µm] 12.2 10.6 8.8 7.7 
Tmax 1123.8 1124.3 1108.2  Nodularity Number [%] 91.1 91.6 93.9 94.4 
ΔTrec 2.6 3.6 5.2  Nodularity Area [%] 86.8 85.4 89.1 88.5 

Local Tmin 1120.2 1122.0   Graphite [%] 10.6 10.5 10.0 9.0 
Local Tmax 1121.8 1122.3   Ferrite [%] 72.8 66.5 52.1  

Max. T 1185.9 1192.5 1172.1  Pearlite [%] 16.6 23.0 37.9  
     Carbides [%] 0.0 0.0 0.0  
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Mould: D4 
% C % Si % Mg CE Mg-treatment Inoculation Alloy Cast Temp. [°C] 
3.70 3.41 0.032 4.64 4.65 0.4% UltraSeed 0.6% Cu 1325 

 

 
 
 

 

 

 

 
 

 
 

 

 

 

 
 
 

 

 

 
 

Plate [mm] 4 3 2  Plate [mm] 4 3 2 1.5 
T11 1128.0 1124.0   Nodules/area [mm-2] 743 928 1180 1372 
T12 1121.5 1120.1   Nodules/volume  [mm-3] 65425 88596 142521 174270
T21 1121.2 1117.8   Large nodules [mm-3] - - - - 
Tmin 1121.2 1115.7   Davg. [µm] 11.2 10.4 8.5 8.2 
Tmax 1124.3 1119.8   Nodularity Number [%] 92.3 92.2 94.0 95.8 
ΔTrec 3.1 4.1   Nodularity Area [%] 90.0 88.3 87.5 91.0 

Local Tmin 1120.4 1120.0   Graphite [%] 8.3 9.1 8.3 8.6 
Local Tmax 1121.5 1120.2   Ferrite [%] 51.4 42.0 32.4  

Max. T 1167.7 1174.1   Pearlite [%] 40.3 48.9 59.4  
     Carbides [%] 0.0 0.0 0.0  
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Mould: D5 
% C % Si % Mg CE Mg-treatment Inoculation Alloy Cast Temp. [°C] 
3.70 3.36 0.031 4.64 1.26% Remag3100 0.4% UltraSeed 0.3% Mn 1325 

 

 
 
 

 

 

 

 
 

 
 

 

 

 

 
 
 

 

 

 
 

Plate [mm] 4 3 2  Plate [mm] 4 3 2 1.5 
T11 1124.0 1126.0   Nodules/area [mm-2] 763 985 1207 1413 
T12 1119.6 1122.4   Nodules/volume  [mm-3] 65579 96011 143994 184241
T21 1118.5 1120.0   Large nodules [mm-3] - - - - 
Tmin 1118.4 1117.8   Davg. [µm] 11.5 10.3 8.6 8.0 
Tmax 1121.8 1121.2   Nodularity Number [%] 88.3 88.9 94.4 94.9 
ΔTrec 3.4 3.4   Nodularity Area [%] 82.2 82.7 88.4 90.4 

Local Tmin 1119.2    Graphite [%] 9.2 9.4 8.6 8.5 
Local Tmax 1119.6    Ferrite [%] 57.0 46.1 36.6  

Max. T 1177.6 1172.4   Pearlite [%] 33.7 44.5 54.8  
     Carbides [%] 0.0 0.0 0.0  
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Mould: D6 
% C % Si % Mg CE Mg-treatment Inoculation Alloy Cast Temp. [°C] 
3.70 3.47 0.031 4.67 1.26% Remag3100 0.4% UltraSeed 0.1% Cr 1325 

 

 
 
 

 

 

 

 
 

 
 

 

 

 

 
 
 

 

 

 
 

Plate [mm] 4 3 2  Plate [mm] 4 3 2 1.5 
T11 1120.0 1119.0 1102.0  Nodules/area [mm-2] 791 1011 1318 1393 
T12 1116.1 1114.9 1099.0  Nodules/volume  [mm-3] 61511 96903 185371 206113
T21 1116.6 1113.9 1094.0  Large nodules [mm-3] - - - - 
Tmin 1116.6 1112.5 1089.2  Davg. [µm] 12.6 10.4 7.5 7.2 
Tmax 1120.4 1117.4 1097.0  Nodularity Number [%] 94.1 91.5 96.1 95.2 
ΔTrec 3.8 4.9 7.8  Nodularity Area [%] 90.2 82.3 92.3 89.4 

Local Tmin 1114.3 1114.4   Graphite [%] 11.0 10.4 7.1 7.0 
Local Tmax 1116.7 1114.9   Ferrite [%] 72.8 65.6 52.9  

Max. T 1172.7 1172.3 1138.6  Pearlite [%] 16.6 24.0 40.0  
     Carbides [%] 0.0 0.0 0.0  
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Mould: D7 
% C % Si % Mg CE Mg-treatment Inoculation Alloy Cast Temp. [°C] 
3.70 3.37 0.031 4.64 1.26% Remag3100 0.4% UltraSeed 0.3% Ni 1325 

 

 
 
 

 

 

 

 
 

 
 

 

 

 

 
 
 

 

 

 
 

Plate [mm] 4 3 2  Plate [mm] 4 3 2 1.5 
T11 1124.0 1121.0 1108.0  Nodules/area [mm-2] 839 1113 1359 1359 
T12 1122.6 1120.6 1104.3  Nodules/volume  [mm-3] 68512 98759 180537 205776
T21 1123.4 1119.9 1102.1  Large nodules [mm-3] - - - - 
Tmin 1122.6 1118.3 1099.5  Davg. [µm] 12.1 11.2 7.9 7.7 
Tmax 1124.1 1121.1 1103.5  Nodularity Number [%] 93.6 92.7 95.3 94.9 
ΔTrec 1.5 2.8 4.0  Nodularity Area [%] 87.4 85.1 92.2 88.8 

Local Tmin 1121.8 1120.2   Graphite [%] 11.4 12.3 8.2 6.6 
Local Tmax 1123.7 1120.7   Ferrite [%] 70.5 61.6 47.0  

Max. T 1183.3 1173.9 1158.6  Pearlite [%] 18.1 26.1 44.8  
     Carbides [%] 0.0 0.0 0.0  
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Mould: D8 
% C % Si % Mg CE Mg-treatment Inoculation Alloy Cast Temp. [°C] 
3.70 3.42 0.032 4.66 1.26% Remag3100 0.4% UltraSeed 0.3% Mo 1325 

 

 
 
 

 

 

 

 
 

 
 

 

 

 

 
 
 

 

 

 
 

Plate [mm] 4 3 2  Plate [mm] 4 3 2 1.5 
T11 1122.0 - 1116.0  Nodules/area [mm-2] 763 1005 1304 1239 
T12 1115.6 - 1111.1  Nodules/volume  [mm-3] 58181 91824 157757 185403
T21 1114.8 - 1108.7  Large nodules [mm-3] - - - - 
Tmin 1113.8 - 1102.3  Davg. [µm] 12.9 10.9 8.5 7.2 
Tmax 1114.6 - 1105.2  Nodularity Number [%] 92.4 94.2 95.3 94.7 
ΔTrec 0.8 - 2.9  Nodularity Area [%] 85.7 89.0 91.3 88.4 

Local Tmin 1114.8 -   Graphite [%] 11.7 10.5 9.0 6.2 
Local Tmax 1115.8 -   Ferrite [%] 72.6 65.2 46.2  

Max. T 1178.5 - 1168.2  Pearlite [%] 15.7 24.2 44.8  
     Carbides [%] 0.0 0.0 0.0  
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Mould: D9 
% C % Si % Mg CE Mg-treatment Inoculation Alloy Cast Temp. [°C] 
3.70 3.79 0.030 4.76 1.26% Remag3100 0.4% UltraSeed 0.5% Si 1325 

 

 
 
 

 

 

 

 
 

 
 

 

 

 

 
 
 

 

 

 
 

Plate [mm] 4 3 2  Plate [mm] 4 3 2 1.5 
T11 1123.0 1120.0 1114.0  Nodules/area [mm-2] 1010 1287 1414 1241 
T12 1121.9 1118.6 1111.1  Nodules/volume  [mm-3] 92478 140151 194495 187049
T21 1123.4 1118.7 1108.7  Large nodules [mm-3] - - - - 
Tmin 1123.4 1119.0 1111.6  Davg. [µm] 10.9 9.3 7.7 7.1 
Tmax 1123.5 1120.5 1114.4  Nodularity Number [%] 93.6 94.0 92.5 91.2 
ΔTrec 0.1 1.5 2.8  Nodularity Area [%] 88.3 86.9 85.2 79.2 

Local Tmin 1120.4 1116.3 1112.8  Graphite [%] 11.0 10.7 8.3 6.5 
Local Tmax 1123.6 1119.1 1113.1  Ferrite [%] 86.0 86.3 66.2  

Max. T 1177.2 1166.7 1168.6  Pearlite [%] 2.9 5.7 25.5  
     Carbides [%] 0.0 0.0 0.0  
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Mould: D10 
% C % Si % Mg CE Mg-treatment Inoculation Alloy Cast Temp. [°C] 
3.70 3.06 0.028 4.56 1.26% Remag3100 None - 1325 

 

 
 
 

 

 

 

 
 

 
 

 

 

 

 
 
 

 

 

 
 

Plate [mm] 4 3 2  Plate [mm] 4 3 2 1.5 
T11 1121.0 1118.0 1105.0  Nodules/area [mm-2] 646 875 1113 1103 
T12 1109.1 1109.2 1098.4  Nodules/volume  [mm-3] 47751 79089 111224 138258
T21 1107.9 1107.0 1091.5  Large nodules [mm-3] - - - - 
Tmin 1107.5 1103.8 1086.7  Davg. [µm] 13.2 11.1 10.0 8.2 
Tmax 1118.7 1116.0 1096.4  Nodularity Number [%] 85.5 90.6 93.3 95.8 
ΔTrec 11.2 12.2 9.7  Nodularity Area [%] 79.5 86.8 88.8 88.3 

Local Tmin     Graphite [%] 10.0 9.6 9.9 7.3 
Local Tmax     Ferrite [%] 57.2 51.8 40.3  

Max. T 1178.6 1170.4 1154.1  Pearlite [%] 32.7 38.6 49.8  
     Carbides [%] 0.0 0.0 0.0  
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Casting E1, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f) 
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Casting E2, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f)
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Casting E3, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f)
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Casting E4, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f)
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Casting H1, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f)



226  Appendix B: Pictures of microstructure 

 

 

Casting H2, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f)
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Casting H3, 4 mm plate unetched (a) and nital etched (b), 3 mm plate unetched (c) and nital etched (d), 
2 mm plate unetched (e) and nital etched (f), 1.5 mm plate unetched (g) and nital etched (h)
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Casting H4, 4 mm plate unetched (a) and nital etched (b), 3 mm plate unetched (c) and nital etched (d), 
2 mm plate unetched (e) and nital etched (f), 1.5 mm plate unetched (g) and nital etched (h)
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Casting K1, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f)



230  Appendix B: Pictures of microstructure 

 

 

Casting K2, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f)
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Casting K3, 4 mm plate unetched (a) and nital etched (b), 3 mm plate unetched (c) and nital etched (d), 
2 mm plate unetched (e) and nital etched (f), 1.5 mm plate unetched (g) and nital etched (h)
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Casting K4, 4 mm plate unetched (a) and nital etched (b), 3 mm plate unetched (c) and nital etched (d), 
2 mm plate unetched (e) and nital etched (f), 1.5 mm plate unetched (g) and nital etched (h)
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Casting F3, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f)
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Casting F4, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f)
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Casting F5, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f)
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Casting J1, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f)
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Casting J2, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f)
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Casting J3, 4 mm plate unetched (a) and nital etched (b), 3 mm plate unetched (c) and nital etched (d), 
2 mm plate unetched (e) and nital etched (f), 1.5 mm plate unetched (g) and nital etched (h)
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Casting J4, 4 mm plate unetched (a) and nital etched (b), 3 mm plate unetched (c) and nital etched (d), 
2 mm plate unetched (e) and nital etched (f), 1.5 mm plate unetched (g) and nital etched (h)
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Casting L1, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f)
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Casting L2, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f)
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Casting L3, 4 mm plate unetched (a) and nital etched (b), 3 mm plate unetched (c) and nital etched (d), 
2 mm plate unetched (e) and nital etched (f), 1.5 mm plate unetched (g) and nital etched (h)
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Casting L4, 4 mm plate unetched (a) and nital etched (b), 3 mm plate unetched (c) and nital etched (d), 
2 mm plate unetched (e) and nital etched (f), 1.5 mm plate unetched (g) and nital etched (h)
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Casting G1, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f)
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Casting G2, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f)
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Casting M1, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f)
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Casting M2, 8.0 mm plate unetched (a) and nital etched (b), 4.3 mm plate unetched (c) and nital etched 
(d), 2.8 mm plate unetched (e) and nital etched (f)
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Casting D1, 4 mm plate unetched (a) and nital etched (b), 3 mm plate unetched (c) and nital etched (d), 
2 mm plate unetched (e) and nital etched (f), 1.5 mm plate unetched (g) and nital etched (h)
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Casting D2, 4 mm plate unetched (a) and nital etched (b), 3 mm plate unetched (c) and nital etched (d), 
2 mm plate unetched (e) and nital etched (f), 1.5 mm plate unetched (g) and nital etched (h)
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Casting D3, 4 mm plate unetched (a) and nital etched (b), 3 mm plate unetched (c) and nital etched (d), 
2 mm plate unetched (e) and nital etched (f), 1.5 mm plate unetched (g) and nital etched (h)
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Casting D4, 4 mm plate unetched (a) and nital etched (b), 3 mm plate unetched (c) and nital etched (d), 
2 mm plate unetched (e) and nital etched (f), 1.5 mm plate unetched (g) and nital etched (h)
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Casting D5, 4 mm plate unetched (a) and nital etched (b), 3 mm plate unetched (c) and nital etched (d), 
2 mm plate unetched (e) and nital etched (f), 1.5 mm plate unetched (g) and nital etched (h)
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Casting D6, 4 mm plate unetched (a) and nital etched (b), 3 mm plate unetched (c) and nital etched (d), 
2 mm plate unetched (e) and nital etched (f), 1.5 mm plate unetched (g) and nital etched (h)
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Casting D7, 4 mm plate unetched (a) and nital etched (b), 3 mm plate unetched (c) and nital etched (d), 
2 mm plate unetched (e) and nital etched (f), 1.5 mm plate unetched (g) and nital etched (h)
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Casting D8, 4 mm plate unetched (a) and nital etched (b), 3 mm plate unetched (c) and nital etched (d), 
2 mm plate unetched (e) and nital etched (f), 1.5 mm plate unetched (g) and nital etched (h)
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Casting D9, 4 mm plate unetched (a) and nital etched (b), 3 mm plate unetched (c) and nital etched (d), 
2 mm plate unetched (e) and nital etched (f), 1.5 mm plate unetched (g) and nital etched (h)
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Casting D10, 4 mm plate unetched (a) and nital etched (b), 3 mm plate unetched (c) and nital etched 
(d), 2 mm plate unetched (e) and nital etched (f), 1.5 mm plate unetched (g) and nital etched (h)
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The two dimensional spa-
tial size distribution of no-
dules was converted to a 
three dimensional size di-
stribution by Schwarts-
Saltykov analysis. To do 
this the coefficients in this 
table was used.  

It is extended up to 20 
groups instead of 15 as 
giving in Table 5.3 in the 
book: Quantitative Stereo-
logy, E.E. Underwood, 
Addison-Wesley Publish-
ing Company, 1970. 

For the use of the method, 
see page 119-123 in the 
book. 
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