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Sumary

Sumary
Influence of Titanium on the NIcro and Macrostructure of Hypoeutectic Cast Iron
is a Master Thesis carried out by Paula García-Caro Martín, student of the Escuela
Técnica Superior de Ingenieros Industriales de la Universidad Politécnica de Madrid
(Spain), at the School of Engineering of Jönköping University under the Erasmus
program “SMP-Student Mobility for Traineeships”, during 11 months.
The goal of this work is to study the Titanium effects on hypoeutectic grey iron.
The first part of the work consists of a brief introduction on the basic necessary
concepts to understand the solidification of cast iron and also a short summary of
the reported effects of Titanium in cast iron.
Following of the literature review, both the experimental method, which is based in
remelting and quenching process, and the analysis of the sample image treated are
explained.
Finally, the work contains an analysis and discussion of the findings, from which
the conclusions about the Titanium effect on the micro and macrostructure are
obtained.
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Abstract

Abstract
The cast iron is one of the most important casting materials, which is present in
several utensil, object, machines, tools, etc, daily used. The composition is one of
the main factors which determines the solidification process and the distribution of
its phases, affecting the properties of the material.
This work is focused on the influence that suppose Titanium additions on an
hypoeutectic cast iron alloy. Four casting with different levels of titanium were
casted, and from each composition a specify geometry samples were made. These
samples were remelted in an electrical resistance furnace. Three types of
experiments were carried out, in the first type the samples were cooled under natural
solidification conditions in order to record their cooling curve. The second type
consists of three quenchings done at different times, in order to analyze the sample
microstructure at different points of the solidification process. The DAAS is the
third type of experiment performed, which was used to evaluate the macrostructure
of each type of material.
After this, all types of samples were subjected to a sample preparation, with the
purpose to reveal the micro or macro structure, which allowed to do a quantitative
and qualitative analysis of each specimen.
This Thesis reveals that Titanium acts different as function of the type of
solidification procedure. Titanium refines the primary austenite net in the direct
casting, while promotes the coarsening of the primary austenite phase in the
remelting process. In addition of this, that Titanium promotes of the undercooled
graphite and the form of particles have been verified for both types of
solidifications, the direct casting and the remelting process.

Keywords
Titanium, Cast Iron, Primary Phase Solidification, Austenite Dendritic Structure,
Eutectic Solidification, Coarsening, Graphite, Quenching, DAAS Treatment,
Microstructure and Macrostructure.
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Introduction

1 Introduction
Cast iron is one of the oldest manufacturing materials[1]. The first irons casting
were made in China before 600 B.C[2]. Europe did not start to produce cast iron
before as 1200 A.D [1, 2]. Nowadays, Cast Iron is the most important cast material
in the worldwide. It represent more than 71% of the amount of cast material that
was made in the world in 2012. The production is close to 93 million tons per year,
whereof the 46% is grey iron and the 25% is ductile iron[3].
Cast iron is the most used casting due to both its excellent combination of
properties and its competitive production cost[4, 5] .Its major properties are: the
good fluidity, the usually absence shrinkage caused by the cooling, the good
damping capacity, the high thermal conductivity and the good machinability.
Because of this, cast iron has big an amount of applications. Among them, we can
find general machinery, railroad accessories to decorative items, pans, etc. The
industrial automotive is one of the most important users. Engines blocks, brake
discs, cylinders heads, pistons, suspension parts and other components of the
automobile are made with cast iron[1, 6].
The microstructure and the casting defects are the most important factors for the
mechanical properties, which depend on the solidification process. The cooling rate,
the inoculation type, the processing technology and the alloying elements play an
important role along the solidification[7]. These last ones are one of the factors
which determine the deep of chill, the graphite, matrix and inclusions precipitated
during the solidification, modifying the hardness and strength[8].
In order to improve the cast iron properties, the solidification process has been
widely studied by many scientists over the last decades. These studies are focused
either on primary or on eutectic solidification, which are the major events during
the solidification process. The eutectic phase and its solidification have been the
most reported of both, leaving in a second plane the austenite phase. This also
happens with the studies that math the alloy elements with the solicitation process.
Nevertheless, recent studies have reported the great influence of the primary phase
solidification on the mechanical properties. For these reason, a better understanding
on the behavior of alloy elements during the primary solidification becomes
necessary.
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1.1 Background
The Department of Materials and Manufacturing in Jönköping University (Sweden),
Swerea Swecast, Volvo and Scania are involved in a common project which goal is
to achieve a better understanding of cast iron solidification. The most of the
researches carried out by the personnel of Jönköping have been focused on the
primary solidification and the austenite phase.
These studies are about the influence of nucleation agents on the primary
austenite[9], the design and development of chemicals inoculants to control the
primary austenite solidification[10], the primary austenite dendritic network
description trough both sequential sectioning and tri-dimensional reconstruction
[11, 12] and the growth and coarsening of the primary austenite and eutectic phase
of hypoeutectic lamellar cast iron. The last mentioned goal was achieved through
two types of studies. Ones which applied three different cooling rates [6, 13, 14]
and interrupted solidification method, and others which used isothermal remelting
stage followed by an interrupted solidification [15-17].
The most recent research, are put on track through to solve the necessity to improve
both the thermo-mechanical and tensile properties in combustion energies. In order
to do that, the comprehension of the influence of certain elements, on the evolution
of the primary austenite microstructure during the solidification process, is the main
task. The last studies carried out are focused on the effect of different Molybdenum
additions on the process of growth of primary austenite during an isothermal
remelting stage[17].

1.2 Purpose and research questions
This project belongs to the group of projects carried out at the School of
Engineering of Jönköping University, which contribute to a better understanding
of the cast iron solidification. In particular, it is included in the subgroup that try to
investigate the influence of different elements in cast iron.
The main objective of this work is to analyze the influence of the titanium on the
dynamic solidification of hypoeutectic cast iron. In order to do that, the primary
austenite phase, the graphite type and the precipitated particles will be analyzed
according to the Ti content. The goal is to answer the next main questions:
•

What is the effect of Ti on the primary austenite network? How does Ti
influence on the austenite coarsening?

•

What is the effect of Ti on the graphite type? How is it distribute?

•

Which are the Ti compounds created during a hypoeutectic cast iron
solidification process? Where and when do they precipitate? Do they affect
the main phases growth during the solidification?
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1.3 Delimitations
•

This work will be focused on the solidification of a hypoeutectic grey iron
alloyed with Titanium. The range of Ti encompasses from 0.05 to 0.41 wt%.

•

Two solidification process will be considered: the direct as-cast solidification
and the solidification after a remelting process.

•

All the materials have the same geometric characteristics in all the
experiments.

•

Both the primary phase and the graphite solidification will be studied after a
remelting solidification; nevertheless, the eutectoid reaction will be skipped.

•

The as-cast stage will be studied in both the direct casting solidification and
the solidification after the remelted process.

•

The material properties and the casting defects such as porosity are not part
of this investigation.

1.4 Outline
The report is organized in eight chapters, which are composed of sections.
The first chapter, “Introduction”, makes a brief introduction about the work
developed, remarking the goals and the purpose to achieve them.
The second chapter, “Theoretical Background”, tries to introduce the reader in the
general concepts of the grey iron. It is composed of four sections. The first three
are about general concepts of both cast and grey iron, as well as the grey iron
solidification process. The fourth one is focused on the alloy elements of cast iron.
The third chapter, “Method and Implementation”, explains the method applied
throughout the development of the work. It includes a description of both the
material and the experimental sets used, and describes the followed steeps during
both the experiments and the microstructure analysis.
The fourth chapter, “Findings and Analysis” has all the data collected from the
experimental analysis. It is divided into five sections according to the type of analysis
done. They are: “ Thermo-Calc Analysis”, “Cooling Curves Analysis”,
“Experimental results in Class Parameters”, “Experimental results in Object
Parameters”, and “Microstructure Analysis”.
The fifth chapter, “Discussion and Conclusions” is divided into three parts. The
first two parts are a discussion about the methodology applied and the findings
obtained. The last section summarizes both the main conclusions reached and the
future work that could be performed from this one.
The sixth chapter, “References” contains a list with all the literature references used
in this work.
The seventh chapter, “Appendices”, is composed of some additional information
(tables, pictures, diagrams, etc), which contributes to a better understanding of the
Thesis.
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2 Theoretical background
2.1 Cast Iron
Cast iron is the term used to refer to iron based alloys, whose content in carbon is
more than 2 wt% and the silicon varies between 1-3 wt%. Silicon is one of the
responsible elements for the graphite formation. The industry normally uses cast
irons with carbon contents between 2,5-4,3wt%[5]. Besides of that, minor amounts
of others elements such as Manganese, which benefits the fluidity, Sulphur and
Phosphorous are also contained in this alloys[5, 18].
Cast iron has an excellent properties combination. It has a good fluidity and the
shrinkage caused by the cooling does not usually appear. Also, it has a good
damping capacity, a high thermal conductivity and a good machining [19]. If we add
its competitive production cost to these properties, cast iron turns out to be the
most used casting material. Therefore, cast iron has a huge amount of applications.
They cover from the industrial machinery, with high presence in the automotive
industry, to all kind home stuff (pans, decorative items…).
2.1.1

Classification of Cast Iron

There are many different classifications for the cast iron, which have been
expounded on at the same time that laboratory machinery have been improving
over the years.
The older classification is based on the color of the surface fracture. It distinguishes
between white and gray iron. The difference between both is given by the process
of solidification and the phases formed. White iron solidifies according to the
metastable diagram whereas gray iron solidifies according to stable diagram[19]. The
Figure 1 shows both diagrams.
 Iron- graphite or stable diagram: It represents a process of solidification
with stable thermodynamic conditions. Graphite, a phase rich in Carbon,
appears in equilibrium in the iron-graphite system[20].
 Fe - Fe3C or metastable diagram: It represents a process of solidification
without stable thermodynamic conditions. In this case, the Carbon
precipitates as iron carbide, which is known as Cementite. This is a not stable
phase because it is able to decompose into Ferrite and Graphite, stable
phases, according to the time and diffusion. This diagram is used in the
process of steals solidification[20].
The main difference between the stable and metastable solidification diagram is that
the eutectic and eutectoid temperatures are higher in iron-graphite diagram and also,
the reactions occur with less amount of carbon content. Besides of this,
hypereutectic cast liquids temperature is higher for stable solidification processes
[18, 19]. Notice that hypereutectic composition are higher than 4,26 wt% C in the
stable solidification process and 4,3 wt% C in the metastable solidification process,
and hypoeutectic alloy are those with less Carbon content as these values[5].
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Figure 1: Stable (dashed lines) and metastable (solid lines) Fe-C phase diagram overlapped [5].

The chemical composition of the alloy and the cooling rate during the solidification,
have also influence about which solidification process would follow the cast iron.
As higher cooling rates, less probability of a stable solidification and higher
probability of finding iron carbides. Regarding the chemical composition, some
elements as C, Si, Al, Cu and Ni increase the tendency of stable solidification
whereas V, Cr, Mo, Mn act stabilizing the iron carbide.
Nowadays, the classification of cast iron is based on the microstructure features.
The table 1 presents the relation between the designation, phases that appear and
fracture color.

13

Theoretical background
Table 1: Cast iron classification depending on their commercial designation, microstructure and
fracture type [21].
Commercial
Carbon-Rich Phase
designation
Grey Iron (FLI, LGI) Lamellar (flake) graphite
Ductile Iron
(SGI, DI, NGI)
White Iron
Mottled Iron
Malleable
Austempered Ductile
Iron (ADI)

Matrix

Fracture

Pearlite

Grey

Spheroidal (nodular)
graphite

Ferrite, Pearlite

Silver - Grey

Cementite (Fe3C)

Pearlite, Martensite

White

Lamellar graphite and
Fe3C
Temper graphite

Pearlite

Mottled

Ferrite, Pearlite

Silver - Grey

Bainite
(Austempered)

Silver – Grey

Spheroidal graphite

The fracture surface in white iron is crystalline and white, because is made along
iron carbide plates [20, 21]. In grey iron, it occurs along graphite plates. Neither
white nor gray have ductility. Both irons are brittle materials [20, 21]. Mottled iron
is between white and grey iron because it shows both grey and white fracture surface
[20, 21]. Ductile iron is called “ductile iron” due to its high ductility in as cast state
[20, 21]. Whenever it is required ductile as-cast white iron, a heat treatment
(malleablizing treatment) is applied and the malleable type of cast iron appears.
High-alloy graphitic irons are used in applications that require a certain level of
either oxidation resistance or strength and corrosion resistance. These type of irons
are divided into two according to the type of graphite: flake graphite (grey iron) and
spheroidal graphite (ductile iron) [20, 21]. When the graphite is interconnected
within eutectic cells, the cast iron is named “compacted graphite” cast iron. The
difference between grey graphite and compacted graphite is that the last one is
coarse and more rounded than the first one, whose graphite appears with flake
shape[20, 21].

Figure 2: Typical Carbon and Silicon contents of both the

steels and cast irons: ductile, grey, white and malleable
irons. The upper dashed line marks the shift of the eutectic
composition with the increasing Silicon content, meanwhile
that the lower dashed line marks the decreased maximum
solubility of Carbon in austenite [20].
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2.1.2

Carbon Equivalent

Alloys of cast irons can be simplified such as Fe-C binary system. This let us use the
Fe-C phase diagram, to make easier to understand the solidification process. In
order to do that, it is necessary to consider the influence of certain additional
alloying elements, which change the maximum solubility of Carbon in austenite and
shift the eutectic composition[18]. A clear example is the Silicon effect, which is
showed in the Figure 2.
The concept of Carbon Equivalent (CE) or saturation degree was developed to take
into account the impact of changing the amount of alloy elements in the required
carbon content to reach the eutectic composition.
The equation base is given by the most important alloy elements carbon, silicon and
phosphorous, which is expressed by [5, 18]:
1
CE = %C + (%Si + %P)
3
When the influence of manganese and sulphur is considered the equation
changes to [18]:
1
CE = %C + (%Si + %P) − 0,027%Mn + 0,4%S
3
Therefore, different compositions can have the same CE value. This concept is
widely used to know the solidification behaviour of the alloys. If carbon equivalent
is below CE%, the composition is designed hypoeutectic iron. This means that
primary austenite form nucleates prior to the eutectic reaction. On other hand, if
carbon equivalent is higher than CE%, the cast iron composition is called
hypereutectic iron. In this case, the graphite/cementite phase will be the first phase
to form.
The value of CE for eutectic composition change with the certain element additions.
Their effects can be increase, decrease or not affect the amount of CE of the alloy.
The graphitising elements as Si, Al, Ti, Ni and Cu, promote the formation of
graphite. On the other hand, the carbide stabilizers elements, such as Mn, Mo, Cr
and V, block the bonding of carbon to carbon and retrain the carbon in the form
of carbide [18].
2.1.3

Graphite classification. Distribution and Morphology.

The responsible factors of the carbon precipitins as a graphite or cementite are the
chemical composition and the solidification parameters. The ISO 945 specifies a
method to classify the microstructure of cast iron through a comparative visual
analysis. The classification is done according to the form, size and distribution of
the graphite.
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There are six types of forms which are designated by Roman numerals (see Figure
3). The size types have been divided into eight groups that are designed by Arabic
numerals (Table 2). Finally, the distribution is only specified for grey iron. In this
case, the designation is by capital letters from A to E (see Figure 4).
FORM

Figure 3: Cast iron principal figure forms.
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Table 2: Graphite size. The size in each class is the maximum dimension of the graphite particles
by the National Bureau of Standards[22, 23].
Maximum Dimension at x 100, mmA
128
64
32
16
8
4
2
1

Size Class
1
2
3
4
5
6
7
8

The main characteristic of each type of graphite distribution are:
 Type A: Graphite flakes are uniformly distributed with randomly orientation
in the matrix. It appears when the solidification occurs with minimum
undercooling. Their structure is ideal to optimize mechanical properties,
whereby it is typical in certain wear applications[5].
 Type B: It is named rosette flake graphite because graphite flakes gather
with randomly orientation like rose shapes. It appears due to either a high
cooling rate or a poor inoculation, being its undercooling higher than in Type
A graphite. It is common that appears along the surface of thicker sections
of irons with compositions next to the eutectic [5].
 Type C: This graphite is known as Kish graphite. Consist of large flakes
superimpose in a random orientation. It appears in hypereutectic
composition. Particularly in those with high Carbon content. Kish graphite
is the first precipitated phase. It looks like straight and coarse plates. The
large flakes are the cause of both the thermal conductivity increase and the
mechanical properties decrement, appearing rough surfaces after the
machining process. Type C graphite is very appreciated in applications in
which are necessary high degrees of heat transfer [5].
 Type D: Undercooled flake graphite that looks like small and randomly
oriented flakes, which are associated to both an interdendritic segregation
and a ferrite matrix. Type D graphite appears when hypoeutectic or eutectic
irons solidified with high cooling rates. Either fast cooling surfaces or thin
sections are preferential places where undercooled flakes appear [5].
 Type E: Undercooled flake graphite with preferential orientation, associated
to the interdendritic regions. It is characteristic of strongly hypoeutectic
composition [5].
Notice both type D and E graphite are undercooled graphite flakes. Graphite D is
randomly oriented, whereas graphite E has a preferred orientation. This difference
is linked to how the polish plane intersects with the graphite flakes [5].
17

Theoretical background

2.2 Grey Iron
Grey cast iron or lamellar cast iron is a Fe-C-Si alloy. Its names are respectively due
to its fracture surface color and the graphite type, which is Type A. Grey iron is the
most produced cast, accounting for 46% of the world tonnage [3].This is as a result
of the combination of a good casting (high fluidity, low pouring temperature and
very low shrinkage) and mechanical properties (high thermal conductivities, good
strength, low notch sensibility, fatigue resistance, vibration damping and good
machining) [5, 24, 25].
2.2.1

Composition of Grey Cast Iron

As stated above, grey or lamellar iron is an alloy based on iron and carbon with high
amount of silicon. Its microstructure consists of lamellar graphite surrounded by a
pearlitic matrix. The typical compositions of lamellar graphite iron use to be near
to the eutectic composition. The table contains the higher and lower values of the
most important allow elements.
Table 3: Composition range of a typical unalloyed cast irons [24].

C
2.5 - 4.0%

Si
1.0 - 3.0%

Mn
0.2 - 1.0%

S

P

0.02 - 0.25%

0.002 - 1.0%

Besides this base composition, smaller amounts of other alloy elements as
aluminium, titanium, bismuth, copper and nickel are added to increase the
properties of lamellar iron. These elements change lightly the process of
solidification, which is directly related to the material properties [5, 25, 26].
2.2.2

Grey Iron Solidification

Solidification is the process of material transformation from liquid stage to solid
stage. This is highly influential in the metallographic structure, and properties of
grey iron [4, 27].
During the solidification, the atoms are rearranged. They give up energy in form of
latent heat of fusion to move from random short-range order in the liquid to regular
positions on a crystallographic lattice [1]. The solidification starts on the mould
walls, through which the energy is extracted as heat
In pure materials, the change from liquid to solid stage happens with constant
temperature whereas in alloys, as is the case of cast irons, it happens over a
temperature range. The solidification process starts at liquids temperature and ends
at solidus temperature. The “musy zone”, which is made by a primary solid phase
embedded within a melt, appears during this interval of temperatures[6].
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Figure 4: Pure metal cooling curve [19].

This represents together the stable Fe-graphite phase diagram and the metastable
Fe-Fe3C phase diagrams are represented together in the Figure 1, which will be used
to explain the solidification process. It is important to remember that the presence
of silicon and others alloy elements as Cu and Al, make the carbon precipitates as
graphite instead of Fe3C. On the contrary, Cr, V and Mn promote the metastable
solidification [10, 20]. The process can be divided into five stages[9].
I.

The solidification of primary austenite: it starts at liquid temperature with
the primary austenite phase nucleation in the mould walls and in the inner
melt. Austenite nucleuses grow with the temperature decease and the
segregation modifies the composition of the melt, where the carbon remains.

II.

Eutectic reaction: it starts at eutectic temperature, when the remaining
liquid reaches the eutectic composition. The remaining liquid solidifies into
graphite plus eutectic austenite, which forms eutectic cells. The high cooling
rates promote the carbon precipitation as carbide and not as graphite,
following the solidification process described by the metastable diagram.

III.

First solid stage segregation: this phenomenon takes place when the
temperature decreases. The cooling austenite loses carbon to the graphite
until the temperature reaches the eutectoid temperature reaction.
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IV.

Eutectoid reaction: It starts at eutectoid temperature, with the
transformation of austenite (both primary and eutectic) into ferrite plus
graphite. As mentioned before, the cooling rate determines the solidification
type. Notice that with lower cooling rates graphite is obtained whereas that
with high cooling rates iron carbide appears.

V.

Second solid stage segregation: as the temperature decreases, more
graphite is formed by a segregation process.

The as-cast grey iron structure is formed by graphite flakes in a pearlitic matrix.


Undercooling

The undercooling is an important concept used to understand the solidification
process in thermal analysis. The undercooling degree is the difference of
temperature between the liquidus temperature (TL), and the real starting
solidification temperature (TP) [28].
∆T = TL − TP
This temperature difference allows
evaluating the nucleation potency in the
process of solidification, which can be
calculated using the measured cooling
curve and phase diagram. The liquidus
temperature, TL, can be calculated with the
iron-graphite
solidification
diagram,
considering always the CE content of the
alloy. On other hand, the real starting
temperature, TP, can be measured trough
both the cooling curve and the cooling
curve´s first derivate. TP corresponds with
the local minimum point temperature of
the cooling curve.

Figure 5: Cooling curve and its first derivate

schemes of the primary solidification stage [29].
Five types of undercooling must be
distinguished [2]. The main characteristics of them are detailed below:
I.

Kinetic Undercooling: is the result of the net difference in atoms
transported from both liquid to solid phase and vice versa. It does not have
a big effect.
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II.

Thermal undercooling(∆𝑻𝒕 ): it is as consequence of the thermal gradient
present in the liquid during the solidification process. Thermal undercooling
is defined as the difference of temperatures between the liquid on the centre
and liquid on the walls of the melting.

III.

Constitutional undercooling(∆𝑻𝒄 ): the presence of alloying elements in
cast iron makes an additional change in the free energy. This free energy
change is directly consequence of the difference between the solid and liquid
solubility of alloy elements.

IV.

Pressure Undercooling: this undercooling comes from the increase of the
liquidus pressure.

2.2.3

The Primary Phase

The primary solidification in grey cast iron is composed of the nucleation and
growth process of the austenite. Both phenomenon are decisive in the subsequent
course of solidification [28].


Nucleation

Nucleation is a thermally activated process, in which centres or nucleus appear in
the melt. Upon this nucleus or centres, other atoms can be deposited to form the
first solid crystals [5]. This event plays a key role because it is the responsible for
the initial structure type, the size scales and the spatial distribution of the phases [4,
6]. The three components that participate in the nucleation system of primary
austenite solidification are:
I.

Primary austenite: is the solid phase nucleated during the primary
solidification. In this stage, the primary austenite can be called “cluster”. It
will be symbolized with the letter S.

II.

The substrates for heterogeneous nucleation: in the heterogeneous
nucleation, inoculant particles and mould wall acts as catalysts, promoting
the reaction. The different chemistry of inoculants particles respect the
nucleated phase makes these particles a preferential place for the nucleation
start. Due to this effect, these particles are known as nucleating solids. They
will be symbolized with the letter C.

III.

Iron melt: It is the liquid phase. It will be symbolized with the letter L.

As it has been mentioned before, nucleation is a thermally active process in which
the total free energy of the system decreases. It involves the appearance of the
clusters, as well as a fluctuating growth in its size. A change in the free energy is
necessary, becoming possible thanks to the liquid phase has higher free energy than
the solid phase [9]. For that reason, undercooling is considered the basic driving
force for the nucleation [10, 15, 28]. The powerful of the driving forces is directly
proportional to the undercooling degree.
The Gibbs free equation for process that happen with constant pressure is:
𝐺 = 𝐻 − 𝑇𝑆

Equation 1
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When the Gibbs free energy does not change during a period, the process reaches
the equilibrium situation. The equation to express the equilibrium stage is:
∆𝐺 = 0

Equation 2

According to with the equation 1, the entropy variation is:
∆𝑆 =

∆𝐻

Equation 3

𝑇

If the temperature is different and lower than TL, making an undercooling
stage∆𝑇, the free energy will not be zero. Combining both equation 1 and 2, the
amount of the Gibbs free energy that acts as driving force can be known by the
Equation 4.
∆𝐺 =

∆𝐻∙(𝑇𝐿 −𝑇)
𝑇𝐿

=

∆𝐻∙∆𝑇

Equation 4

𝑇𝐿

This expression verifies that higher undercooling implies higher free energy change.
Besides of this, as the change of free energy is the driving force that makes possible
the solidification, the higher free energy changes, the easier solidification starts. For
that, undercooling is considered the basic driving force in the nucleation process
[10, 15, 28].

Figure 6: Free energy versus Temperature for liquid and solid phase [9].
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Two types of free energy variations happen once the nucleuses are formed. They
are due to volume and surface changes. If the nucleuses are considered as spherical
solids of radius 𝑟, the free energy decrease by volume variations can be expressed
by the Equation 4 and the free energy increase by surface variations corresponds
with Equation 5.
4
3

4

∆𝐻∆𝑇

3

𝑇0 𝑉𝑚

𝜋𝑟 3 ∆𝐺𝑣 = 𝜋𝑟 3

Equation 4

4𝜋𝑟 2 ∆𝐺𝑠 = 4𝜋𝑟 2 𝜎𝐿𝑆

Equation 5

Where ∆𝐻 is the latent heat, ∆𝑇 is the degree of undercooling,𝑇0 is the
equilibrium temperature, 𝑉𝑚 is the molar volume and 𝜎𝐿𝑆 is the liquidusnucleated solid interfacial energy.
As a result, the total free energy variation can be described by the following
expression:
4

∆𝐻∆𝑇

∆𝐺 = 4𝜋𝑟 2 𝜎𝐿𝑆 − 3 𝜋𝑟 3 𝑇 𝑉

0 𝑚

Equation 6

As the solidification starts when the value for the energy is highest, if the first
derivate of the total free energy is equalled to zero (Equation 7), the size of the
critical radius 𝑟𝑐 can be calculated as function of the undercooling degree.
𝜕∆𝐺
𝜕𝑟

=0

𝑟𝑐 =

Equation 7

2∆𝐺𝑆
∆𝐺𝑉

=−

2∆𝐺𝑉 𝑇𝐿

Equation 7

𝐿(𝑇𝐿 −𝑇)

Being L the solidification latent heat and 𝑇𝐿 the liquidus temperature of the metal.
It can be observed how the critical radius is inversely proportional with the value
of undercooling (TL-T). Thereby, with higher undercooling values, the stable
nuclei formation is reached easily.
When the value of the radius is 𝑟𝑐 , the free energy variation is called activation
barrier for nucleation and it corresponds with:
∆𝐺 ∗ =

16𝜋𝜎𝐿𝑆

Equation 8

2
3∆𝐺𝑉

rc

Figure 7: a) Free energy changes with the radius of the embryo and nucleus [18]. b) Critical

radium change as function of the undercooling.
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Compiling as above mentioned, a critical level of free energy is necessary to create
a new solid-liquid interface, which is called embryonic crystal. Both the level of free
energy and the size of embryos increase together until the energy reaches the
activation barrier. This value of energy is essential to make stable embryos (since
that moment they are called nucleus) and to continue the solidification process.
After that, the level of free energy decreases and the nucleus begin to grow. The
embryos that have not reached the critical radius disappear, dissolving in the melt[6,
18].
According to Stefanescu [28], three kinds of nucleation exist. They are:
I.

Homogeneous nucleation: this nucleation process requires high values of
undercooling to make stable embryonic crystals, which form small and order
zones of high density. Besides of this, it is necessary that exists a substrate
with the same chemistry as the solid to start the growth. In general,
homogeneous nucleating is unlike in the common foundry, as consequence
of the high level of undercooling required.

II.

Heterogeneous nucleation: in this case, atoms with different chemistry as
the crystalline solid, how the mould surface and particles included or formed
in the meld (heterogeneities particles), compose the substrate. This particles
decrease the liquid-nucleated solid interfacial energy (𝜎𝐿𝑆 ). Therefore, the
energy requirement to achieve the critical radius (𝑟𝑐 ) is lower than the
necessary energy in homogeneous nucleation. It means that lower level of
undercooling (∆𝑇) is required for the nucleus begin to growin heterogeneous
nucleation process.

III.

Dynamic nucleation: dynamic actions in the melt, as the natural
convection, influence in the formation of crystals of nucleating process.
Convection currents appear as consequence of the action of the gravity and
the segregation process. Dynamic nucleation acts with two mechanism:
o The big bang mechanism: pre-dendritic nucleus grow as consequence
of the initial chilling action of the mould during the pouring.
o

The crystal fragmentation mechanism: convective currents brake
exiting columnar crystals and this fragments act as a new nucleus to
form new equiaxed grains.

Figure 8: Schematic representation of

the dendrite displacements as
consequence of thermal convection in
dynamic nucleation process [28].
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It is commonly accepted that primary phase nucleation of grey iron is
heterogeneous. Investigators have measured the undercooling in grey cast irons,
and they have tested that it is modest, therefore foreign solid particles (inoculants)
are added to improve the nucleation potential energy [30, 31].
After the pour, the mould wall is the coldest part of the system, appearing a strong
gradient of temperatures into the melt. The big temperatures difference between
the mould wall and the melt produce a high undercooling, which is the driving force
for the nucleation. Then, the first crystals nucleate on the mould wall, from where
they will try to grow. These small crystals are randomly oriented and compound the
layer of the casting called “chilly zone” or “outer equiaxed zone” (see Figure 11) [1,
4, 6].
Once the first crystals are formed, new crystals are deposited on them in to achieve
the critical nucleus size. As the solidification is based on the extraction of heat [4,
6], the critical size is lower than the temperature decreases, and the formation of
new nucleus starts to be easier. The growth of these crystals is aligned with the heat
extraction, with opposite direction. It means that the majority of these grains grow
perpendicular to the mould wall to the centre of the sample, forming as-called
“columnar zone” (see Figure 11) [4].
“Equiaxed zone” or “inner equiaxed” is the structural zone that appears in the
centre of the casting as consequence of a dynamic nucleation followed by a
symmetrical growth of crystals (see Figure 11) [6] .
Finally, when the undercooling is maximum, the nucleation process stops and
crystals start to grow [32].


Growth

Nucleation is followed by the growth process, which is the responsible for defining
the final crystallographic structure of the casting. Both the degree of undercooling
and the constitution of the alloy are the decisive parameters in the growth
development. Besides, either diffusion or convection, as well as the joint action of
booths, play an important role in the mass transport during the growth.
Looking the Figure 9, it is easy to understand how a liquid alloy with solute
concentration Co, changing from liquidus to solidus temperature. Once the
nucleation has happen and the liquid alloy is cooled, reaching the liquidus
temperature TL, the crystals growth starts. The liquidus and solid have different
composition during all the primary solidification process. At liquidus temperature,
the composition of the growing solid is Cok, whereas the composition of the
liquidus that remaining is Co. The last liquid to solidify has Co/k composition, and
turn to a solid with Co composition. Notice that the parameter k is the solute
distribution coefficient, which is assumed constant and does not depend on the
temperature [10, 33], when liquidus and solid lines are straight.
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Figure 9: a) Solidification of single-phase alloy with K<1. b) Solute concentration profile [10,
33] .

The process can be analysed regarding two views depending on the scale size [9,
10, 33]. They are:
I.

Macroscopic view: the phenomenon that leads the growth is a
“macroscopic segregation”. During the cooling process from liquidus to
solid temperature, the remaining liquid has different composition as the solid
grows. At the beginning, the liquid has a composition Co. When the
temperature decreases, the solute concentration of the remaining liquid
increases, and eventually it catch up with the eutectic composition [33].

II.

Microscopic view: an alloy with a solute concentration Co that is under
steady-state growth condition has a temperature solidification interval from
TL to TS (Figure 9). The composition of the first solidify particle is Cok
whereas the composition of the last one is Co. Also an important difference
of concentration exists on the edge between the liquid (Co/k composition)
and the solid (Co composition). As the growth has a preferential orientation
as a consequence of the temperature gradient, a composition gradient
appears in the remaining liquid during all the solidification [33].

Two conditions are necessary to make possible the growth of the nucleus [9, 10,
33]:
I.

Thermodynamic condition: Nucleus will only grow if there is
undercooling on the surface of the crystals. Specifically, the constitutional
undercooling, ∆𝑇𝑐 , is the type of undercooling that is required as basic
driving force for solidification.

II.

Kinetic condition: High temperatures are necessary to make possible the
mass transport by diffusion, convection or both mechanisms. High
temperatures assure the enough constitutional undercooling to afford the
mass transport. In this way, the crystallization can progress with suitable
velocity.
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The constitutional undercooling, ∆𝑇𝑐 , causes a uneven undercooling degree on the
crystal surface, affecting the primary phase morphology. Therefore, the morphology
of primary austenite (columnar or equiaxed) will be determined by both the degree
of constitutional undercooling and the heat flow conditions [10, 32]. The possible
types of undercooling that may be present during the process of primary austenite
growth are represented on the Figure 10, where GL curve represents the equilibrium
temperature of the liquid according to distance, whereas GT is the actual liquid
temperature based on the distance. If GT is above GL, there is not constitutional
undercooling, but if GT is below the GL, an undercooling liquid area is present
before the interface.
The types of crystalline structure growth are equiaxed and crystalline. Their
principal characteristics are:
I.

Equiaxed crystals: they grow in all six directions, from the particles and
impurities that were created with the dynamic process of nucleation. The
latent heat is transported from the crystals (hottest system part) into the
melt(coldest system part), forming a negative temperature gradient[33]

II.

Columnar crystals: They grow from the mould wall in the opposite
direction to the heat transport. In this case, the hottest part of the system is
the meltand the coldest part is the mould wall. The latent heat is generated
at the crystal-liquid interface and is extracted trough the mould wall, creating
a positive temperature gradient [33]. In this type of growth, the morphology
of the crystal-solid interface depends on the interface velocity v (the crystal
grow rate) and the actual temperature gradient GT [9, 33]. To describe the
procedure and the morphology growth GT, GL, v and vcr characters will be
used, being the last of them the critical interface velocity that distinguishes
between stable and unstable interfacial states.
o Planar interface growth: it happens with low v and high GT, when
v<vcr and GT> GL. It means that there is not constitutional
undercooling, and the interface is stable.
o Cellular growth: it happens when v has a medium-low value, GT has
a medium-high value and v<vcr and GT< GL. In this case, a
constitutional undercooling appears, but the length of the cell is quite
similar to the cell spacing. The solid grows with cell shape, which has
larger tip radius.
o Cellular-dendritic growth: The requirements are a medium-high v
and a medium-low GT, being v<vcr and GT< GL. In this case, the
constitutional undercooling is higher. The solid grows much more in
length than thickening. The phenomenon of the segregation during
the growth can be appreciate in the longitudinal shape. The tip of the
solid looks like a parabolic shape, which has higher temperature and
among of solute in its composition than the base of the cell.
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o Dendritic growth: In this case v<vcr and GT< GL, but v is higher and
GT lower than the previous case. As a consequence, the degree of
undercooling is higher and the crystal grows following a preferential
direction with a dendrite shape. Each dendrite is compose of one
single crystal grows following the three perpendicular direction in
which the heat is extracted. This makes that each dendrite is
composed of a main arm that is called primary arm and secondary
arms that grow from the main arm like branches. Besides of this, if
the distance between neighbour arms is enough, secondary arms can
also branch into lateral arms (tertiary arms). The growth and
branching process continue until the arms reach the diffusion field of
other arm. At this moment, the longitudinal growth is blocked and
the arms start to thicken by a ripen process.
GT Case 1

T

GT Case 2
∆TC

GT Case 3
GT Case 4

Gs
Solid Liquid

Distance, d

Figure 10: Scheme of the morphology growth as function of the constitutional undercooling.
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Equiaxed and columnar grains grow independently and form different
structures that are classified in a macroscopically scale as “the chill zone”, “the
columnar zone” and “the equiaxed zone”. “The columnar to equiaxed
transition” (CET) occurs just at the moment that the grains impinge between
them, and the boundary between columnar and equiaxed zone is defined. The
austenite crystals (solid phase) form a continuous skeleton embedded within
the liquid matrix. This phenomenon is called “coherence point”. Beyond it
happens no further volumetric grow process occur and coarsening of the arms
is the only grow process that can appear.

Figure 11: Structural zones of the casting [18, 19].

Figure 12: a) Schematic columnar grain structure growth [4].b) Real representation of a dendrite

[16].
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Coarsening

Once the “coherence point” happens, austenite crystals (solid phase) are
embedded within the liquid matrix. Both austenite dendrites and the melt
liquid form a surface area commonly called “mushy zone”, which divides
the totally melted liquid from the totally frozen solid. This system is
unstable due to its excess of energy. As a consequence, the mushy zone
decreases via both dissolution and reprecipitation process of austenite,
decreasing the free energy excess and stabilizing the system. This process
is known as “coarsening” or “Ostwald ripening process” [34-36].
The coarsening is a capillary-driven diffusional process whose main driving
force is the interfacial curvature, which depends on the chemical potential
distribution. Atoms from high curvature regions flow through the liquid
matrix to low curvature regions, making both curvature and interfacial
morphology evolve as dendrites. Therefore, the flow of latent heat from
one to other interfacial point is the direct cause of dendrite coarsening. The
presence of the interdendritic liquid is the essential requirement for the
coarsening, which makes easier the atoms redistribution of the system.
Besides of that, the higher cooling rates, the faster coarsening is [19, 28,
35].
The three processes that compose the coarsening are: “ripening”,
“coalescence” and “dendrite multiplication” [37] (See Figure 13). Ripening
is the mechanism though which smaller dendrite arms disappeared by
dissolution and remelting. They are redistributed, making enlarger theirs
adjacent arms, which increase their surface area. This feeding process is
known as coalescence. Both ripening and coalescence process are
developed in the same time as dendritic growth. Dendrite multiplication is
a phenomenon that appears in alloys with high convection and cooling
rates during early stage of solidification. In this process individual dendrite
arms or larger portions of dendrite are separated from the main or “mother
dendrite” [6, 15, 19, 23, 28, 34].

Figure 13: Coarsening processes. SDAS evolution on time [38].
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Two bigger theories to describe the coarsening existence, the classical theory and
the dynamic coarsening theory. The classical theory, assumes that the only driving
force is the solute diffusion and the fraction solid is constant during an isothermal
coarsening. The dynamic coarsening theory has been recently proposed as a new
type of coarsening process. This theory considers the thermal diffusion as an
additional driving force, which is consequence of both the temperature decrease
and the solid fraction increase that appears during the coarsening [15, 28].
As the primary dendrite net determines too many cast material properties, the
characterization of the dendrite net and its evolution with the solidification time
have been ones of the main objectives in recently investigations [12, 15, 17, 39]. As
dendrite net evolves by a coarsening process, finding good parameters to describe
the coarsening has been the principal challenge of these researches. There are two
group parameters to describe both the austenite net and its coarsening process. The
traditional parameters are the Secondary arm space, SDAS, and the inverse surface
area per unit volume, 𝑆𝜈−1 [15, 18, 28, 34, 40]. The Modulus, M, the Hydraulic
Diameter of the interdendritic phase, DIPHyd and the Nearest Neighbors Distance,
NND, have been recently introduced by some researches carried out by the
Department of Materials and Manufacturing of Jönköping University [6, 15, 39].
I.

Secondary Dendrite Arm Spacing, SDAS: it is one of the most accepted
and common parameters used to describe the dendrite shape evolution in
coarsening. SDAS is the average of the distance from the middle line of one
secondary dendrite arm to the middle line of the secondary arms next to it.
It is usually expressed by𝜆2 .Many investigations have verified how the SDAS
increases in the first stage of coarsening [2, 35]. The Equation 9 express the
relation between SDAS and the time.
𝜆𝑓3 − 𝜆30 = 𝐾 ∙ 𝑡

Equation 9

It is important to remark that this parameter only is useful for the first stage
of coarsening, because the morphology of the arms changes completely after
long time of coarsening [12, 19, 26, 27, 39].
II.

The Inverse Surface Area per Unit Volume, 𝑺−𝟏
𝝂 : this parameter is
independently of the dendrite shape, therefore it is very useful to
characterize the coarsening process when the dendrite net morphology
changes [12, 19, 26, 27, 39]. The time dependence of the interfacial area
during the coarsening is given as:
𝑆𝜈−3 (𝑡 ) − 𝑆𝜈−3 (0) = 𝐾 ∙ 𝑡

Equation 10

Where 𝑆𝜈 is the surface area per unit volume, t is the coarsening time and K
is the coarsening constant.
III.

Hydraulic Diameter of interdendritic phases, DIPHyd: this parameter
measures the volume of interdendritic phases (the material that is not
primary austenite) divided by its surface area [12, 19, 26, 27, 39].
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𝐻𝑦𝑑

𝐷𝐼𝑃
IV.

2.2.4

𝑉𝐼𝑃

Equation 11

𝑆𝐼𝑃

Modulus of Primary Austenite, M: this parameter was introduced by Lora
et al [13, 15, 18, 39]. It express the relation between the area and the
perimeter of primary austenite. Also it is an approximation to the relation
between the volume and the surface of primary austenite. The Equation 12
repents this parameter.
𝑀=

V.

=

𝐴𝛾
𝑃𝛾

=

𝑉𝛾

Equation 12

𝑆𝛾

Nearest Neighbor Distance of Objects of Primary Austenite, Dγ0: this
parameter represents the shortest distance between two centers of gravity of
entities of primary austenite [15].
The Eutectic Phase

When the liquid is transformed simultaneously into two or more solid phase, during
the cooling process, an isothermal phase reaction takes place, producing a new
phase which is called eutectic phase [41].
In pure metals, the temperature of this transformation, “eutectic temperature”, is
constant, approximately 1154 °C. It corresponds to the lowest melting temperature.
The composition in which all the liquid is directly transformed into the eutectic
phase is around 4,26 and 4,30 wt% of carbon respectively for the stable and
metastable solidification (See Figure 1) [5, 21, 41].
In alloys, the eutectic reaction does not happen with constant temperature. The
solidification implies an atomic displacement, which modifies the composition of
the surrounded liquid. This segregation cause that the eutectic reaction take place
in different areas at different temperatures. The temperature range to which the
eutectic reaction occurs corresponds with the difference between the eutectic
temperature of both metastable and stable solidification processes [5, 21, 41].
Under this temperature range all the material is solid.
The eutectic phase are “colonies” or “cells” with an approximately spherical shape,
composed by eutectic austenite and lamellar graphite [6, 26]. The eutectic of grey
iron is composed of two phases. The eutectic cells classification for the binary
eutectic is according to either their morphology of phases or their growth type. The
morphology of phases could be either lamellar or fibrous, meanwhile the growth
type could be either regular or irregular [6].
In case of grey iron, the eutectic has a lamellar morphology with irregular growth
[6].
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Fibrous

Lamellar

Regular

Irregular

Figure 14: Classification of grey iron eutectic morphology (binary eutectic) [42].


Nucleation

Two theories about the eutectic colonies creation process exist. One of them holds
that eutectic colonies are made from a nucleation event while the other do not [6].
The theory that support that does not happen a nucleation process, bases its theory
on the pre-existence of one of the phases (austenite), which is part of the eutectic
cells when the eutectic reaction takes place. Thus, a nucleation process is not
considered necessary for the eutectic colonies solidification. Only the graphite
nucleates close or over the austenite net. Then, the eutectic colonies are formed by
means of a cooperative growth between austenite and graphite.
On the other hand, the theory that supports that a nucleation event is necessary to
develop eutectic cells, considers that austenite-graphite eutectic nucleation depends
on the temperature [24]. Therefore, eutectic nucleation could be an homogeneous
or heterogeneous process, depending on the undercooling degree and the
nucleation preference sites that exist [14]. The homogenous nucleation is highly
improbable due that the undercooling degree required is approximately 230 °C and
the typical undercooling is around 1 or 10 °C. As a consequence, the heterogeneous
nucleation is assumed as the only procedure to nucleate eutectic cells, which occurs
in the segregated liquid that surrounds the austenite primary dendrites. Also, this
theory considers that is necessary the existence of a solid crystalline with low
crystallographic mismatch, which acts as a substrate for the graphite [24]. This solid
crystalline promotes both the nucleation and the lattice disregistry between it and
the eutectic phase decrease [43]. There are two theories for the heterogeneous
eutectic nucleation as function of the substrate particles, which are thoroughly
described on [44].
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The eutectic evolution is highly determined by the inoculant effect, which act
increasing the temperature and number of eutectic nucleation sites as consequence
of the decreasing of the undercooling degree. Besides of that, they are able to
modify the graphite morphology. Some of this nucleating agents are (Mn,X)S
compounds, ferrosilicon alloys, silicon dioxide particles, salt-like carbides, nitrides,
graphite [26, 40, 44, 45].


Growth

As mentioned above, eutectic colonies are formed by austenite and interconnected
graphite plates [44]. Their growth consists of a simultaneous precipitation of
austenite and graphite around the cell core formed during the nucleation [42]. Both
phases grow simultaneously and cooperatively, extending their plates by the
edgewise [4, 46, 47]. Graphite, which is able to faceted, grows by a dislocation
mechanism. On the contrary, the austenite, which is not able to faceted, grows
continuously [48].
The traditional theory of eutectic growth supposed that eutectic cells grow with
both phases (austenite and graphite) in contact with the liquid [46]. Besides of this,
it also considers the graphite as the leading phase of the growth process [44, 48]. It
is believed that the driving forces for the precipitation of graphite are larger than
austenite driving forces. This idea becomes because the graphite structure is
destructed around 4000 °C while the iron melting temperature is above 1538 °C
[44].
On the other hand, some researchers have shown that the graphite flakes
morphology is not interdendritic. Micrographs showed that the graphite flakes
appear immersed in the austenite dendrites in many places. Thus, it means that
graphite may also grow by carbon diffusion through the austenite frame [46, 49].
According to that, ones investigations asserts that austenite leads the eutectic
growth [42], while other supports that both eutectic phases, graphite and austenite,
lead the eutectic growth in different places of a planar interface [50].
Both cases consider that eutectic colonies grow ideally with spherical shape until
they impinge each with other [24, 42, 44-46].Their size hinges on the cooling rate,
but it is independent of the amount of carbon and inoculants elements [45].
The undercooling governs the eutectic graphite branching or ramification, which
increases with high undercooling degree [27, 44, 51]. The lamellar space between
graphite flakes is controlled by the growth rate, which also affects to the
morphology of the solid-liquid interface. There are three possible interface shapes:
planar, cellular or dendritic [47, 48]. Consequently, the types of graphite distribution
and morphology (Type A, B, C, D or E) depends directly on both the undercooling
and the growth of rate [47, 50]. To know more about the morphology of the solidliquid interphase morphology see [6].
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2.3 Effect of Alloying Elements in Cast Iron
Alloying elements play an important role in grey cast iron. The chemical
composition (CE and alloying elements) and inoculants define the main
solidification parameters, which are the fraction of primary austenite and the size,
shape and distribution of graphite. In addition to these point, these parameters are
directly linked to the mechanical properties. The chemical composition and
inoculants will determine the mechanical properties of hypoeutectic grey irons [8,
52].
The most common alloying elements in grey iron are C, Si, S, Mn, P, Cr Ni,
Cu, Mo and V. Nevertheless, other elements such as Al, Zr, Bi, B, Sb and Ti
are being investigated due to their effects on austenite dendrites (amount,
shape and distribution). Basutkar et al [53], showed that when those elements
are added can cause two distinct effects on the proeutectic austenite dendrites,
depending on the type and amount of them. Some elements, as Al, Ti, Zr, Bi
and B, have a refining effect on the austenite net (notice that It depends on
the amount added) [53, 54]. With them, dendrites appear randomly oriented
and loosely packed. Other elements do not have refine effect, and austenite
dendrites are long, oriented and compacted.
As this Thesis is focus on the effect of Ti on the primary austenite net on
hypoeutectic cast iron, the next sections show a brief recompilation about the
influence of this element on both primary austenite and graphite during the
solidification process.
2.3.1

Titanium

Titanium (Ti) is a silvery-transition metal with 22 protons and a relative atomic mass
of 47.867. This element is relatively abundant. The earth´s crust has approximately
6300 ppm. Titanium is extracted from natural mineral deposits mainly from above
rutile (one of the crystalline forms of TiO2) and ilmenite (FeTiO3) via either The
Kroll process or the Hunter process [55-58].
Table 4: Densities and lattice parameters of Ti allotropes [55].
Allotrope Temperature
form

range (°C)

Pressure
(Gpa)

Latice parameters
pm

Atomic

Molar

Density

volume

volume

(g/cm3)

a

c

(pm3 106)

(cm3/mol)

468,35

17,66

10,63

4,5

18,07

18,88

4,4

αTi

< 882

<2

295,06

βTi

882-1670

<2

330,65

ωTi

>1670

>2

462,5

281,3
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Titanium crystallizes in the hexagonal close-packed structure (α modification) in
normal conditions. The rate c/a is slightly smaller than 1.587, which corresponds
with the ideal one [55, 58]. Besides of that, it has the bcc W-type structure (β
modification) when the temperature is high [55].
Some characteristics of the Titanium are a low density, excellent mechanical
properties, high strength and high corrosion resistance [55]. They make it one of
the better materials for critical applications. It is used in steels, superalloys and cast
iron as an alloying element. The next table shows the values of selected physical
properties of Titanium.
Table 5: Physical properties of Titanium [55].

Properties
r/pm, metallic, CN 12
['metallic valence']
Ionic radius/pm, M +2, CN 6
Ionic radius/pm, M +3, CN 6
Ionic radius/pm, M +4, CN 6
Tmelting/°C
Tboiling/°C
∆Hmelting (at Tmelting)/kJ/mol
∆fH ° of Me1 gas at 298.15 K/kJ/mol

Value
146,2
[4]
100
81
74,5
1670
3289
14,15
460

Titanium has a high reactivity. When Titanium is exposed to high temperature, it
burns in oxygen, nitrogen and fluorite to form the respectively oxides (TiO2 and
Ti2O3), nitrides (TiN) and fluorides (TiF4). Titanium combines easily with C to give
stable carbides (TiC) at high temperature. When Titanium is cooled from high
temperatures with hydrogen gas, it forms hydrides (TiH2). HF is the best solvent
for titanium, but it can be dissolved in hot HCl, H2SO4 and HNO3 as well. In this
case, Titanium forms a rather insoluble hydrous oxide [55, 56].
As a consequence of the higher Titanium reactivity exposed to high temperatures,
it is added as alloying element to minimize the content of carbon, oxygen and
nitrogen in steal alloys. This means that porosity and shrinkage are common
phenomena in as-cast titanium products. Nevertheless, casting porosity can be
eliminated with a hot isostatic pressing treatment that closes the pores, getting high
mechanical properties improving microstructure. On the other hand, it is known
that titanium controls the sulphide shape and increases the yield strength in alloy
steels [55, 56].
The Figure 15 shows the compound formation capability in the binary alloys of
titanium. Lanthanides and metals of the firsts groups, except for both H and Be,
which do not form compounds with titanium. Binary systems of titanium with
either Sc or the metals of the 4th, 5th and 6th form two fields, α and β, of continuous
solid solution. Moreover of that, intermediate compounds appear in chromiumtitanium alloys [55].

36

Theoretical background

Figure 15: Compound formation capability in the binary alloys of Titanium [55].
2.3.2

Effect of Titanium in Cast iron

Titanium is a trace element that modifies the nature and properties of grey iron [59,
60]. The amount, shape, morphology and distribution of phases change when this
element is added. Due to the relationship between solidification process and the
properties, many researchers have discovered the influence of titanium alloying in
both austenite and graphite nucleation and growth. The present document tries to
gather the existing information about the effect of titanium additions in grey iron.
I.

Effect of titanium in primary austenite: The amount of primary austenite,
as well as the dendrite orientation and dendrite fines, increase with the
amount of titanium [53, 61]. In addition to that, it refines the secondary
dendrite arm spacing in both grey and ductile irons [62].

II.

Effect of titanium in graphite distribution: Titanium additions promote
the undercooling graphite, changing the graphite shape from type A to
interdendritic type D [60, 62-67]. The fine highly branched flakes reduces
the carbon diffusion distances, giving a ferrite matrix, which corresponds
with a low carbon matrix. Hence, the tensile strength lowers with the
titanium, which favours the form of ferrite matrix instead a pearlite matrix
[60]. However, it does not always occur. Some researchers propose that it
exists a critical level of titanium, below which the strength decreases and
above which the strength increases. The amount suggested was 0,04% [68],
0,075% [63], 0,15% [59] and 0,36% [64-66]. Nevertheless, Larrañaga et al
[61, 69] suggested that the higher titanium contents are, the higher the tensile
strength is. They also observed that the tensile strength increase due to
titanium additions, is more significant in alloys with lower sulphur than alloys
with high sulphur. They also reported that titanium additions only make a
significant increase in the hardness in irons with low S content.
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a)

b)

c)

Figure 16: a) b) Effect of the titanium content on the tensile strength for irons with various sulphur
levels. c) Effect of the titanium content on the hardness of iron with various sulphur content levels:
= low S;
= medium S;
= high S [61].

The cause of these variations seems to be the significant increase of the liquiduseutectic temperature interval and the undercooling degree of both the primary phase
and the graphite,as well as, the decrease of the eutectic temperature [52, 61].The
increase of the liquidus temperature differential, ∆𝑇 = 𝑇𝐿 − 𝑇𝑃 , suggests a strong
austenite nucleation effect. If the interval between liquidus and eutectic temperature
is higher, the primary phase solidification will take longer, which means to be the
reason of the increase of fraction austenite[61, 69].
b)

a)

Figure 17: Effect of Ti content on the liquidus and eutectic temperature differentials and on the
austenite fraction. for a) low S content and b) high.S content [61].

The development of every fine interdendritic graphite is a direct consequence of
the amount austenite increase and the undercooling of eutectic reaction. H. Nake
et al [70] confirmed that titanium additions favour the type D graphite, because the
graphite type A-to-D temperature transition TA/D increases with them. Besides of
this, Larrañaga et al [61] confirmed the results obtained by Elmquist et al [71, 72],
in which, they said that as higher amount of austenite is associated with a higher
number of eutectic grains. Therefore, titanium additions increase the austenite
fraction, so the increase of the number of eutectic cells seems to make sense.
38

Theoretical background

Figure 18: Three dimensional shapes of A-Type and D-Type graphite observed with SEM [70].

The influence of titanium addition seems to be related to the inclusions that it is
able to form and modify. Titanium forms carbides, sulphides and nitrides according
to the amount and type of elements that are in the alloy. Each one of these
compounds have a different role during the solidification process. They are detailed
below:
TiC: Titanium carbides are usually observed in grey iron. The amount of them
increases with higher titanium content. Nevertheless, the carbides size seems to be
constant, independently of the amount of titanium that is added [53]. The lattice
spacing between the (110) austenite and (001) TiC crystals interface is only 1,5%
[73, 74]. It made that Ruff and Wallace [73] proposed these particles as a favourable
substrate for the austenite nucleation. Nevertheless, this theory is not accepted
nowadays. The reason is that titanium carbides are usually at the periphery of the
secondary arms of primary austenite, which is the last zone of solidification for the
primary phase [61]. Thus, some regions at the solid-liquid interface remain with low
carbon content, favouring the apparition of type D of graphite [32]. Loper, C. R. et
al [75] observed how the cubic structure of titanium carbides and nitrides is such as
to act as nucleus of graphite, but the degree of mismatch between the lattice is not
suitable. Larrañaga et al [61] found that the most of titanium carbides particles
appeared in the matrix and only the 4,5 % of them was in contact with the graphite.
The same evidence was observed by Moumeni, E. et al [52],in alloys with high
Titanium-Sulfur rate. Therefore, titanium carbides are considered as improbable
substrate for graphite nucleation [52, 61, 69, 75, 76].They are not responsible for
the increase of eutectic cells [76].
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TiN and Ti(NC): At higher temperatures, titanium can react with N producing
TiN or Ti(NC), which could affect the nucleation, growth and development of
primary austenite [77]. Titanium nitrides and carbonitrides are cubic inclusions that
usually appear specifically concentrated in the intercellular regions [53]. Titanium
carbonitrides specifically appear in alloys with medium titanium- sulphur rate and
low amount of both sulphide and titanium. This alloys show the type-A graphite
[52, 61]. As mentioned above, if only titanium carbide, titanium nitride and
carbonitride structures were considered, it could be said that these particles are able
to act as substrate for graphite. On the contrary, the degree of mismatch between
lattices does not let us assume it. carbonitrides and Titanium carbides are the
responsible for the hardening and the reduction of the creep in cast iron [75].
MnX)S and MnS: It is known that sulphur plays an important role in the graphite
development, modifying the length and graphite distribution [78]. Many researchers
have studied the influence of these particles in grey iron. Some investigations assert
that with sulphur contents greater than 0,02%, sulphides particles are formed, acting
as substrate particles for graphite nucleation [79, 80]. Nevertheless, if the amount
of sulphur is below of 0,02%, type-D graphite will appear [81]. The graphite in high
S irons alloys is thicker than the graphite of low S irons. This suggests that sulphur
promotes the coarser graphite [61]. It is important to remember that the type of
graphite developed in the most of the cases depends on both the composition and
the cooling rate. Thus, when the alloy contains titanium, the values aforesaid of
sulphur change. A specific amount of sulphur, manganese and other elements such
as Fe, Si, Al, Zr, Ti, Ca and Sr will promote the nucleation of graphite [78, 82]. Al,
Si, Zr, Mg and Ti form complex oxides that acts as nuclei for complex (Mn,X)S
sulphides, which acts a substrate particle for flake graphite [83-85]. MnS particles
are polygonal inclusions, which have a complex Al, Mg, Si, Ca oxide compounds in
the centre and they usually appear in contact with the graphite [52, 78, 82] .
Therefore, it is logical to believe that MnS particles affect graphite nucleation. They
act as nuclei for either type of graphite [52, 61, 86-88]. The number of MnS
inclusions is greater at higher sulphur contents and smaller titanium content [52].
When high amount of titanium is added in alloys with high-S, complex (MnTi)S
particles appear in the middle of secondary arms of the austenite dendrites. These
particles act as substrate for the primary phase and are responsible for the delay of
graphite nucleation. Whereupon, the liquidus-eutectic interval increases and the
eutectic temperature decreases. The sulphur is consumed to form (MnTi)S
compounds and less amount of this is available to precipitate MnS inclusions. This
favours a type A to type D transition for the graphite. The figure 17 shows different
types of sulphide morphology that were observed by Monumeni, E. et al [52].
Oxides: At higher temperatures, titanium reacts easily with oxygen [60]. Riposan,
I. et al [89] proposed that complex oxides of titanium and others elements are the
substrate to (Mn,X)S inclusions nucleation, which was considered as nuclei for
graphite flakes. Nevertheless, others researchers consider that as titanium, as copper
and lead elements make ineffective the silicate inclusions [90], which are considered
substrates for graphite solidification [91-93].
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Figure 19: Unetched SEM micrographs of sample with high-S and Ti [52].

Regarding the properties, as above mentioned, the addition of titanium causes an
increase of the tensile strength in iron alloys with either low-S or high-S.
Nonetheless, the hardness only significantly increases when high amount of
titanium is added in alloys with low-S. If the iron have a lot of S, the difference of
hardness between alloys with or without titanium will be the minimum [69].
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3 Method and implementation
3.1 Purpose of the Experiments
On section 2, theoretical background, the importance of the microstructure
developed during the cast iron solidification process has been emphasised because
it determines the casting properties. To understand the two main events, primary
and eutectic solidification, which happen during the solidification process, has been
the main goal in order to improve both the casting and mechanical properties of
cast iron.
This work attempts to increase the existent knowledge about the solidification
process of hypereutectic cast iron in relation with alloy elements. Specifically, in
relation with the titanium. The morphology, size and distribution of both the
primary and eutectic phase, of different alloys will be studied through a sequence of
interrupted solidification experiments, DAAS treatment and different etching
techniques.

3.2 Experimental Procedure
The main experimental procedure of this work was performed at the Department
of Mechanical Engineering, Materials and Manufacturing-Foundry Technology of
School of Engineering of the Jönköping University. Swerea SWECAST and Volvo
Powertrain’s foundry let us to use theirs facilities and equipment.
The experimental work could be divided in three different groups:
 Sample preparation.
 Thermal treatment and quenching experiments
 Microstructure analysis.

3.3 Material - Sample Preparation
A hypoeutectic grey iron with four levels of Ti is studied. It was produced under
industrial foundry conditions in Swerea SWECAST, where the melt was poured into
sand moulds. The chemical composition of each casting was analyzed by Volvo
Powertrain’s foundry as well as Swerea SWECAST. The Table 6 shows a brief
summary of the four compositions. C0 is the material with lowest level of Ti, 0.05.
We will refer to it as the base composition. C1, C2 y C3 correspond with 0,15, 0,23
and 0,41 level of Ti respectively.
Following the casting, the material was sand blasted in Swerea SWECAST, and both
cut and machined in the workshop of the School of Engineering of Jönköping
University, to produce cylindrical samples. The operations were done with a 600
Lathes M390. All the samples weighted 400 ±1g. This was due to two reasons, to
provide the same features to all the samples to be able to compare the data obtained,
and also to fit into the crucible. The gap between the sample and the crucible had
to be enough to avoid the fracture of the crucible when the sample was expanding
during the remelting process. The dimensions of machined samples were
approximately Ø38×50mm.
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Table 6: Chemical composition of the four materials (measured by Volvo Powertrain’s foundry).
Material
Prefix

Chemical composition, wt-%

C

Si

Mn

P

S

Cr

Mo

Ni Cu

Ti

V

Sn

CE

C0

3.5

1.55

0.63

0.037

0.025

0.16

0.002

0.09

1.02

0.05

0.008

0.065

4.029

C1

3.39

1,5

0.61

0.034

0.027

0.17

0.003

0.09

1.1

0.15

0.013

0.049

3.901

C2

3.34

1.76

0.59

0.032

0.029

0.19

0.006

0.09

0.87

0.23

0.032

0.019

3.937

C3

3.47

1.5

0.57

0.034

0.026

0.17

0.007

0.09

1.05

0.41

0.037

0

3.981

The samples that were used to obtain the solidification curves were previously
drilled for the insertion of two thermocouples. The drillers where performed in the
middle and on the border of the sample as the Figure 20 shows. The distance
between the bottom of the sample and the drills is 20 mm. These samples were
taller to compensate the loss material of the drill holes.

Figure 20: Initial material shape and machined samples.

3.4 Thermal Treatment and Quenching Experiments
3.4.1

Solidification Equipment

The experiments were carried out with an experimental setup especially designed in
Jönköping University, where some studies of cast iron solidification has been made
through this experimental method [15, 16, 25].
The equipment used in each one of the experiments consist of: one alumina
crucible, seven graphite rods, two glass pipes, two thermocouples, five rubber
bands, an argon gas circuit, the resistant furnace specifically designed to run this
experimental method, a commercial data acquisition system, two big deposits and a
pump. The Figure 21 shows the experimental setup.
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Each sample was placed into an alumina crucible. The diameter of the crucibles was
40 mm and its wall was 2 mm of thickness. In that way, the distance between the
cylindrical sample surface and the inside crucible walls was 2 mm. This clearance let
the thermal expansion was done without the fracture of the crucible.
Top lip

Furnace chamber

Bottom lip

Water
deposit

Figure 21: Schematic representation of the furnace equipment. Original by E. Ollas.

The resistance furnace is composed by one alumina tube rounded by the heating
elements. This tube was the chamber for the samples. The settings and the thermal
cycle were controlled by the automatic controller of the furnace. The argon gas
circuit was used to keep a neutral atmosphere inside the chamber.
The samples were introduced through the bottom end of the chamber. They were
raised and held at the middle exactly of the heating elements thanks to the graphite
rods. Afterwards, the bottom end and the top of the tub of the furnace were closed
by two lips. A rubber seal and a metal weight were used respectively to guarantee a
correct seat between the bottom and the top lips with the tube.
The entrance of the argon circuit to the tube was trough two holds located at
opposites sides of the bottom of the alumina tube.
The top lip is provided of three holes to introduce glass pipes with thermocouples
inside them. This make possible to collect the thermal data for the cooling curves
of three different position of the sample running the same experiment. Two
positions correspond to opposites sides of the external surface of the sample, while
the other corresponds with the middle of the sample. It can be seen in the Figure
21. Only the middle position and one of the surface positions were used for these
experiments.
Two quartz glass pipes were used as a cover to the S-Type of thermocouple that
were used. Both glass pipes were inserted into the furnace before to run the
experiment. The glass pipes were introduced in the hole drilled. The wall-surface
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glass pipe was introduced completely while that the middle thermocouple was
introduced until the tip reached the top-surface height of the remelted sample. Once
the remelted stage was achieved, the middle glass pipe was lowered until the same
high as the wall-surface glass pipe and the thermocouples were inserted. To keep
the high of both thermocouples and decrease the relative movement between the
glass pipes and the top lip, five rubber band were used. Two of them for the surface
glass pipe and three for the middle glass pipe. In this case, the third rubber band
role was to mark how many millimeters had to be lowered the middle glass pipe.
This system let guide the thermocouples to the right position as well as protect them
from the direct contact with the melt, avoiding possible deviations a consequence
of thermal strains. The data measured by the thermocouples were recorded by a
commercial data acquisition system during all the solidification process. The data
measured by the thermocouples were recorded by a commercial data acquisition
system during all the solidification process. This system logged 10 temperature
measured per second.
Two big water deposits and a pump was used for the quenching experiments. The
bottom lip of the furnace had to be quickly removed at the required time of the
solidification process. The seven graphite rods and the crucible with the sample
were falling into the biggest deposit. The pump was into the small deposit. This was
connected by some plastic tubs to the biggest deposit. This system made that the
water flowed in a constant turbulent flow.
3.4.2

Solidification Experiments:

Three different types of experiments were carried out in this work in order to
investigate the influence of the Ti on grey cast iron.
 Type I: The goal of these experiments was to obtain the cooling reference
curve for the four different composition presented in the section 3.3.
 Type II: Quenching experiments at the required positions.
 Type III: Direct Austempering After Solidification (DAAS) experiments at
the required positions.
3.4.3

Reference Cooling Curve Experiments

The aim of these experiments was to collect the temperature data of the sample
during all the process of solidification. With these data the cooling reference curve
could be plot to select the quenching points.
The sample was introduced in the furnace as it has been explained in the section
3.4.1 and was subjected to a thermal cycle.
The thermal cycle programmed was the same for the three different types of
experiments. It consisted of one slope from the room temperature to 1500 ºC
during 90 minutes, following by an isothermal steep which held the temperature
during 30 minutes. After this, the furnace was turned off and the natural
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solidification started. It should be noticed that the heat was produced with a
constant rate. The 30 minutes of isothermal guarantee that the entire sample was
remelted.
As mentioned above in the 3.4.1 section, to measure and collect the temperature
data during the natural solidification process, two S-type of thermocouples wired to
a commercial acquisition data system were used. Unlike the thermocouples, which
were placed into the furnace at room temperature, could not withstand the high
temperature during a long time. As a consequence the injection of the
thermocouples were done 7 or 8 minutes before the furnace switched off. Just after
to adjust the high of the middle thermocouple (described at 3.4.1 section). This time
was enough to guarantee that the measure of both thermocouples were right and
stabled at high temperature before the beginning of the natural solidification. The
insertion was as slow as possible to let the thermocouples became accustomed to
the high temperature. Besides of this, the insertion had to be softly, without brush,
to prevent the thermocouple break as well as the shift of the glass pipes respect the
required point. Both thermocouples were wired to a commercial acquisition data
system that recorded the temperature of both positions as function of the time. The
sampling rate programmed was 10 measured by second. This allowed to recollect
enough data to plot the cooling curve of the middle (Central thermocouple or CTC)
and wall-surface position (Wall thermocouple WTC) of each composition.
More than three cooling reference curves experiments by composition were done
to assure the accuracy recollected data. The collected data of each composition were
plotted and touched up with Matlab to eliminate the difference between the
beginning of the record process and the beginning of the natural solidification
process. This allowed to compare the solidification process between different
compositions by superposition. Also, the cooling reference curves worked as a
guide to decide the quenching positions. The Apendix I shows the cooling reference
curve of each composition.
3.4.4

Quenching Experiments

The second type of experiments were the quenching experiment. The objective of
this experiment is to keep frozen, at room temperature, the austenite network of
determinate points of the solidification process. To make it possible, the bottom of
the furnace was just opened when the temperature reached the required point. The
seven graphite rods and the sample inside the crucible fell into one deposit with
flowing water. All the samples were immersed into the water approximately 10
minutes. The pump responsible for keeping the flow of water was switched on 5
minutes before the quenching to guarantee a constant and turbulent current and
avoid the heating of water that could appear if the pump had been connected
before. After that the samples were air-dried to prevent the corrosion through the
pinholes.
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The quenching positions were chosen according to base of the cooling reference
curves, previously obtained, and the Fe-C phase diagram of each composition. The
Fe-C phase diagrams were plotted with Thermo-Calc software (See Appendix I).
The quenching position 1 was selected to investigate the growth of the primary
phase after the coherence of the columnar and equiaxed grains (where CET is
defined). Specifically 40 seconds after the coherency point. As the coherency point
corresponds to the maximum temperature difference between the CTC and the
WTC during the primary solidification, identify the first quenching point was done
with the previous cooling reference curve.
The quenching position 2 corresponds to the temperature in which the graphite
starts to precipitate according to the Thermo-Calc Fe-C phase diagram. This
temperature is 1152ºC for all the compositions. As could be appreciated in the
diagrams showed in the appendix the temperature of graphite precipitation and the
temperature at what the liquid disappear is the same for all the compositions.
Nevertheless, the temperatures of precipitation and disappearance of other phases
are different depending on the composition.
The third quenching point corresponds with the point of maximum recalescence of
the eutectic. Notice that it was selected based on at the middle cooling reference
curve.
Table 7: Real and estimated temperatures for each composition at each corresponding quenching

time.

Composition

C0

C1

C2

C3

Quenching
Point

T estimate (ºC)

T Real (ºC)

Time
(s)

Begining
Weight
(g)

End
Weight
(g)

1

-

1184

1130

400

398

2

1152

1152

1331

399

399

3

-

1153

1510

400

400

1

-

1195

1095

400

397

2

1152

1152

1347

400

400

3

-

1152

1504

399

399

1

-

1195

1093

401

401

2

1152

1152

1343

400

400

3

-

1151

1530

400

400

1

-

1200

1093

400

397

2

1152

1152

1366

400

400

3

-

1147

1575

401

401
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The Table 7 shows for each composition and quenching points the estimate and
real temperature, the time at which were done the quenchings and the weight of the
sample at the beginning and end of the experiments. The estimate temperature for
the first and third quenching was taken from the cooling curves, while the estimate
temperature of the second quenching was taken from Thermo-Calc. The real
temperature was measured by the furnace thermocouple at the moment of each
quenching. The weights were written down to ensure that the loss of material during
the quenching wan not important.
3.4.5

Direct Austempering After Solidification (DAAS)

The Direct Austempering After Solidification (DAAS) is a technique that reveals
the macrostructure of grey iron. Using this technique, a significant portion of the
austenite can be retained at room temperature and the crystallography orientation
of the grains is preserved [46, 94, 95].
In this case, the DAAS was carried out transferring the samples from the resistance
furnace, when the temperature was approximately 980ºC, to other furnace at 900
ºC. The samples remained at 900 ºC for 30 minutes and then were austempered in
a molted salt bath held at 360ºC for 90 min. Afterwards, the samples were taken out
from the molten salt bath, letting them cooled until room temperature. The
transference between the resistance furnace and the furnace held at 900ºC was done
as faster as possible to avoid that the samples were cooled down to 950ºC.
Table 8: Times to reach 980 and 950 ºC into the resistance furnace during a natural solidification

process.

Composition
C0
C1
C2
C3

Time at 980 ºC(s)
2433
2440
2433
2443

Time at 950 ºC (s)
2628
2635
2629
2635

Difference time(s)
195
195
196
192

3.5 Microstructure Examination.
The goal of this phase of the method was reveal the microstructure of the samples
as clear as possible, to distinguish the phases in a posterior examination.
3.5.1

Specimen Preparation

In order to examine the microstructure of the quenching and As-cast samples
before and after the remelting process, they were cut, moulded with a Struers
CitoPress-1 57710064 in a polyfast disk, ground, polished and colour etched.
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 Cutting, Grinding and Polishing
Each specimen was sectioned perpendicularly to the longitudinal axis at 20
millimeters from the bottom. The cut was done with an enclosed abrasive wet
machine. The two parts of each sample were mounted in a resin holder of 50 mm
of diameter. Then the specimens were ground in two different steps. The first
grinding steep was done with consumable SiC foils (80, 120 and 220 grit size) on a
Presi Mecapol p310 VV at 300-550 rpm until the surfaces were planar. The second
grinding step was carried thought with MD- Piano disks (220, 500, 1200 and 2000)
in the Struers Tegramin. The same machine was used to polish. It was done in two
phases, using two different polishing cloths with two different water based diamond
suspensions. An MD-Dac polishing disk with DiaPro-Dac3 (3µm) suspension were
used for the first phase. Finally, the polishing with A MD-Nap disk and the DiaProNapB1 (1µm) suspension, made that the sample surfaces looked like a mirror.
It is important notice that between each grinding and polishing step, the surface of
the samples was cleaned with water to remove the particles. Also they were flushed
with ethanol and immediately dried with compressed air to avoid the corrosion.
After the last polishing step, the surface samples were cleaned with a cotton
drenched in soap before to flush them with ethanol.
 Colour Etching
The colour etching process was performed with two different methods as function
of the specimen.
I.

Picric Acid Colour Etching: this method consists of attacking the surface
sample with a solution of picric acid, which contains 200ml of distilled water,
160g KOH, 40g NaOH and 40g picric acid. To do that, the etching solution
have to be heat up to 108°C in a beaker, where the sample is immersed. The
fist-immersed interval should be of 2-3 minutes. Afterwards, the surface
have to be washed with water, flushed with ethanol and dried as faster as
possible. The next step is checking the microstructure in a microscope to
ensure if the lapse attack was enough to colour the microstructure or not. If
the microstructure was not be discernible, the process should be repeated.
For this reason, doing the steps as faster as possible is important in order
not to lose too much heat between the immersions and perform the process
as efficient as possible. In case the microstructure was over etching, the
process has to be repeated from the grinding of the sample. That is way, use
short immerse lapses is recommended.
The picric acid colour etching method was applied on the As-Cast and AsCast- Remelted surface specimens. The phases of the quenching specimens
did not enough discernible with this method.

II.

Diamond Colour Etching: this technique has been recently discovered in the
Department of Mechanical Engineering, Materials and Manufacturing-Foundry
Technology of School of Engineering of the Jönköping University [16, 17]. It
consists of colouring the microstructure re-polishing the samples with the S)
suspension. The dendrite net started to be discernible after a lapse of 2 minutes in
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the most of the cases. Smaller lapses were added until the colour etching was
enough good.

This technique unfortunately is unsuccessful for the As-Cast and As-CastRemelted samples, so it only could be used to reveal the quenching sample
microstructure [16, 17].


Image Treatment

All the etched surfaces were examined with an optical microscope (Olympus
GX71F). The microstructure showed morphological changes between both
different samples and different areas of the same sample. For this reason, the whole
area of each sample was observed and captured in a high resolution single
panorama. This panorama was made overlapping and assembling around 150
micrographs pictures captured with the Olympus optical microscope at 2.5x
magnification.
A representative region of 30,75 mm2 was selected from each specimen. It was
composed of two sample region of 2080 x 1544 pixel 2 (15,377 mm2). Both
micrographs have to meet the next criteria:
•

The selected area has to be representative of the specimen.

•

Each selected micrograph has to be located at of half radio distance from
the center of each sample.

•

Porosities or cracks cannot appear on the micrographs.

•

The etching has to be uniform, making discernible the primary phase from
the rest.

Figure 22: Procedure to assembly of panorama and selection of representative area.
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The first condition was established to avoid the completely equiaxed and columnar
areas. It avoided possible bias due to different grain type.
The next step consisted of extraction the shape and surface of the primary austenite
from the pictures previously chosen. This was carry out editing each micrograph
picture with Adobe Photoshop CS3, via a Wacom touch scream and its associated
pen. The procedure combined a hand-drawing technique with an automatically
refining process.
The hand-drawing technique consisted of drawing the primary austenite perimeter
with the pen directly on the screen. In some micrographs, where the austenite color
was clearly uniform, the units of austenite were directly selected with the magic wand
tool. It allowed to select the total area of each austenite being, avoiding to include
other elements (small eutectic colonies, an acicular phase, fine austenite grew in the
quenching…). In this case, it was necessary to refine the automatically selected
perimeter. To do that, the smooth function was applied, which eliminated the
irregularities, refining the rough edges of the selection [17].
Once the selection was the same as the primary austenite perimeter, the selected
area was painted in a black color and the remained area was painted in white color.
The contrast between black and white color and their correspondence with the
phases, simplified the analysis of the microstructure via Olympus Stream software.

Figure 23: To the top, the raw and treated micrograph of a 15,38 mm2 area from the As-Cast-

Remelted C0 sample. To the bottom, the raw and treated micrograph of a 15,38 mm 2 area for
the second quenching of composition C3.
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Once that all pictures were treated, Olympus Stream Motion was the software
executed to count and measure the different austenite bodies from the treated
images. The microstructure was quantified in terms of two kinds of parameters. The
Class Parameters allude to the whole austenite area that appear in each treated image
(black area), while the Object Parameters measures refer to each individual body of
austenite presented on the images.


Class Parameters

As above mentioned, the Class Parameters refer to the whole austenite of each
selected area. Class Parameters have been most employed parameters in the
traditionally studies of the coarsening process of cast iron.
I.

Measured Class Parameters: these values comes from the average of the
measures collected from the two selected areas per sample. The three first
were directly calculated by the Olympus Stream Motion software while the
fourth was also measured used with this program, but a manual process was
required.
 Area of Primary Austenite, Aγ (μm2): It is the total primary austenite area
(black area) that appears in each micrograph.
 Area Fraction of Primary Austenite, fγ(%): It is the percentage of the
austenite area in each micrograph. It can be expressed as:
𝑓𝛾 =

𝐴𝛾
𝐴𝑇

;

While AT is the total image treated (black and white areas) and Aγ is the
area occupied by the primary austenite.
 Perimeter of Primary Austenite, P γ (μm): It is the whole primary
austenite perimeter in the micrograph. It is the sum of the perimeters of
each primary austenite body that appears in the micrograph.

Figure 24: Image treated with the measure of SDAS [15].
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 Secondary Dendrite Arm Spacing, SDAS or λ2: It is the average distance
between the secondary arms of the primary austenite dendrites. The way
to measure this parameters consisted of drawing vectors parallels to the
primary arms that crossed the secondary arms. Each vector started and
finished in the center one secondary arms. It is important to notice that
at least had to be three spaces between the first and the last arm selected
(four arms).
II.

Calculated Class Parameters: These values have been calculated from the
measured class parameters. These relations provide useful information about
the coarsening of the primary austenite phase. There are:
 Modulus of Primary Austenite, M (μm): is the relation between the area
and the perimeter of primary austenite, but also it is an approximation to
the relation between the volume and the surface of primary austenite. It
comes represented by the next expression:
𝑀=

𝐴𝛾 𝑉𝛾
=
𝑃𝛾 𝑆𝛾

 Surface Area of Primary Austenite, Sγ (μm2): assuming that the total
volume is 1, the surface area of primary austenite is expressed by:
𝑆𝛾 =

𝑓𝛾 𝑉𝑇 𝑓𝛾 𝑃𝛾
=
𝑀
𝐴𝛾

 Specific Surface Area per Unit Volume, Sν (μm-1): this parameter
represents the total interfacial surface area divided into the total volume,
which is the same, in a cross section, as the primary austenite perimeter
divided into the total area. It is expressed as:
𝑆𝑣 =

𝑃𝛾
𝑆𝛾
=
𝐴 𝑇 𝜇𝑚3

 Inverse Surface Area per Unit Volume, Sν-1 (μm): it is easy deducible
from the before expression.
1
𝑆𝑣 −1 =
𝑆𝜈
 Hydraulic Diameter of interdendritic phases, DIPHyd (μm): this parameter
is the volume of interdendritic phases divided by its surface area. It also
corresponds to the area of interdendritic phases divided by its perimeters
on a cross section of the sample.
𝐻𝑦𝑑

𝐷𝐼𝑃

=

𝑉𝐼𝑃
𝑆𝐼𝑃
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Object Parameters

According to the below information, these parameters refer to each entity of
primary phase. They were directly measured by the Olympus software for all the
individual bodies of austenite in the whole selected area. The average of the
measures for each parameter is the final parameter value. These parameters are:
 Number of Objects of Primary Austenite: the number of entities of primary
austenite (black bodies).
 Area of Objects of Primary Austenite, Aγ0 (μm2): it is the area covered by
one object (entity) of primary austenite in the selected area.
 Perimeter of Objects of Primary Austenite,Pγ0 (μm): it is the perimeter per
object of primary austenite in the selected area.
 Nearest Neighbor Distance of Objects of Primary Austenite, NND (μm): it
is the shortest distance between two centers of gravity of entities of primary
austenite in the selected area.

3.6 Macrostructure Examination.
The grain structure of the DAAS samples was revealed trough two different colur
etching methods, as function of the acid used.
The first one consists of immersing the surface of the sample in Picral acid (4%),
which is a solution of 4g picric acid in 100mL of ethanol, approximately during one
minute. In this case, the acid has not been heated up and the etching is at room
temperature.
The second type of etching was done with Nital 4%, which is 4% alcoholic nitric
acid. In this case the sample was immersed also at room temperature, but only
during 3 or 4 seconds.
After these etchings, each sample was photographed several times. All the pictures
were taken with a Leica DFS295 camera, which was extracted from a Leco 500
microscope, from the same position, using different points of light for each picture.
The change on the light direction sought to reveal all the grains in at least one of
the pictures. Once the pictures were taken, three of each sample were carefully
selected and colorized respectively in green, red and blue with Photoshop. After
this, the three were merged in a single picture, whose brightness, tone and color
were slightly treated in order to make easier to differentiate the boundaries of the
grains for the human view.
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Figure 25: DAAS Image treatment.
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4 Findings and analysis
This chapter summarizes the experimental results in some tables, diagrams, graphs
and microstructures, making easier the analysis.
As mentioned above, the values shown in these tables are the main value for these
parameters, recollected from two different areas of the same sample.

4.1 Thermo-Calc Analysis
The thermodynamic behavior of the four compositions was carefully analyzed with
the Thermo-Calc software. The aim was to know the different phases that appear
during the solidification process and the temperature of the reactions.
The names written in the legend corresponds with the phases of the diagrams. The
Table 9 shows the real and legend name of each phase, as well as them constitution
and precipitation temperature.
Table 9: Precipitation temperature and composition of the stable phases that appear during the

thermodynamic solidification of C0, C1, C2 and C3, according to Thermo-Calc analysis.
T(°C)
C0 C1 C2

Name

Legend

Constitution

Liquid

LIQUID

(C,Cr,Cu,Cu2S,Fe,FeS,Mn,MnS,Mo,
Ni,NiS,P,S,Si,Ti,V)1

Primary
Austenite

FCC_A1

(Cr,Cu,Fe,Mn,Mo,Ni,P,S,Si,Ti,V)1
(C,VA)1

1184 1198 1198 1195

Ferrite

BCC_A2

(Cr,Cu,Fe,Mn,Mo,Ni,P,S,Si,Ti,V)1
(C,VA)3

769

Ti4C2S2

Ti4C2S2

(Ti)4 (C)2 (S)2

1150 1402 1670 2015

Ti2C2

FCC_A1#3

(Cr,Cu,Fe,Mn,Mo,Ni,P,S,Si,Ti,V)1
(C,VA)1

1125 1177

Graphite

GRAPHITE

C

1153 1152 1153 1152

(Cu,Fe,Mn)1 (S)1

1150 1128 1130 1127

MnS

MNS

-

-

766

-

777

No
data

C3
-

768

1316

For more detailed analysis composition, see Appendix II, where the solidification
diagrams are plotted.
Thermo-Calc analysis shows higher primary phase precipitation start-temperature
for the alloys with Ti content than for the base alloy. The difference of this
temperature between alloys with titanium is not significant. In addition to that point,
the software marks the existence of two titanium carbides, Ti4C2S2 and Ti2C2. In
both cases the solidification start-temperature increases with the amount of Ti. This
temperature is much higher for Ti4C2S2 than for Ti2C2. In C0 both carbides
precipitin after the primary phase, while the contrary happens for C2 and C3. In
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case of C1, Ti4C2S2 precipites before as the primary phase and after Ti4C2S2. The
graphite precipitation temperature is approximately the same for all compositions
(1152 – 1153 °C). The MnS precipitation temperature of alloys with Ti is
approximately 20 degrees lower than the MnS precipitation temperature of the base
composition.

4.2 Cooling Curves Analysis
The next graphics (Figure 23 to 25) show the temperature data reordered during the
solidification in both the direct casting and the remelting process. The data of the
casting were recollected with a quick-caps ATAS system. The data from the
remelting experiment come from the experimental set up described on the section
3.4.3, which use two S-type thermocouples and a commercial acquisition data
system.
a)

b)

Figure 26: Cooling curves: a) direct casting solidification process and b) after the remelting solidification

process.
a)

b)

Figure 27: Detail of the cooling curves during the primary phase solidification: a) direct casting

solidification process and b) after the remelting solidification process.
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a)

b)

Figure 28: Detail of the cooling curves during the eutectic phase solidification: a) direct casting

solidification process and b) after the remelting solidification process.

4.2.1

Cooling Curves As-Cast

The Table 10 andTable 11, respectively contain the data of temperature and time of
the main points during the casting. These dates were taken from quick-cup with the
ATAS system. The subscript “max undercooling-ɣ” corresponds to the point of
maximum undercooling during the primary solidification, “max undercooling-eut”
corresponds with the point of maximum undercooling during the eutectic
solidification, “max recalescence-eut” corresponds with the maximum recalescence
point in the eutectic solidification and “Solidus” corresponds to the point in which
the material is in solid stage.
Table 10: Solidification temperatures from the As-Cast casting measured with quick-cup ATAS

system.

Composition
C0
C1
C2
C3

T max

T max

undercooling-ɣ

undercoolingeut

(ºC)
1191,66
1203,33
1197
1200,67

(ºC)
1135
1130
1134
1134
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T max recalescence
eut (ºC)

TSolidus(ºC)

1139
1136
1140
1140

1097,76
1091,71
1095,36
1097,61
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Table 11: Solidification times from the As-Cast casting measured with quick-cup ATAS system.
Composition
C0
C1
C2
C3

t max undercooling-ɣ
(s)
32
26
38
31

t max undercoolingeut
(s)
122
121
109
121

t max recalescence eut
(s)
163
160
167
163

t

Solidus(s)

224
224
208
223

The Ti had no clear effect on the time and temperature in which these points
happen. The only clear observation is that C0 have the lowest maximum
undercooling temperature in both primary and eutectic solidification, and that the
difference between the temperature of maximum recalescence and the maximum
undercooling during the eutectic solidification is two degrees more in the alloys with
Ti than in the base alloy.
4.2.2

Cooling Curves As-Cast After Remelting

The next two tables (Table 12 and Table 13) collect the temperature and time of the
main points of the solidification process after the remelting. In this case the
subscripts“ɣ-Start” corresponds with the primary phase precipitation start, “max
recalescence-ɣ” corresponds with the local maximum of temperature after the “max
undercooling-ɣ” point and CET is the “coherence point” described on the section
2.2.3. The values of both temperature and time for these points, could be measured
thanks to the use of two thermocouples, and the plot of the temperature difference
between them (See Apendix I section 9.1).
The primary phase start solidification happens at higher temperatures and before as
higher is the Ti content of the composition. Looking to the Figure 31 it can be seen
how does not exist a maximum undercooling point of the primary phase
solidification for the compositions C1 and C2. However, a transition curvature
point exists for these two compositions. Considering this transition point works as
an undercooling point for C1 and C2, the interval of temperature between the startsolidification and the maximum undercooling of the primary phase is higher as
higher is the Ti content. The CET point happens early and at higher temperature as
higher is the Ti content.
The start solidification, the undercooling temperature and the maximum
recalescence temperature of the eutectic phase are low with the Ti content. The
time in which these points happen increasing with the Ti, with two exceptions.
One is the eutectic start solidification time of C0 and the other is the maximum
recalescence time of C1. C2 is the composition with higher temperature difference
between the undercooling point and the maximum of recalescence of the eutectic
solidification, follows by C0, C3 and C1.
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Table 12: Solidification temperatures of the As-Cast after remelted samples taken from the cooling

curves.

T
Composition ɣ-Start
(ºC)
C0
C1
C2
C3

1207
1218
1230
1230

T max

T max

undercooling-ɣ recalescence-ɣ

(ºC)
1193
1204
1205
1205

(⁰C)
1193
1207

TCET
(ºC)

Teut
(ºC)

1191
1201
1201
1204

1149
1157
1156
1152

T max

T max

undercooling eut

recalescence eut

(ºC)
1147
1147
1144
1142

(ºC)
1153
1152
1151
1147

Table 13: Solidification times of the As-Cast after remelted samples taken from the cooling curves.
t
Composition ɣ-Start
(s)
C0
C1
C2
C3

960
920
860
880

t max

t max

undercooling-ɣ

recalescence-ɣ

(s)
1036
1020
986
1006

(s)
1060
1053
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tCET
t (s)
(s) eut
1090
1055
1053
1053

1360
1300
1325
1370

t max

t max

undercooling eut

recalescence eut

(s)
1392
1403
1411
1460

(s)
1510
1504
1530
1575
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4.3 Experimental Results in Class Parameters
4.3.1

Measured Class Parameters

From now on, the terms “As-Cast” and “As-Cast-R” will refer respectively to the
As-Cast specimens of the direct casting and after the remelting process.
Table 14: Mean values of measured class parameters.
Composition Quenching
Point

C0

C1

C2

C3

Q1
Q2
Q3
As-Cast-R
As-Cast
Q1
Q2
Q3
As-Cast-R
As-Cast
Q1
Q2
Q3
As-Cast-R
As-Cast
Q1
Q2
Q3
As-Cast-R
As-Cast

tQuenching(s)

fγ (%)

Aγ (µm²)

Pγ (µm)

SDAS (µm)

1130
1331
1510
1095
1347
1504
1093
1343
1530
1080
1366
1575
-

26,78
31,295
33,98
34,595
38,075
36,605
37,44
40,705
51,305
47,325
34,76
39,675
38
41,5
40,44
29,54
35,015
38,52
42,91
41,5

4,12E+06
4,81E+06
5,23E+06
5,32E+06
5,85E+06
5,63E+06
5,76E+06
6,26E+06
7,89E+06
7,28E+06
5,35E+06
6,10E+06
5,84E+06
6,38E+06
6,22E+06
4,54E+06
5,38E+06
5,92E+06
6,60E+06
6,38E+06

2,29E+05
2,61E+05
2,40E+05
2,32E+05
2,70E+05
4,07E+05
2,89E+05
3,00E+05
3,30E+05
4,22E+05
4,21E+05
3,54E+05
2,49E+05
2,90E+05
4,82E+05
4,33E+05
2,62E+05
2,38E+05
2,29E+05
3,62E+05

29,86
43,96
48,15
52,57
64,17
33,33
49,79
48,76
51,51
37,49
29,13
38,40
52,92
56,13
28,21
27,76
48,99
59,78
70,29
38,95

Notice that the number of SDAS measured in each sample were different between
ones and others. This number changed between 11 and 79 measured per image
treated (half of the whole selected area per sample). This huge difference is as
consequence of the lost of coherency in the dendrite net. The composition with less
measured taken per selected area was C3 and the composition with higher measured
was C2.
For this reason, the SDAS parameter should not be taken as an accurate parameter
to understand the shape and the process of coarsening of the specimens.
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4.3.2

Calculated Class Parameters

The Table 15 shows the mean values of the calculated class parameters obtained
from the treated images of the selected area per sample. The analysis and discussion
of them will be done in the section 5.2.2. of this Thesis.

Table 15: Mean values of calculated class parameters.
Composition

C0

C1

C2

C3

Quenching
Point

tQuenching(s)

M (µm)

Sγ (µm²)

Sν (µm-1)

Sν-1 (µm)

DIPHyd (μm)

Q1
Q2
Q3
As-Cast-R
As-Cast
Q1
Q2
Q3
As-Cast-R
As-Cast
Q1
Q2
Q3
As-Cast-R
As-Cast
Q1
Q2
Q3
As-Cast-R
As-Cast

1130
1331
1510
1095
1347
1504
1093
1343
1530
1080
1366
1575
-

18,01
18,45
21,78
22,91
21,68
13,82
19,95
20,84
23,88
17,26
12,69
17,22
23,44
22,03
12,89
10,49
20,56
24,89
28,80
17,61

1,49E+09
1,70E+09
1,56E+09
1,51E+09
1,76E+09
2,65E+09
1,88E+09
1,95E+09
2,15E+09
2,74E+09
2,74E+09
2,30E+09
1,62E+09
1,88E+09
3,14E+09
2,81E+09
1,70E+09
1,55E+09
1,49E+09
2,36E+09

1,49E+09
1,70E+09
1,56E+09
1,51E+09
1,76E+09
2,65E+09
1,88E+09
1,95E+09
2,15E+09
2,74E+09
2,74E+09
2,30E+09
1,62E+09
1,88E+09
3,14E+09
2,81E+09
1,70E+09
1,55E+09
1,49E+09
2,36E+09

6,72E-10
5,90E-10
6,41E-10
6,62E-10
5,69E-10
3,77E-10
5,33E-10
5,12E-10
4,65E-10
3,65E-10
3,65E-10
4,34E-10
6,17E-10
5,31E-10
3,19E-10
3,55E-10
5,87E-10
6,46E-10
6,71E-10
4,24E-10

49,23
40,51
42,31
43,31
35,26
23,93
33,33
30,36
22,66
19,21
23,82
26,19
38,24
31,06
18,98
25,03
38,16
39,72
38,32
24,82
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4.4 Experimental Results in Object Parameters
The Table 16 shows the mean values of the calculated class parameters obtained
from the treated images of the selected area per sample. The analysis and discussion
of them will be done in the section 5.2.2. of this Thesis.

Table 16: Mean values of object class parameters.
Composition

C0

C1

C2

C3

Quenching
Point

tQuenching(s)

Number
of Objects

Aγ0 (µm²)

Pγ0
(µm)

Nearest Neighbour
Distance (µm)

Q1
Q2
Q3
As-Cast-R
As-Cast
Q1
Q2
Q3
As-Cast-R
As-Cast
Q1
Q2
Q3
As-Cast-R
As-Cast
Q1
Q2
Q3
As-Cast-R
As-Cast

1130
1331
1510
1095
1347
1504
1093
1343
1530
1080
1366
1575
-

1702
697
535
456,5
584,5
1604
766
707,5
579
1045,5
1828,5
1060
554
647,5
1842
2735,5
584
474,5
342
1103

2,42E+03
6,91E+03
9,76E+03
1,17E+04
1,00E+04
3,51E+03
7,51E+03
8,90E+03
1,51E+04
7,02E+03
2,94E+03
5,76E+03
1,06E+04
1,01E+04
3,37E+03
1,67E+03
9,22E+03
1,25E+04
1,95E+04
5,81E+03

133,76
374,16
448,34
508,91
462,41
253,94
376,76
426,87
610,83
406,19
231,21
334,57
450,34
454,40
311,33
158,77
448,58
502,39
671,75
329,17

28,70
87,19
101,61
107,10
101,33
59,34
88,03
92,96
108,69
78,07
54,37
76,71
99,86
97,84
72,01
43,76
99,96
109,37
128,00
80,69
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4.5 Microstructure Analysis
4.5.1

As-Cast Microstructure

C0

C1

C2

C3

Figure 29: Micrographs at 2.5, 5, 10, 20, 50 and 100x magnification of the As-Cast

samples etched with picric acid.

64

Discussion and conclusions

The Figure 29 andFigure 30 are composed of four columns of micrographs. Each
column corresponds to one of the studied materials and each row corresponds to
one magnification. All the micrographs of the Figure 29 show the primary austenite
net transformed in perlite phase, the eutectic cells, and a perlite matrix. Also the
phase showed in the Figure 31 appears in all the materials studied, but its amount
grows with the Ti added in the alloy. It is an unidentified type of phase, which
presents a shape similar as both iron carbide structures and regular phases with fast
growing.
C0

C1

C2

C3

Figure 30: Micrographs at 2.5, 5, 10 and 20x magnification of the As-Cast unetched samples.

The micrographs of the Figure 27 were taken from unetched samples, where the
graphite is easily distinguishable. The composition C0 has different types of
graphite, from A to D type. However, C1, C2 and C3 do not show Type-A graphite,
only undercooled graphite. In addition, the higher Ti content, the smaller is the
undercooled graphite. Notice that neither of the studied materials have been
inoculated during the casting. Therefore, as the only difference between the C0, C1,
C2 and C3 composition is the amount of Ti, the refining graphite effect can only
be due to Ti additions.
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The eutectic cells of C0 are remarkable different as the composition with Ti. C0
eutectic cells are mainly conformed by flakes of graphite surrounded by primary
austenite, meanwhile in the other three compositions, pearlite and ferrite appear
with the undercooled graphite. Besides of this, the C3 eutectic cell size changes.
Some cells are considerably bigger than others. This suggests that the time of
nucleation and grow is different for the two types.

Figure 31: Detail of the C1 at As-Cast stage. Magnification x10.

The precipitated particles have the same shape in the four materials. They seem to
be Octahedron carbides. Each material shows a different amount, size and
distribution of these particles. They are hardly to see in C0, due to there are only
few. All of them are situated on the primary austenite edge. C1 contains more
particles than C0, but their size is smaller than the C0 particles. They are not only
situated in the primary austenite edge, they also appear on the outside material (both
eutectic cells and matrix). C2 precipitated particles are very similar as C1 particles,
but in this case, the amount is slightly greater. Finally, C3 shows a huge amount of
particles. The most of them are located in both the edge and the inside of the
primary austenite net.
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4.5.2

As-Cast after Remelting Microstructure

C0

C1

C2

C3

Figure 32: Micrographs at 2.5, 5, 10, 20 and 50x magnification of the As-Cast-R samples etched

with picric acid.

The microstructure of the four compositions after the remelting are showed in the
above micrographs (Figure 32). Each column corresponds to one composition and
each row with one magnification. All compositions have an austenitic dendritic
network transformed in perlite, a pearlite matrix and eutectic cells. In addition to
that, some of the primary austenite situated in C2 eutectic area, appears surrounded
by ferrite.
The C0 composition has three types of graphite: flake (type-A), rosette (type-B)
and undercooled (type-D) (first column of the Figure 33). The graphite flakes appear
only in C0. The most of the flakes are embedded in pearlite, but in some cases, they
also appear surrounded by ferrite (Figure 32 micrographs at 10 and 20x). The
graphite in the others three compositions are type-D, which is much finer as higher
is the amount of Ti in the materials.
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C0

C1

C2

C3

Figure 33: Micrographs at 2.5, 5, 10 and 20x magnification of the As-Cast unetched samples.

The particles of C0 seem to be mainly octahedron carbides type. There are very few
and appear in the boundaries of the primary austenite net. Octahedron and Chinesescript particles appear in the three compositions with Ti. The amount of the
particles is higher with the Ti content. The type and distribution of them is different
in each composition. C1 has few particles, mainly small Chinese-script type, which
appear in the interdendritic area. In case of C2, the main type of them is also the
Chinese-script particle. In this case, they are bigger, and some are situated on the
inner border of the primary austenite net. Some octahedron particles are in the
interdendritic area of C2. C3 has a huge amount of octahedron particles in the
primary austenite net. The last row of the Figure 33 is made by one micrograph at
50x of each composition where the carbides can be seen.

Figure 34: To the left, Chinese-script type particle. To the right, Octahedron type particle.
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5 Discussion and conclusions
This section consists of a brief discussion about the methodology applied in this
work, as well as the findings obtained related with previous works aforementioned
in the literature review section. The final part of this section contains a summary of
the conclusion of the thesis.

5.1 Discussion of method
The main three parts that compose the method applied in this thesis are the
theoretical work, the experimental work and the analysis work.
5.1.1

Theoretical work

The theoretical work consisted of a deep reading of text books, articles and thesis
about: the solidification process of both gray iron and general metals alloys, the
process of coarsening during the solidification and the influence of certain elements
on gray cast iron.
The reading of both books and articles about the coarsening and general
solidification process in metal alloys, specifically in gray iron, were the base of the
theoretical knowledge necessary to a better understanding of the main processes
that happen during the solidification in gray iron. The articles about the influence
of the alloy elements, specifically those related to the Ti were carefully consulted in
order to understand how each element acts during the solidification. The
composition of the materials were selected in base of the articles [52, 61, 65, 69, 70,
76] , which deeply explained the Ti influence in grey iron.
5.1.2

Experimental work

 Material:
The four compositions of the studied material were selected in base of both
previous coarsening studies carried out at the School of Engineering of Jönköping
University and the above mentioned studies of the Ti influence in cast iron. The
idea was to cast a base composition of lamellar cast iron similar as the coarsening
previous studies [6, 15-17] and tree more with different additions of Ti. These
compositions were difficult to obtain due to some problems with the spectrometer
measure. The increase of carbon equivalent changed the alloy from hypoeutectic to
hypereutectic alloy in the first two castings, and three castings were necessaries to
cast all the compositions with carbon equivalent lower than 4,3%. Also these three
Ti alloys are not enough to characterize the behaviour of the different phase related
to the amount of Ti added. The difference of Ti between C2 and C3 is very high. It
is recommended to study a composition with Ti content between C2 and C3, and
also above of C3 in future research.
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The initial machining of samples with Titanium, as well as their cutting after the
remelting and quenching experiments, was complicated due to the harness of the
material compared with the base composition. The change of the ordinary lathe
tools for specific tools prepared for higher hardness material improved both the
machining quality and the safety during the process. Also both the spinning and
linear speed were increased to avoid the excess of heating. Even so, a high number
of operations and changes of tools were necessary as a consequence of the fast wear
of them. The cutting discs were replaced at least every two samples.
 Remelting and Quenching experiment setup
This part of the work was done in JU Cast, in a new furnace similar to the furnace
used in the previous works [6, 15-17]. The experimental set up used in these
experiments was slightly different as the previous research one. In this case, the
feeding of the argon gas into the chamber was through the bottom lid. The tube of
the chamber was also different as the previous set. It was replaced more than one,
due to the cracks that sometimes appeared at the level of the resistances. In order
to keep the same conditions of the experiment, a check of the diameter and high
size in both the used and new tube, was necessary before as each change.
The main challenge during the experiments was to insert the two thermocouples
with the less deviation possible respect of the right position. The 30 min of the
isothermal stage made impossible insert the glass pipes with the thermocouples at
the beginning of the heating steep. Also, the completely insertion of the two glass
pipes in the drills of the sample was not recommended due to the strains in the
sample during the remelting procedure. These strains would produce the
deformation of the glass pipes. The solution of the problem was hold both glass
pipes just above of the top of the sample, to insert them just before of the end of
the isothermal stage. Once both glass pipes were taken down, both thermocouples
were immediately inserted of the glass pipes. With this procedure, both the break
of thermocouples as consequence of the permanence at high temperature and the
deformation of the glass pipe were avoided. However, the positions of the glass
pipes with the thermocouples were slightly different as the ideal. As it is a manual
process, it causes deviations in the direction of insertion. A solution could be to
drive the insertion using two reference points. One could be the holds of the lid
and other could be a holder above of the top lip. This holder could be a disk with
the same “Z shape” of the top lip, provided with also three holds, but situated above
of the top lip. Notice that the distance has to be enough to avoid the smaller changes
of insertion angle that provoke higher position changes.
 Specimen Preparation
The preparation for the microstructure analysis of both the after remelted and
quenched samples of the compositions with Titanium, was complicated compared
with the preparation for the base composition samples.
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Firstly, an acceptable grind was difficult to obtain due the manual process of
grinding. The use of lot of 80 grit size disks were necessary to obtain a planar surface
of the sample, due to the roughness of the surface after the cutting. Also, the wear
per time of the grinding disks was higher as higher was the Ti of the sample. As a
consequence, the samples were not quenched were facing in the lathe before be
grinded. The best option could have been to use a grinding paper with grain size
higher for the first steep. This could not be due the not existence of them for the
grinding machine. The use of the workshop automatically grinder could not be
possible due the excessive heating of the sample, with made to hold the sample with
a holder, but this holder was not enough strong to keep the sample in the correct
position during the grinding.
The different etching methodology of the samples was due to the difference of
etching quality in each type of samples. Firstly, picric acid was used to etch the ascast and the as-cast after remelted samples. This etching was also applied to the
quenching samples, but the colour etching was not uniform. As consequence, the
colour etching with diamond liquid solution [16, 17] was applied, turning out to be
acceptable.
Finally, the Nital etching for the DAAS samples come out as the best method to
reveal the edges of the grains. The Picral etching, selected because it was used in
previous researches, did not make distinguishable the macrostructure once the
overlapping of treated images was done.
 Microstructure analysis work
The process to capture the entire surface sample in a single panorama, overlapping
the 20% of almost 120 micrographs, was long, but also very useful. It provided a
better view of the different areas of the specimen, making easier the identification
of areas that fulfilled the requirements to be analysed.
The new automatically microstructure draw procedure developed by B.Domeji [17],
could not be applied. In some cases, the colour etched of some phases was similar,
complicating the automatically selection. Besides, the colour difference between
areas of the same object was also different in some cases. This made unavoidable
the use of the hand drawing technique used in the previous projects carried out at
Jönkping University [6, 15]. Nevertheless, the new method that combines the
automatically austenite object selection with an automatically refining process,
becomes successful in all the specimens with similar colour etched of the inside
object area. It allows save time respect the completely hand drawing procedure.
The rest of the work consisted of processing the treated images with the Olympus
Sream Software, and carefully compile and analyse all the information.
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5.2 Discussion of findings
This section contains the discussion and evaluation of the findings. The structure
of this section is the same as the 4 chapter, in order to make easier to the reader to
follow the discussion and evaluation of the information collected.
5.2.1

The solidification process: Thermo-Calc and Cooling Curves

Both the Thermo-Calc and the Cooling Curve analysis reported that the primary
solidification process happens before and with higher temperature in the
compositions with Ti than in the base composition (see the diagrams of the Apendix
I and the graphs of the Apendix II). Considering the carbides Ti4C2S2 and Ti2C2
reported on the Thermo-Calc analysis, which precipitate as higher temperature as
much Ti contain, as nucleation preference site for the austenite, the austenite
precipitation delay on both temperature and time for the base composition seems
to be reasonable.
The difference of T max undercooling-ɣ between the base composition and the others is
around 11-12 ºC in the solidification process after the remitting. 11-12 ºC is also the
difference between the start solidification temperature of the austenite for the Ti
alloys and base composition, in the Thermo-Calc analysis. This temperature interval
is higher for the direct casting, whose difference goes from 6 to 12 degrees. Despite
both the temperature values and the temperature intervals before mentioned are
different between the three measured processes, a similar behaviour is cheeked with
the three analysis. Notice that the variation of interval temperature in the direct
casting could be due to the measures from quick-cup with an ATAS system, which
is not good to measure high casting temperatures.
The after remelting cooling curve data also show how the time interval form the
austenite start solidification to the CET point, increases from C0 to C2, where it is
maximum. For C3 the interval is smaller as C2 interval but bigger as the others. This
could be one of the reason of C2 austenite net appears to be the most refined net,
which will be discussed in the next section.
The T max undercooling eut is lower as higher is the amount of Ti in both the direct and
after remelting solidification. Besides of this, in the remelting process, the maximum
undercooling of the eutectic phase is delay on time as higher is the Ti content of
the alloy. However, the recalescence of the eutectic reaction, is not higher as higher
is the amount of Ti.
Both types of analysis, the Thermo-Calc and the Cooling Curves analysis, have
revealed that Ti increase the temperature between the primary and the eutectic
solidification.
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5.2.2

Experimental Results of Class and Object Parameters

This part of the discussion is divided into two points. The first analyses the value
of the parameters in both as-cast stages of the four composition, trying to identify
how the remelting process affect to the phase morphology. The second consists of
analying the microstructure solidification stages during the solidification after the
remelting process.
 As-Cast and As-Cast After Remelting microstructure
The experimental results of the As-Cast show lower M, SDAS, Sν-1and DIPHyd values
for C1, C2 and C3 than for C0. Besides, C0 have the lowest number of objects
value. These data suggest that Ti additions provoke the primary austenite dendritic
structure refining. However, as the parameters values do not follow a direct increase
or decrease tendency as function of the Ti added. The data point to C2 austenite
dendrite structure is the most refined and in C0 austenite dendrite structure is the
lowest (see Apendix III, section 9.3).
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Figure 35: Number of objects, M, Sv-1 and SDAS of As-Cast samples.
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Figure 36: DIPHyd and NND of As-Cast-R samples.

The same analysis performed for the As-Cast-R samples shows how M, SDAS, Sν-1
and DIPHyd increase for all the compositions respect the As-Cast values, meanwhile
the number of object decreases. This is agree with the idea that remelting processes
promote the coarsening of the austenite net. In this case, C3 shows the highest M,
SDAS and Sν-1 values with the lowest number of objects. SDAS C3 value is the
highest, with the lowest number of measures (11 data).This suggest a high loss of
coherence in C3 austenite dendrite net. By other hand, M, SDAS and Sν-1of both
C1 and C2 remain below of C0 values, meanwhile the number of objects of both,
C1 and C2, is higher than in C0. This suggests that exist a certain titanium amount
between C2 and C3, above which the austenite microstructure of the alloy will be
much more coarsened than the base composition, and below which the austenite
microstructure of the alloy will be much finer. Once more, C2 austenite distribution
seems to be the finest and well distributed.
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Figure 37: Number of objects and M of As-Cast-R samples.
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Figure 38: Sv-1, SDAS, DIPHyd and NND of As-Cast-R samples.

If now we look the difference between As-Cast and As-Cast after remelting values,
we can observe how as higher is the Ti content, higher is the M, SDAS and Sν-1
difference between both types of as-cast austenite net. Nevertheless, the number of
objects, the DIPHyd and the NND difference between both types of specimens do
not show a clear tendency, where C1 do not follow the amount of either increase
or decrease that could be expect. Limiting the analysis to the traditional parameters
to measure the dendrite net (M, SDAS and Sν-1), that the remelting process causes a
higher austenite net loss of coherency as higher is the Ti amount of the alloy could
be said.
Finally, it is important to consider that the As-Cast austenite fraction samples is
lower as the As-Cast-R austenite fraction samples for C1, C2 and C3, meanwhile
the opposite happens in C0. Therefore, it could not be said that the remelting
process does not affect to the austenite fraction.
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 Quenched Specimens Microstructure
The M and SDAS parameters are evaluate as function of t1/3, where t is the
solidification time, in order to describe the austenite morphology evolution. The
evaluation respect t1/3 and not t, is because the austenite coarsened seems to be
proportional as t1/3 has been reported in previous investigations [10, 15, 39]. In this
case, M and SDAS increases with both the time and the Ti amount. Besides of this,
in both cases, the higher Ti content, the higher is the slope. The only exception is
the SDAS of C1, whose slope is lower as the C0 slope.
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Figure 40: Time dependence of M for all the quenched samples.
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5.2.3

Microstructure

The analysed material has not been inoculated, therefore the eutectic undercooling
increase and the appearance of more nucleation points for the graphite, promoting
the undercooled graphite, can only be due to the Ti. The effect of the Ti to promote
the undercooled graphite is verified on the visual microstructure analysis of the
section 4.5. The Type A graphite disappears as soon as the material has Ti and the
undercooled graphite becomes smaller as higher is the amount of Ti, in both types
of as-cast samples.
Besides of this, it is clear Ti promotes the formation of particles. The amount of
this particles also becomes higher as higher is the Ti content. Two types of particles
have been found according with their shape. One shape is similar as Octahedron
carbides, meanwhile the other has a Chinese-script shape. The Octahedron shape
particles appears in all the compositions, mainly in both the edge and inside of the
austenite net. On the other hand, the Chinese-script particles only appears after the
remelting and solidification process, being C2 the composition with high amount
of them. The Chinese-script particles are mainly located on the inner border of the
primary austenite.
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5.2.4

Macrostructure

The qualitative analysis of the DAAS reveals a grain size increase from C0 to C2,
which induce to think that the high Ti count, the high grain size will be. However,
this trend is broken in C3 composition, whose grain are the smallest. Therefore It
could not be say that the grain will be bigger as much amounts of Ti are in the
material. Once more, C3 shows a different behaviour respect the others
composition.
The different behaviour of C3 has appeared on the macrostructure analysis and
both the experimental parameters and the precipitated particles analysis of the as
cast after remelting. A change of the mechanical properties trend between C2 and
C3 seams be reasonable, which could be related with the “critical level of titanium”
for the strength mentioned on the section 2.3.2.
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5.3 Conclusions
5.3.1

Method Conclusions

 The Thesis also confirmed that the SDAS is not a good parameter to
characterize the evolution of the austenite dendritic structure during the
solidification process.
 The 4% alcoholic nitric acid make more distinguishable the grains after a
DAAS treatment, than the Picral (4%).
5.3.2

Findings conclusions

 Solidification
 Titanium shifts the primary austenite start of solidification to a higher
temperature.
 Titanium delays the eutectic solidification, increasing the undercooling.
 The primary solidification field increases with the Titanium.
 Morphology
 Titanium refines the austenite dendritic structure in the direct casting.
 Titanium addition promotes the austenite coarsening in the remelting
process.
 Titanium promotes the graphite transition from Type A to type D. The
undercooled graphite becomes finer as higher is the amount of Titanium,
appearing in all the alloys with Titanium content.
 Titanium have a strong influence in the precipitation of particles, which both
number and morphology change as function of the amount of Titanium in
the material. The higher Titanium content, the higher is the number of
particles precipitated. The shape of the particles looks as either Octahedron
or Chinese-script particles. Octahedron particles appear in both the direct
casting and after remelting solidification, however Chinese-script particles
only appear after the remelting solidification.
 There is a grain growth tendency form 0,05 to 0,23 wt-% of Ti.
 The alloy with 0,41 %wt of Ti, composition with highest amount of
Titanium, does not follow the behaviour tendency respect the morphology
and distribution of both austenite and particles, the grain size, the mechanical
properties, etc, as the alloys with 0,05, 0,15 and 0,23-wt% of Ti. This is not
enough to prove the existence of one amount of Titanium between 0,23 and
0,41, from where the behaviour tendency changes.
 The number of compositions analysed it is not enough to connect both the
micro and macro structure evolution as function of the amount of Titanium
contained in the alloy. The study of at least one alloy with Titanium content
between 0.23 and 0.41 is indispensable.
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6 Future Work
Below, a number of proposals are listened for possible lines of work
 Perform more experiments with an intermediate composition between C2
and C3, in order to verify the existence of a behaviour tendency change.
 Carry out tensile test, in order to study the influence of the Ti in the
mechanical properties, relating them to the different grain size, primary
austenite net and both type and amount of precipitated particles. Specially,
checking if a behaviour tendency change exists between C2 and C3.
 Deeply SEM study of the type, amount, size and distribution of the amount
particles precipitated as function of the Ti content.
 Perform a completely characterization of both type and distribution of
graphite as function of the Ti content, developing a new characterization
method.
 Find an accuracy and reliable method to both count the number of grains of
DAAS samples and measure their area and perimeter.
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9 Appendices
9.1 Apendix1: Cooling Curves and Quenching Points
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Figure 42: Cooling curve, temperature difference curve and quenching points of C0.
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Figure 43: Cooling curve, temperature difference curve and quenching points of C1.
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Figure 44: Cooling curve, temperature difference curve and quenching points of C2.
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Figure 45: Cooling curve, temperature difference curve and quenching points of C3.
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9.2 Apendix II: Thermo-Calc Diagrams

C0

Figure 46: C0 phase diagram.
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C1

Figure 47: C1 phase diagram.
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C2

Figure 48: C2 phase diagram.
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C3

Figure 49: C3 phase diagram.
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9.3 Apendix III: Micrographics
9.3.1

Full Cross-section of the samples

Figure 50: As-Cast sample of C0.
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Figure 51: As-Cast sample of C1.
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Figure 52: As-Cast sample of C2.
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Figure 53: As-Cast sample of C3.
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Figure 54: As-Cast-R sample of C0.
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Figure 55: As-Cast-R sample of C1.
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Figure 56: As-Cast-R sample of C2.
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Figure 57: As-Cast-R sample of C3.
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Figure 58: Q1 sample of C0.
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Figure 59: Q1 sample of C1.
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Figure 60: Q1 sample of C2.
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Figure 61: Q1 sample of C3.
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Figure 62: Q2 sample of C0.
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Figure 63: Q2 sample of C1.
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Figure 64: Q2 sample of C2.
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Figure 65: Q2 sample of C3.
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Figure 66: Q3 sample of C0.
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Figure 67: Q3 sample of C1.
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Figure 68: Q3 sample of C2.
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Figure 69: Q3 sample of C3.
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9.3.2

Selected analysis areas – treated images

Figure 70: To the left, selected area for C0 in As-Cast samples. The right, the

correspondent treated images.

Figure 71: To the left, selected area for C1 in As-Cast samples. The right, the

correspondent treated images.
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Figure 72: To the left, selected area for C2 in As-Cast samples. The right, the

correspondent treated images.

Figure 73: To the left, selected area for C3 in As-Cast samples. The right, the

correspondent treated images.
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Figure 75: To the left, selected area for C0 in Q1 samples. The right, the correspondent

treated images.

Figure 74: To the left, selected area for C1 in Q1 samples. The right, the correspondent

treated images.
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Figure 77: To the left, selected area for C2 in Q1 samples. The right, the correspondent

treated images.

Figure 76: To the left, selected area for C3 in Q1 samples. The right, the correspondent

treated images.
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Figure 79: To the left, selected area for C0 in Q2 samples. The right, the correspondent

treated images.

Figure 78: To the left, selected area for C1 in Q2samples. The right, the correspondent

treated images.
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Figure 81: To the left, selected area for C2 in Q2 samples. The right, the correspondent

treated images.

Figure 80: To the left, selected area for C3 in Q2 samples. The right, the correspondent

treated images.
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Figure 82: To the left, selected area for C0 in Q3 samples. The right, the correspondent

treated images.

Figure 83: To the left, selected area for C1 in Q3 samples. The right, the correspondent

treated images.
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Figure 84: To the left, selected area for C2 in Q3 samples. The right, the correspondent

treated images.
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Figure 87: To the left, selected area for C0 in As-Cast-R samples. The right, the

correspondent treated images.
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Figure 90: To the left, selected area for C2 in As-Cast-R samples. The right, the

correspondent treated images.

Figure 91: To the left, selected area for C3 in As-Cast-R samples. The right, the
correspondent treated images.
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9.4 Apendix IV: DAAS Treated Pictures
9.4.1

Difference between Picral and Nital Etchings

Picral Etching

Nital Etching

C0

C1

C2

C3

Figure 92: DAAS treated images from, the bottom samples C0, C1,C2 and C3 etched with both
Picral and Nital.
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9.4.2

Treated pictures from samples etched with Nital

This section contains three treated images from the bottom and top samples of C0,
C1, C2 and C3 compositions. The section contains also one image of the outline of
the grains of each sample, performed from each group of the thee images before
mentioned.
The procedure to draw the outline of the grains was done with Photoshop CS3, via
a Wacom touch scream and its associated pen. The three treated images form each
group were load in the same Photoshop document, corresponding each of them
with one of the layer of the picture. The outline of the grains was drawing on one
transparent layer, which allow see the layer situated under it. Once that the grains
revealed by one treated image were drawn, the correspondent layer to this image
was hidden to the view, leaving to see the treated image situated under it. The
process was repeated until all the border of the grains showed by the three images
treated was drawn in the transparent layer. After that, a white layer was added above
the transparent layer, and both were merged in a single image, which allows have a
better notion of the size and approximately number of grains that have each sample.
It is important notice that all the grains per sample do not appear in the three treated
images. For this the image with the outline of the grains can only give us one idea
about the size of the grains. Notice that real number of grains could be higher as
the number of grains counted from the image with the grains outline of the sample.
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Figure 93: On the top, three DAAS treated images from the bottom sample of C0. The fourth image
correspond with the border of the grains, which were drawing from each one of the three treated pictures.
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Figure 94: On the top, three DAAS treated images from the top sample of C0. The fourth image
correspond with the border of the grains, which were drawing from each one of the three treated pictures.
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Figure 95: On the top, three DAAS treated images from the bottom sample of C1. The fourth image
correspond with the border of the grains, which were drawing from each one of the three treated pictures.
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Figure 96: On the top, three DAAS treated images from the top sample of C1. The fourth image
correspond with the border of the grains, which were drawing from each one of the three treated pictures.
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Figure 97: On the top, three DAAS treated images from the bottom sample of C2. The fourth image
correspond with the border of the grains, which were drawing from each one of the three treated pictures.
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Figure 98: On the top, three DAAS treated images from the top sample of C2. The fourth image
correspond with the border of the grains, which were drawing from each one of the three treated pictures
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Figure 99: On the top, three DAAS treated images from the bottom sample of C3. The fourth image
correspond with the border of the grains, which were drawing from each one of the three treated pictures.
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Figure 100: On the top, three DAAS treated images from the top sample of C3. The fourth image
correspond with the border of the grains, which were drawing from each one of the three treated pictures.
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