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DENDRITIC MORPHOLOGY AND ULTIMATE TENSILE STRENGTH OF PEARLITIC LAMELLAR GRAPHITE IRON

ABSTRACT
The continued development, of cylinder blocks and cylinder heads for heavy truck
engines that are made of lamellar graphite iron (LGI) is focused on achieving high
ultimate tensile strength (UTS) whilst conforming to environmental regulations. The
purpose of this work is to further improve the tensile strength as well as the predictive
engineering tools for optimization of LGI aimed to enhance the efforts for producing
lighter and sustainable components without sacrificing performance.
Varying the carbon content and solidification rate greatly influences the amount and the
coarseness of the microstructure phases resulting in large variations of material properties.
The experimental data set provided in this work covers a comprehensive range of
microstructure and the UTS values aimed to be used in a holistic model for UTS
prediction.
In pearlitic LGI the primary austenite dendritic network reinforces the material while
the distance between the pearlite grains defines the maximum continuous defect size. The
Hyd
novel parameter of Hydraulic Diameter of the Inter-dendritic Phase (DIP ) has been
introduced in this work to express the amount and the coarseness of the space between the
Hyd
pearlite grains that have been solidified as primary austenite dendrites. The DIP has
proven to be the generic parameter that defines the maximum continuous defect size in the
material, and hence it has been applied in modified Griffith and Hall-Petch models for
prediction of UTS.
Microstructure models have been developed for prediction of the key microstructure
parameters that define the strength of LGI. These models have been combined with the
modified Griffith and Hall-Petch equations and incorporated into casting simulation
software to enable the strength prediction for pearlitic LGI alloys with various carbon
contents. The results show that the developed models can be successfully applied, along
with the simulation tools across a wide range of carbon content from eutectic to
hypoeutectic composition, for the alloys solidified at various cooling rates typical for both
thin and thick walled complex shaped iron castings.
Keywords: Lamellar graphite iron, Primary austenite dendrite, Ultimate tensile strength,
Microstructure model.
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CHAPTER 1

INTRODUCTION
CHAPTER INTRODUCTION
The background for the current work is provided, followed by an outline of the
microstructure formation, the mechanical properties and the microstructure
characterization of lamellar graphite iron.

1.1 BACKGROUND
Cast iron is a group of ferrous alloys that primarily contains more than two weight
percent of carbon and a substantial amount of silicon, usually from one to three weight
percent. It also contains minor amounts of alloying elements such as Mn, P, S and others
[1]. Cast iron exhibits several unique casting and physical properties that make John
Campbell to refer to this material as ¨a nature’s gift to Foundrymen¨ [2]. The high carbon
and silicon contents, makes cast irons easily melted, provide good fluidity and prohibit the
formation of surface films during pouring. Moreover, the dissolved carbon precipitates as
low dense graphite phase to cause an expansion which can offset the material shrinkage
during the solidification. The presence of the graphite provides good damping capacity,
quite high thermal conductivity and good machinability accompanied with increased wear
resistance [1].
The combination of excellent properties and competitive production cost is the reason
that cast irons remain the most used casting material. Especially in automotive industry,
the cylinder heads and cylinder blocks for the diesel truck engines are exclusively
produced from cast iron alloys. The cast iron maximum tensile strength is one of the main
factors that determines the performance and the fuel consumption of these engines because
higher peak firing pressures in a combustion chamber result in less fuel consumption,
emissions reduction and larger power output and torque [3]. Nowadays, there is a great
need to improve further the mechanical properties and the prediction models for
optimization of these components aimed to fulfil the rigorous environmental legislations,
sustainability goals and customer demands.
According to the shape of the formed graphite, cast irons are classified as lamellar
graphite iron where the graphite grows with a flake-like shape, spheroidal graphite iron
where the graphite precipitates as nodules and compacted graphite iron where graphite has
an intermediate shape, see Figure 1. It has been suggested in [4] that the various graphite
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shapes are the result of the preferred growth directions of the graphite crystal. Other
researchers [5, 6] have been proposed that the interfacial energies between the graphite
and the melt, determine the morphology of the graphite phase.

(a)

(b)

(c)

Figure 1: Different graphite morphologies: (a) Lamellar, (b) Spheroidal and (c) Compacted.
Depending on chemical composition cast irons can solidify as hypo-eutectic, eutectic or
hyper-eutectic alloy. The Carbon Equivalent (CEq) factor assessing the impact of carbon,
silicon, phosphorous or other elements, on the manner of solidification and is given by
general Eq. 1:
n

CEq = Cc + ∑ GCI Ci
1

(1)

where CC, Ci are the concentrations (wt %) of carbon and other alloying elements in the
cast iron; GCI is the carbon equivalent of element i. For example, the carbon equivalents of
silicon and phosphorus are GCSi = 0.3 and GCP = 0.3 [7].

1.2 SOLIDIFICATION MICROSTRUCTURE
Most lamellar graphite iron (LGI) castings have a hypoeutectic composition. Therefore,
the solidification begins with the nucleation and growth of austenite until the eutectic
temperature is reached and the graphite starts to precipitate [1]. The sequence of the
microstructure that develops in the LGI melt of hypoeutectic composition is illustrated
schematically in Figure 2 [8]. The positions 1-6 denote the main structure development
during the solidification and solid-state transformation including the nucleation and
growth of the primary austenite (position 1), the coherency point between columnar and
equiaxed crystals (position 2), the formation and growth of the eutectic phase (positions 3,
4 and 5), and the transformation of the austenite matrix into pearlite/ferrite (position 6).
The temperature scales are different in Figure 2. Brief description of the formation and
growth mechanisms for each microstructure phase is presented in the following
paragraphs.
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Figure 2: Binary Fe-C-Si phase diagram at 1.8% Si, obtained using Thermocalc® with the
TCFE6 database (left) and typical cooling curve and schematic illustration of the
solidification structure (right) [8].
The primary austenite is the first phase that is nucleated heterogeneously on foreign
substrates or on the walls of the mould. It grows with a dendritic morphology due to the
constitutional undercooling imposed from the segregated elements at the interface of the
solid-liquid front (positions 1 and 2 in Figure 2) [8]. Dendrites that originate from the
same nucleus grow by forming a complex network of primary, secondary and/or higher
order arms with the same crystallographic orientation known as grains, see Figure 3 [9].

Figure 3: Schematic illustration of dendritic
grains [9].

Figure 4: Chill, columnar and equiaxed zone
in an ingot casting [10].

The grain structure is a result of the growth competition between the columnar and
equiaxed dendrites. This competition results in three distinct zones with different grain
structures within the casting. The first zone is consisting of small equiaxed crystals with
random orientation (chill zone). The second zone consists of columnar grains that grows
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from the outer equiaxed. When the thermal gradient decreases the columnar growth is
obstructed by the inner equiaxed zone growth, resulting in the Columnar-to-EquiaxedTransition. Figure 4 shows schematically the grain structure in an ingot solidified from the
lateral and bottom sides [10].
The extension of primary dendrites is interrupted when the columnar and equiaxed
crystals collide and impinge each other (position 2 in Figure 2). After passing the grain
coherency the development of the primary dendrite is determined by a simultaneous
precipitation of the austenite phase due to the temperature decrease and the transformation
of the dendritic morphology by coarsening. Dendritic coarsening involves elimination of
the small dendritic arms and simultaneously the growth of the larger dendritic arms, which
are in close proximity to the smaller ones. The driving force for dendrite coarsening is the
composition of the liquid at the surfaces of dendrite arms, which varies according to the
radii of the dendrite curvature. This variation causes a continuing solute flux from the
larger arm to the smaller one which, in its turn, causes the dissolution of the smaller arm
and enhances the growth of the larger arm [10]. Figure 5 illustrates the dendritic
coarsening process as resulted from isothermal coarsening experiments in LGI [11].

(a)
(b)
(c)
Figure 5: Coarsened dendritic structure of LGI after: (a) 2 min, (b) 90 min and (3) 24 h [11].
When the melt reaches the eutectic composition (position 3 in Figure 2), specific
substrates act as nucleation sites for the precipitation of the graphite [12, 13, 14]. Figure 6
illustrates schematically the solidification mechanism [15]. Initially the graphite particles
grow independently. As the solidification progresses the advanced austenite dendrites
interact with the graphite particles forming units that grow cooperatively, both being in
contact with the melt (position 4 and 5 in Figure 2). These units resemble microstructure
colonies rather than independent eutectic cells. However, to be consistent with the
prevailing terminology, the eutectic colonies will be named eutectic cells in this work.

Figure 6: Schematic illustration of the eutectic solidification for lamellar graphite iron [15].
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The graphite is a faceted phase which can grow only along well-defined planes and/or
directions (irregular eutectic). The faceted graphite lamellar define the morphology of the
eutectic phase during the coupled growth of the graphite-austenite eutectic. The result is
the very complex graphite morphologies surrounded by austenite. Figure 7 shows the flake
graphite form in LGI sample after the removal of the metallic phase via deep etching [16].

Figure 7: SEM image of flake graphite after removal of metallic phase [16].

1.3 EUTECTOID MICROSTRUCTURE
During the eutectoid reaction the austenitic metallic matrix transforms into ferrite, or
pearlite, or a mixture of ferrite/pearlite. Alloying elements and cooling conditions controls
whether the solid-state transformation would result to the formation of ferrite or pearlite.
The formation of ferrite starts at 738 °C, which can be altered by the presence of alloying
elements. The pearlite formation starts when the temperature drops below the 727 °C for
the binary alloy.
Considering the microstructure evolution in fully pearlite steels, the transformation of
austenite to pearlite occurs by the formation of pearlite colonies, at the boundaries of the
austenite grains. Pearlite colonies are microstructure units composed of several alternating
lamellae of ferrite and cementite which are parallel to each other and have a single
orientation. At the early stage of transformation, colonies of different growth directions
impinge to each other forming nodules as seen in Figure 8. Finally, the transformation
process is completed with the impingement of the pearlite nodules [17].
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Figure 8: Schematic illustration of various constituents in pearlite [17].
Pearlite is a hard and brittle phase and the pearlite lamellar spacing (λpearlite) has been
reported to be the parameter primarily responsible for the strength characteristics in
pearlitic steels [18]. The λpearlite parameter at room temperature assumed to be dependent
on the cooling rate in the eutectoid transformation region. The empirical relationship
between λpearlite at room temperature and the cooling rate between 700 and 740°C, for LGI
is shown in Figure 9 [19].

Pearlite lamellar spacing, m

0.4

0.3

0.2

0.1

0
0

0.04

0.08 0.12 0.16
Cooling rate, C/s

0.2

0.24

Figure 9: Pearlite lamellar spacing as a function of cooling rate between 700 and 740°C.
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1.4 TENSILE STRENGTH OF LAMELLAR GRAPHITE IRON
Chemical composition and solidification rate dictate the nucleation and the growth of
different microstructure phases and thus, the resulting mechanical properties in LGI. Here,
the graphite flake size is of outmost importance for the tensile strength of LGI [20-27]. It
is likely that under stress, the graphite flakes dispersed in the metal matrix act as notches
that decrease the material strength due to the formation of multiple cracks at the graphite
lamellae tips [22]. However, graphite de-cohesion from the matrix has also been attributed
to the main source of strength reduction [23]. Note that eutectic cell size is proportional to
the maximum size of graphite flakes since graphite cannot grow beyond the border of the
eutectic cell. Figure 10 and 11 illustrate the microstructure in the cross-section of a tensile
specimen. The red arrow indicates the tensile load direction. As can be seen in Figure 10,
the crack path follows the graphite-matrix interfaces and passes through the eutectic cell.
Graphite de-cohesion from the matrix can be also be observed. Figure 11 shows the crack
had advanced in the metallic matrix, at the periphery of some intact dendrite arms (pearlite
grains that were solidified as primary dendrites). This indicates that the dendrites pose
much higher resistance to the crack growth in comparison to the eutectic phase [25].
Fracture surface

Graphite de-cohesion

Fracture surface

Dendrite arms

Eutectic
cell border

Figure 10: Crack propagation at the inner
area of eutectic cell.

Figure 11: The crack path bypasses the
dendrite arms.

High cooling rates refine both the dendrite network and the eutectic cell structure
resulting in improved tensile properties. On the other hand, increasing carbon content
reduces the amount of the primary phase that acts as reinforcing unit in the material and
results in a lower mechanical strength [25, 26, 27].
Chemical composition and cooling conditions also affect the type of the metal matrix.
The mechanical properties can vary considerably depending on whether the matrix is
ferritic or pearlitic. The strength increases with the pearlite content while in a fully
pearlitic matrix, the strength depends on the pearlite lamellar spacing. A finer lamellar
spacing gives an improved material strength [28].
Lamellar graphite iron is a relatively brittle material with a non-linear mechanical
behavior due to the decohesion of the graphite flakes from the metallic matrix when a load
is applied [23]. Traditionally different grades of LGI are distinguished with their static
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ultimate tensile strength (UTS) indicating that UTS is thought to be the most important
mechanical property of LGI. Other mechanical properties are determined by empirical
relationships based on UTS. Generally, lamellar graphite iron microstructure parameters
have an interactive influence on the mechanical properties resulting in a complex tensile
behavior whose true character remains elusive [29].

1.5 PREDICTION OF ULTIMATE TENSILE STRENGTH
Many researchers have developed models for UTS prediction for LGI by employing
either regression analysis on experimental data or physical models such as modified
Griffith or Hall-Petch equations. The developed models relate the UTS with several
different microstructure and process parameters such as chemical composition, cooling
rate, casting dimensions, graphite length etc.
A regression analysis example can be found in [21] where several different
microstructure features were employed in a statistical model for the prediction of UTS, see
Eq. 2. The parameters included in the relationship are the ultimate tensile strength σUTS,
the dendrite arm spacing DAS, the section size of cylindrical sample DS, the average
dendrite length Lγ, the dendrite interaction area Aγ, the pearlite content fpearlite, the fraction
of D-type graphite fgrD, the eutectic cell count NE, the dendrite directionality dirγ, the
average flake length Lgr and the carbon equivalent factor CEf..
σUTS =11248+179.29∙DAS-4949.08∙DS+2.74∙Lγ+90.74∙Aγ+77.51∙fpearlite30.18∙fgrD + 0.79∙NE+287.74∙dirγ-9.79∙Lgr-5.45∙CEf

(2)

In another statistical model [22] the weight percentage of C, Si, Mn, S, Cr, Ni, Cu, Mo
and the diameter of the experimental castings (φ) were included for the prediction of UTS,
see Eq. 3.
σUTS =162-21.8∙%C-61.3∙%Si-10.9∙(%Mn -1.7%Si)+13.8∙%Cr+2.1∙%Ni+
30.7∙%Cu + 39.8∙%Mo+16.6/φ+ 14.2∙(%Si)2-26.3∙(%Cu)2-23.8∙(%Mo)2

(3)

A number of investigations [22, 24, 25, 26, 27], consider that the graphite flakes,
dispersed in the metal matrix, behave as Griffith cracks in a brittle type solid (material
containing a very sharp crack) and a modified Griffith relation was introduced for the
prediction of UTS in LGI where the maximum graphite length was considered as the
maximum defect length, see Eq. 4.
σUTS =

kt
√Lmax

(4)

where Lmax is the maximum graphite length and kt is the stress intensity factor of the
metallic matrix. It should be note that Lmax is considered 75-95% of the eutectic cell
diameter [27].
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The modified Hall-Petch strengthening model is presented in Eq. 5:
σUTS = k1 +

kt

(5)

√d

where k1 is the levels of stresses imposed on the material before a crack is initiated, kt is
the stress intensity factor and d is the grain size.
Catalina et al. [26] introduced a tensile strength model for pearlitic LGI based on the
modified Hall-Petch equation where the UTS is predicting as a function of the maximum
graphite length (Lmax) and the pearlite lamellar spacing (λpearlite). The proposed model
considers the kt coefficient in Eq. 3 to be influenced mainly by the pearlite lamellar
spacing, see Eq. 6.
k3 +
σUTS = k1 +

=> σUTS = k1 +

k4
√λpearlite

√Lmax
k3
√Lmax

+

=>

k4

(6)

√Lmax ∙ λpearlite

The coefficient k3 and k4 are derived from a multiple regression analysis performed on
experimental data.
A summary of principal methods and model variables found in the literature, for the
UTS prediction for LGI, are provided in Table 1.
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Table 1. Summary of the principal methods and model variables for the UTS prediction for
LGI.
Method

Equation

Variables
alloying elements [22, 31, 32]
average dendrite length [21]
carbon equivalent factor [21]
dendrite arm spacing [21]
dendrite directionality [21]
dendrite interaction area [21]
eutectic cell count [21]
eutectic cell diameter [22, 31]

Regression
analysis

n

fraction carbides [31]

σUTS = ∑ ai xi

fraction D-type graphite [21]

i=0

fraction primary austenite [22, 31]
graphite flake length [21, 24, 30, 31]
graphite particles density [30]
graphite surface area [30]
graphite volume fraction [30]
pearlite content [21]
pearlite lamellar spacing [22, 32]
section size [21, 22]
Modified Griffith
equation
Modified HallPetch equation

10

σUTS =
σUTS = k1 +

k3
√Lmax

kt
√Lmax

+

k4
√Lmax λpearlite

max. graphite length Lmax [22, 24,
27]
pearlite lamellar spacing λpearlite [26]
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1.6 STEREOLOGICAL PRINCIPLES IN PRIMARY DENDRITES
The volume fraction of primary austenite in LGI depends on the carbon content.
Stereological relations between the area and the volume fraction of dendrite structure have
been presented in [33] and [34]. According to the stereological principles the area fraction
of a primary dendrite (fγA ) that is measured in the cross section of a microstructure sample
is directly proportional to the volume fraction of primary dendrite (fγV ) [35]. Figure 12(a)
illustrates schematically a dendritic microstructure randomly distributed in a cubic domain
with size L0.

(a)

(b)

(c)

Figure 12: (a) Schematic representation of a primary dendrite in a cubic domain, (b) Volume
fraction of primary dendrite in a dz-section cut from the cubic domain and (c) Specific
surface area of the dendrite–eutectic interface in a dz-section cut from the cubic domain [33].
If one divides the whole domain in n sections having the thickness equal to dz as seen
in Figure 12(b), then the total volume of the primary dendrite can be written as Eq.7:
n

Vγ = ∑ Aiγ ∙ dz

(7)

i=1

where Aiγ is the dendrite area in each section. For very small dz the dendrite area from
each section can be approximated to be nearly equal to the mean value (Amean
) implying
γ
that Eq. 7 can be re-written as:
Vγ = Amean
∙ n ∙ dz
γ

(8)

The total length and the total volume of the cubic domain are given by Eq. 9 and Eq. 10
respectively.
L0 = n ∙ dz

(9)
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Vtotal = L20 ∙ dz ∙ n

(10)

Dividing Eq. 8 by Eq. 10, the volume fraction of the primary phase (fγV ) can be
obtained as Eq. 11:
fγV =

Amean
γ
L20

(11)

The calculation of the specific surface area of the dendrite–eutectic interface Sγ, Figure
12 (c), is performed in similar manner as shown in Eq. 12 and Eq. 13.
n

Sγ = ∑ Pγi ∙ dz

(12)

i=1

where Pγ is the perimeter of the primary dendrites. If dz is sufficiently small (Pγi ≈ Pγmean ),
Eq. 12 can be re-written as:
Sγ = Pγmean ∙ n ∙ dz

(13)

Relating the primary dendrite envelope to the total examined volume, the specific
interfacial area Sv between the dendrite and its surroundings can be provided as Eq. 14:
Sv =

Sγ
Vtotal

(14)

Substitution of Eq. 10 and Eq. 13 into Eq. 14 leads to Eq. 15:
Sv =

Pγmean
L20

(15)

Equation 15 demonstrates the relation between the perimeter of the primary dendrite in
2D section and the primary dendrite periphery in 3D.
Dividing Eq. 8 by Eq. 13 results in Eq. 16. This expression describes the geometrical
modulus of the primary dendrite (MPD ) for characterizing the coarseness of the dendritic
primary phase.
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Vγ Amean
γ
=
= MPD
Sγ Pγmean

(16)

The ratio of volume of the inter-dendritic phase, 𝑉𝐼𝑃 , to the specific surface area of the
dendrite–eutectic interface Sγ, gives the Hydraulic Diameter of Inter-dendritic Phase,
Hyd
DIP , Eq. 17.
Hyd

DIP =

VIP
Sγ

(17)

The volume of inter-dendritic phase is the difference between the total volume and the
volume of primary austenite, which leads to Eq. 18:
Hyd

DIP =

Vtotal − Vγ
Sγ

(18)

Substituting Eq. 8, Eq. 10 and Eq. 13 into Eq. 18 the expression for calculating the
hydraulic diameter from 2D observations is obtained as Eq. 19:
Hyd

DIP =

L20 − Amean
γ
Pγmean

(19)

In [36] a multi-sectional analysis was performed on the microstructure of LGI samples
Hyd
and the stereological relations, of MPD and DIP were introduced for the quantitative
characterization of the primary austenite dendritic network and the inter-dendritic area.
The application of sequential investigation technique confirms that stereological relations
between the 2-dimensional area fraction and the 3-dimensional volume fraction are
applicable for hypoeutectic LGI. The present investigation revealed a constant fraction of
primary phase indifferent from the investigated cooling condition. There was also
demonstrated an importance of having large investigation areas to obtain a minimal
standard deviation, when the 2-dimensional image would be used to characterize a 3dimensional domain.
Sequential investigation demonstrated also that a 3-dimensional primary dendrite
envelope can be approximated by means of measuring the perimeter of the primary
austenite area on 2-dimensional micrographs. The importance of this parameter is that the
primary fraction and the volume of primary phase remain constant at different cooling
rates while the envelop of the primary phase become smaller when the cooling rate is
slow. That indicates the phase coarsening procedure where the specific surface of the
dendrite phase strives towards to phase equilibrium.
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CHAPTER 2

RESEARCH APPROACH
CHAPTER INTRODUCTION
This chapter describes the aim of this work, the research questions, materials and the
experimental techniques.

2.1 PURPOSE AND AIM
The aim of this work is to investigate the effect of different microstructural constituents
on the mechanical properties of LGI. The obtained knowledge will be used for further
improvement of material properties and prediction models for cast component
optimization.
Numerous research studies were performed for identifying the relation between UTS
and the maximum graphite length/eutectic cell size. However, much less attention was
paid to the effect of primary austenite on the UTS, since the eutectoid reaction obstructs
the observation of the metallic matrix that was originated from the primary austenite
(dendritic phase). The observation of the dendritic phase has become possible relatively
lately by introduction of the color etching techniques. The evolution and the
characteristics of the primary dendritic network of pearlitic LGI were thoroughly
investigated, over the past years, by several researchers at the department of Materials and
Manufacturing - Foundry Technology at the School of Engineering, Jönköping University.
The research involves introduction of novel parameters for characterizing the magnitude
and the coarseness of the dendritic phase.
The purpose of this work is to investigate the influence of the dendritic microstructure
on the UTS. The investigation will be based on the utilization of the novel parameters.
Prediction models will be developed to enable the strength prediction for a broad intervals
of cooling rates and carbon content. Validation of the developed models will be performed
via the casting process simulation and the results will be compared against the
experimental data obtained.
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2.2 RESEARCH PLAN
2.2.1 Research questions
 The carbon content and the solidification rate determine the formation of different
microstructure phases and thus they define mechanical properties of LGI. The
primary dendritic network enhances the strength of LGI and the graphite flakes act
as discontinuities in the metallic matrix thus worsening the mechanical properties.
All these facts define the first research question: How do the cooling rate and
carbon content influence the development of microstructure and what is the
effect of the microstructure on the UTS? (Supplements I and IV)
Hyd

 The novel parameters of Hydraulic Diameter of Inter-dendritic Phase (DIP ) and
Modulus of Primary Dendrite (MPD) have been introduced for a quantitative
characterization of the dendritic and inter-dendritic microstructure. These
parameters enable investigation of the microstructure coarsening process in LGI.
Hence, the second research question is expressed as follows: How do the
solidification time and the carbon composition influence the coarseness of
primary and eutectic microstructure? (Supplements II and III)
 Several models have been developed for the prediction of UTS in LGI. These
models employ either regression analysis performed on experimental data or
represent physical models such as modified Griffith and Hall-Petch equations.
Consequently, the third research question deals with the dependency between the
novel microstructure parameters and the UTS: How do the coarseness and the
amount of dendritic phase influence the UTS and what model does express
this dependency in the best way? (Supplements IV and V)
 Supplement VI provides validation of the ultimate tensile strength computational
models, based on full-scale lamellar graphite iron casting process simulation,
against the experimental data.
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2.2.2 Overview of the research work
An overview of the research objectives, outcomes and the research links between the
supplements are presented in Table 2.
Table 2: Overview of the research work objectives and outcomes.
Supplement ref.
Objectives
(I)

Main Outcome

Investigate the relation between UTS
and
- wt%C
- Cooling rate
- Eutectic cell size

Eutectic cell size is not a
generic parameter for the
prediction of UTS.

- Fraction of austenite
(II and III)

Investigate the influence of the
solidification time (tsol) and wt% C
content on the coarsening process of
the dendritic phase.

(IV)

Investigate the relation between UTS
and
- SDAS
- Eutectic cell size
- Pearlite lamellar spacing
Hyd

- DIP
(V)

(VI)

and MPD

The novel microstructure
parameters were related to
the tsol and the wt% C
content.
Hyd

DIP found to be main
factor to express the
reduction of UTS in LGI. A
model based on the
modified Griffith relation
was developed for the
prediction of UTS.

Investigate the relation between
Hyd
UTS, DIP and the pearlite lamellar
spacing.

A model based on the
modified Hall-Petch relation
was developed for the
prediction of UTS.

The microstructure models from (III)
combined with modified Griffith and
Hall-Petch equations from (IV) and
(V) are incorporated into casting
simulation software to enable the
strength prediction for LGI.

The developed models can
be successfully applied
within the strength
prediction methodology
along with the simulation
tools, for a wide range of
carbon content and
solidification rates.
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2.3 MATERIAL AND EXPERIMENTAL PROCEDURES
2.3.1 Materials, casting geometries and experimental procedure
2.3.1.1 Experimental casting
The experimental layout contained three cylindrical cavities each one surrounded by a
different material (steel chill, sand and insulation) intended to provide three different
𝑑𝑇
cooling rates (high, medium and low). The average
in the temperature range between
dt

1300 oC and 900 oC, was 3.5, 0.8 and 0.2 oCs-1 for the high, medium and low cooling rate
respectively. The entire assembly was enclosed by silica sand mold with furan binder. The
dimensions of the cylinders surrounded by sand and chill were 50×70 mm and the
insulated cylinder dimension were 80×70 mm. A lateral 1-D heat flow condition was
induced by placing an insulation plate at the top and at the bottom of the cylindrical
castings. The design of the cylindrical castings and the arrangement of the experimental
layout are shown in Figures 13 and 14.
Two type S thermocouples with glass tube protection were embedded in every
cylindrical casting. A central thermocouple was located on the central axis of the cylinder.
The distance between the central and the lateral thermocouples was 20 mm for the 50
mm cylinder and 30 mm for the 80 mm cylinder. The thermocouples were placed at the
mid-height of each cylinder and the temperatures were recorded at approximately 0.2
second interval.
2

3

Insulation

1
Chill

1
1

Casting

Figure 13: Casting, insulation and chill.

2
3

Figure 14: The experimental layout. (1) Thermocouples,
(2) sand mould, (3) insulation plates.

The mould filling time was ~12 s. The casting weight was ~15 kg. The solidification
times for chill, sand and insulation were roughly 80 s, 400 s and 1500 s, respectively. An
electric induction furnace was utilized for melting the charge material. The cast iron base
alloy was inoculated with a constant level of a standard Sr-based inoculant. Four
hypoeutectic lamellar graphite iron heats with varying carbon contents were produced.
The alloy with the higher carbon content was produced first and steel scrap was added in
the furnace for the adjustment of the carbon content in the subsequent casting. Coinshaped specimens were extracted for chemical analysis. The chemical compositions of the
experimental alloys are presented in Table 3. All the castings had fully pearlitic
microstructure.
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Table 3: Chemical composition (wt%) and carbon equivalent CEq.
Alloy
A
B
C
D

C
3.62
3.34
3.05
2.80

Si
1.88
1.83
1.77
1.75

Mn
0.57
0.56
0.54
0.54

P
0.04
0.04
0.04
0.04

S
0.08
0.08
0.08
0.08

Cr
0.14
0.15
0.14
0.15

Cu
0.38
0.37
0.36
0.35

CEq*
4.26
3.96
3.65
3.40

*CEq = %𝐶 + %𝑆𝑖+%𝑃
3
2.3.1.2 Interrupted solidification experiment
The experimental material was hypoeutectic LGI with chemical composition shown in
Table 4.
Table 4: Chemical composition (wt%) and carbon equivalent.
C
3.31
*CEq = %𝐶 +

Si
1.89

Mn
0.64

P
0.018

S
0.073

Cr
0.140

Mo
0.214

CEq*
3.96

%𝑆𝑖+%𝑃
3

The interrupted solidification experiment was performed in a vertical tube
programmable resistance furnace. The investigated material was placed in an Al3O2
crucible inside the furnace chamber where Argon gas was used to create a neutral
atmosphere. The alumina crucible resided on graphite rods. The bottom lid of the
experimental furnace could be removed for allowing the sample to fall into the quenching
media. Figure 15 shows a schematic representation of the experimental setup.

Figure 15: Interrupted solidification experimental setup.
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Three different cooling rates were tested, and the quenching was performed at six
different solidification moments for each cooling rate. In addition, as-cast samples were
produced. The average cooling rates were 0.14, 0.08 and 0.04 oCs-1. Figure 16 shows the
cooling curves and the chosen quenching positions. The quenching position A was chosen
to investigate the growth of the primary phase before the grain coherency. Quenching
position B and C were selected to study the primary dendritic structure after coherency.
Position D corresponded to the maximum undercooling, position E was the point of the
maximum recalescence and position F was in the end of solidification.

Figure 16: Quenching positions and registered cooling curves.
2.3.2 Color etching
Color etching technique reveals the silicon segregation pattern and makes visible
primary and eutectic microstructures as well as the perlite lamellae. The reagent consisted
of 10 g NaOH, 40 g KOH, 10 g C6H3N3O7 (picric acid) and 50 ml distilled water. The
etching procedure was carried out at elevated temperatures (90–120 oC) for a time interval
depending on the chemical composition and solidification conditions. Figure 17 shows
color etched images of primary dendrites and eutectic cells in LGI.

(a)
(b)
Figure 17: (a) Primary dendrites and (b) eutectic cells in color etched LGI samples.
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2.3.3 Analysis of standard microstructure parameters
The term ¨standard microstructure parameters¨ denote the most common microstructure
parameters that were introduced in literature for the prediction of UTS. These parameters
are the eutectic cell size, the pearlite lamellar spacing and the secondary dendrite arm
spacing (SDAS).
The microstructure analysis was performed with a light optical microscope and a
scanning electron microscope (SEM). Pearlite lamellar spacing and SDAS were measured
by the linear intercept method [37] that includes the use of a test line to intercept the
measured microstructure, see Figure 18 (a) and (c).
The pearlite lamellar spacing was measured in a SEM and the minimum value was
considered the correct spacing (perpendicular to the lamellae). As seen in Figure 18 (c) the
distance between 11 adjacent ferrite lamellae was measured and divided by 10 for the
calculation of a single lamellar spacing.
The eutectic cell size measurements were performed in a light optical microscope. The
eutectic cell size was calculated as the average diameter of the 5 to 10 largest eutectic
cells, see Figure 18 (b).

(a)
(b)
(c)
Figure 18: Typical images of the investigated microstructure. (a) SDAS, (b) eutectic cells and (c)
pearlite lamellar spacing.
2.3.4 Analysis of stereological parameters
The Modulus of Primary Dendrite (MPD) and the Hydraulic Diameter of the InterHyd
dendritic Phase (DIP ) were investigated. The MPD expresses the coarseness and the
magnitude of the dendritic structure and it is approximated by the ratio of the area of
primary austenite to the interfacial area between the primary austenite and the surrounding
Hyd
phases (periphery of the primary phase). The DIP expresses the magnitude of the interdendritic phase and determines the coarseness of the space between the dendrites. The
Hyd
stereological parameters MPD and DIP were calculated via Eq. 20 and Eq. 21, as follows:
MPD =

Aγ
Pγ

(20)
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Hyd

DIP

=

Atot − Aγ AIP
=
Pγ
Pγ

(21)

where Atot is the total investigated area and AIP is the eutectic phase area (inter-dendritic
area).
The fraction of primary austenite (fγ), the primary austenite area (Aγ) and the periphery
Hyd
of the primary phase (Pγ), were measured for determination of MPD and DIP . The
investigated area was chosen according to the solidification rate. Total area of 2, 5 and 10
mm2 were investigated for the high, medium and low solidification rates respectively. The
measurements were performed as follows: The primary dendrites were marked manually
by using the GIMP-2 image manipulation open source software and fγ, Aγ and Pγ
quantities were measured with the commercial image analysis software Leica Qwin V3
Runner. Figure 19 (a) shows a color etched microstructure and Figure 19 (b) shows the
marked primary dendrite microstructure from Figure 19 (a). The white area in Figure 19
(b) is AIP and the dark area is Aγ.

(a)
(b)
Figure 19: (a) The original microstructure in the color-etched sample and (b) the marked
primary phase for measuring fγ, Aγ and Pγ quantities.

2.3.5 Tensile testing
Uniaxial tensile testing was performed on four tensile specimens from each cylindrical
casting. The experimental tensile samples were machined at the distance ~10 mm (sand,
chill) and ~20 mm (insulation) from the cylinder axis. Tensile strength measurements
were performed using dog-bone shaped specimens with 6 mm diameter in the gauge
section, 35 mm gauge length and 3 μm surface finish. The tests were conducted at a strain
rate of 0.035 mm/s and at room temperature. The load cell error of the tensile testing
machine was <0.5%. Microstructure analysis was performed on the tensile specimen with
the highest UTS, for each carbon content and cooling condition.
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2.3.6 Simulation workflow
A finite volume CFD software FLOW-3D CAST [38] was employed to develop a fullscale 3D model of the casting process for the experimental layout. Mould filling and the
cooling/solidification stages were simulated and local UTS computations were performed
on the customized models. Mould-filling time was ̴12 s, and the laminar flow model was
applied. The casting temperature was 1360 °C, and the metal input diameter was 3 cm.
The ambient temperature was set to 20 °C. Symmetry boundary conditions were used on
the faces of the computational domain, except for the upper face, where the pressure
boundary condition was applied. A computational grid of cubical control elements was
generated with the cell size 3 mm. The computational grid had a total of ~1 million cells.
Different grid densities were tested, and grid-independent results were obtained. The
explicit solver was employed during the filling, whereas the implicit solver was used for
heat transfer simulation in the solidification phase.

1300

14000

1250

12000
10000

1200

Cp, J/kg/K

Temperature, oC

The amount of the latent heat release due to solidification was related to the solid
fraction curves calculated for the studied alloys, see Figure 20. The curves were obtained
from the sand-casting cooling curves by Fourier thermal analysis method. The latent heat
of solidification was considered equal to 240 kJ/kg [39]. The heat transfer during the
eutectoid transformation was calculated via an adjusted specific heat model, see Figure 21.
The specific heat was obtained from Fourier thermal analysis method.
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Figure 20: Solid fraction variation
with temperature.

1
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Temperature, oC

1000

Figure 21: Specific heat as function of
temperature.

The simulation procedure consisted of model calibration with respect to the
experimental cooling curves available at the location of the central thermocouple. Correct
reproduction of the experimental cooling curves is the key for the UTS computation
methodology and one is free to choose methods for model calibration. In this work, the
calibration was done by adjustment of typical heat transfer coefficients between the metal
and the insulation, sand and chill. The UTS calculations for the cylinders were performed
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during post-processing, by applying local solidification times, local cooling rates in the
eutectoid transformation region and the experimentally determined fraction of primary
austenite (fγ) for each alloy: 0.3 for Alloy A, 0.4 for Alloy B, 0.51 for Alloy C, and 0.61
for Alloy D [40]. The temperature dependent cast iron thermophysical properties, and the
calibrated heat transfer coefficients applied in the simulation are presented in Table 5.
Table 5: Temperature dependent properties and heat transfer coefficients. *
Temperature
(°C)
600
720
721
724
725
750
900
1000
1100
1154
1170
1200
1227
1300
1700

Cast Iron Thermophysical Properties
Heat Transfer Coefficient
Density Specific Heat Thermal Conductivity Sand-Casting Chill-Casting Insulation-Casting
[kg/m3]
[J/kg/K]
[W/m/K]
[W/m2/K]
[W/m2/K]
[W/m2/K]
7146
700
40
40
100
10
1074
300
12301
12308
1082
50
10
733
80
15
6994
800
150
25
825
250
1300
55
6960
837
40
1450
7016
6985
1600
60
6939
749
6876
771
380
180
6395
807
38
940
2700
940

* Piecewise linear interpolation was made between neighboring points in the table.
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CHAPTER 3

SUMMARY OF RESULTS AND
DISCUSSION
CHAPTER INTRODUCTION
In this chapter, the main results from the supplementary papers are summarized and
discussed.

3.1 DEPENDENCIES BETWEEN CARBON EQUIVALENT,
MICROSTRUCTURE, AND ULTIMATE TENSILE STRENGTH
(SUPPLEMENT I AND IV)
The relation between UTS and carbon equivalent is presented in Figure 22. As can be
seen from the figure the UTS is decreases with the increase of the carbon equivalent and
the three cooling conditions provide three different linear relations.
The eutectic cell size is influenced by factors such as the cooling rate and the carbon
content and by process related parameters. The correlation between the eutectic cell size
and the UTS is presented in Figure 23. The results show that different cooling rates
provide different linear dependencies between the eutectic cell size and UTS. Similar
observations were made in [26] where two different cooling rates resulted in two different
relationships between UTS and the maximum graphite length. The diameter of the eutectic
cells is directly proportional to the maximum size of the graphite flakes [27]. The
experimental data, presented in Figure 23, cover a broad range of eutectic cell sizes and
UTS. Although the influence of eutectic cell size on UTS is the most discussed
relationship in the literature the results of this work indicate that neither the eutectic cell
size nor the maximum graphite length can be used as generic parameters for the prediction
of UTS.
The SDAS expresses the coarseness of the dendritic structure and it mainly depends on
the solidification rate. Figure 24 shows the relation between SDAS and UTS. As can be
seen from the figure increasing cooling rate leads to a finer SDAS and increased UTS.
Also, the variation of carbon content does not affect SDAS significantly.
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Figure 23: Effect of eutectic cell size on UTS.

The pearlite lamellar spacing is plotted as a function of UTS in Figure 25. The result
shows a series of linear dependencies between the pearlite lamellar spacing and UTS. The
pearlite lamellar spacing increases with increasing carbon content and decreasing cooling
rate. There is an inverse linear relationship between UTS and pearlite lamellar spacing for
each cooling rate.
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Figure 24: Effect of SDAS on UTS.
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Figure 25: Effect of pearlite lamellar spacing
on UTS.

The correlations presented in Figures 24 and 25 indicate that different cooling rates and
different carbon contents provide different relationships between SDAS, pearlite lamellar
spacing and UTS. Thus, it can be concluded that these parameters cannot be used alone as
generic parameters for the prediction of UTS in LGI.
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3.2 MICROSTRUCTURE AND ULTIMATE TENSILE STRENGTH
DEPENDENCIES IN LITERATURE (SUPPLEMENT IV)
Many research works [20-45] were devoted to the studies on relation between UTS and
the standard microstructure parameters (eutectic cell size, pearlite lamellar spacing and
SDAS). Experimental data collected from literature are presented in Figures 26, 27 and 28
together with the results of this work.
Regarding the effect of SDAS on UTS, the data from Ruff [21] and Wilberfors [41] are
shown in Figure 26. As seen from the figure, there is a similar tendency between SDAS
and UTS for the measurements reported in the present work and the results from the
previous investigations.
Another parameter of importance for the tensile property of LGI is the eutectic cell
size, since the maximum graphite flake length is direct proportional to the eutectic cell
diameter. The effect of the eutectic cell size/max. graphite flake length on UTS is the most
discussed relationship in the literature. A number of studies [20, 24, 26, 41, 43, 44, 45]
proposed a linear or exponential dependency between the size of the maximum flake
graphite/eutectic cell and UTS. Figure 27 shows the correlations between the eutectic cell
size and UTS found in the literature together with the data obtained in the present work. It
can be observed from the figure that the correlations from the literature are valid for a
limited segment of the total eutectic cell size interval that was investigated in the present
work.
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Figure 26: Effect of SDAS on UTS.
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Figure 27: Effect of eutectic cell size and
graphite flake size on UTS. Symbol (*)
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The pearlite lamellar spacing was reported by many researchers to be the primarily
responsible parameter for the strength characteristics in pearlitic steels [18, 46-49].
However, little focus has been addressed to the effect of the pearlite lamellar spacing on
UTS of LGI [21, 41]. In [41] the influence of the pearlite lamellar spacing on the
mechanical properties for LGI samples was investigated. The produced samples had
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different section size, alloying level of Cu and Cr and different cooling rate through the
eutectoid transformation. Figure 28 shows the relationship between UTS and pearlite
lamellar spacing from [21], [41] and the present work. The data from [41] shows lower
UTS values for the same pearlite lamellar spacing in comparison with the results of the
present work. This discrepancy can be attributed to the fact that the samples in [41] have a
ferritic/pearlitic matrix.
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Figure 28: Effect of pearlite lamellar spacing on UTS.

3.3 ULTIMATE TENSILE STRENGTH PREDICTION FOR
LAMELLAR GRAPHITE IRON (SUPPLEMENTS IV AND V)
Hyd

Supplements IV and V examine the effect of the DIP and λpearlite on UTS. The
investigated samples had a fully pearlitic structure. The microstructure analysis showed
that the carbon contents and the cooling rates had a sizeable impact on the magnitude of
the obtained microstructure. Figure 29 shows that there is an inverse relationship between
Hyd
DIP and UTS regardless of the cooling rate. On the contrary, the results from Figure 23
show that different cooling rates provided different linear dependencies between the
Hyd
eutectic cell size and UTS. The relation between the tensile strength and DIP is given by
Eq. 22:
Hyd

−0.586

σUTS = 1616 ∙ (DIP )

Hyd

(22)

The results indicate that the DIP parameter, expressing the amount and coarsening of
the inter-dendritic phase, is a generic parameter to characterize the detrimental effect of
the graphite on UTS in pearlitic LGI alloys.
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Hyd

The fact that DIP is found to be the main parameter to express the reduction of UTS
can be explained by studying the distribution of different microstructure features of LGI in
combination with the conventional fracture mechanics theory;
Figure 30 shows the typical microstructure morphology of a pearlitic LGI alloy. A
continues dendritic network can be observed that is spread evenly both over the eutectic
cells area and over the last solidification area. This network consists of pearlite grains that
have been solidified as primary austenite dendrites and they serve as reinforcing units for
the material. The space between these dendrites is the eutectic phase which is a mixture of
perlite grains and graphite flakes that acts as embedded defects in the metallic matrix and
thereby reducing drastically the material strength. As can be seen from the figure each
eutectic cell is extended over several dendrite arms. Based on this observation it could be
suggested that the detrimental effect of graphite flakes is controlled by the maximum
space between dendrites (pearlite grains that has been solidified as austenite dendrites) and
Hyd
this space cannot be larger than the DIP that is expressing the length scale of the interdendritic space between these reinforcing grains. Thus, it can be concluded that a denser
primary dendritic network increases the material strength while the detrimental effect of
the eutectic cells is limited within the dendritic network.
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Figure 30: Typical etched microstructure of pearlitic LGI.
Fracture mechanics analysis [50] shows that if one applies a tensile load (σ) on a
¨infinite¨ plate containing a crack, the stress (σyy) at a distance of r near the crack-tip can
be estimated by Eq. 23:
σyy =

kt
√2πr

(23)

The term kt is defined as the stress concentration factor and describes the effect of the
crack geometry on the local crack-tip stress level. For components with finite dimensions
the kt depends on given geometrical configurations and for the case of standard test
sample shapes it is defined by the geometric factor Y(α/W), see Eq 24.
k t = σY(α/W)√πα

(24)

where W is the width of the test sample and α is the crack length.
The parameter Y(α/W) indicates that both the defect size (term α) and the size of
surrounding material (term W) affect the magnitude of the stresses near the crack-tip. As
Hyd
can be seen from Eq. 19 and Eq. 21 the defect size parameter proposed in this work (DIP
parameter) is related to Αγ which is the primary dendrite area, acting as reinforcing unit
(similar to term W). On the contrary, the eutectic cell size parameter contains no
Hyd
information regarding the magnitude of the primary dendrite area. Consequently, DIP is
the most suitable parameter to express the relation between the microstructure and UTS.
Figure 31 presents the dependency between the tensile strength and inverse square root
Hyd
of DIP . Regression analysis resulted in Eq. 25. The calculated material coefficient kt is
equal to 1212 MPa√μm . Note that the microstructure of the tensile specimens from alloys
A and C consists of ~10% carbides. The data from these specimens are excluded from the
calculated fit.
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Figure 31: Effect of inverse √𝐃𝐈𝐏 on UTS at different cooling rates.

σUTS =

1212
(25)

√DHyd
IP

In [26] the λpearlite and the maximum graphite length, were introduced on the modified
Hall-Petch equation for the prediction of UTS. In a similar manner, linear multiple
regression analysis was made in this work to determine the simultaneous influences of the
Hyd
DIP and the λpearlite on the UTS for the fully pearlitic LGI. The model obtained is based
on the modified Hall-Petch relation and is shown in Eq. 26.

σUTS = 70.9 +

491.2
𝐻𝑦𝑑
√𝐷𝐼𝑃

+

295.7
𝐻𝑦𝑑
√𝐷𝐼𝑃
∙ 𝜆𝑝𝑒𝑎𝑟𝑙𝑖𝑡𝑒

(26)

The initial stress level (k1) in Eq. 26 is 70.9 MPa. It is likely that during the tensile test
the formation of multiple cracks at the graphite lamellae tip or the graphite de-cohesion
from the matrix can be occurred at lower initial stress levels because the LGI shows a nonlinear mechanical behavior.
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3.4 MICROSTRUCTURE COARSENING (SUPPLEMENTS II AND
III)
3.4.1 Interrupted solidification experiment
During the solidification of lamellar iron, when the coherency point is reached, the
development of the primary dendrite is determined by a simultaneous growth of the
austenite phase due to the temperature decrease and a transformation of the dendritic
morphology by coarsening. The change of the dendritic morphology at variable
temperatures is defined as dynamic coarsening.
Interrupted solidification experiments were conducted to investigate the morphological
changes of the microstructure, during the dynamic coarsening process in LGI. The
experimental procedure is presented in section 2.3.1.2.
Hyd

The parameters MPD and DIP were used for characterizing the primary and eutectic
microstructure at different solidification stages. The coarsening process is illustrated in
Hyd
Figure 32 where the parameters MPD and DIP are plotted as a function of the cube root of
the solidification time. The increase of the solidification time increases the magnitude of
both parameters.
Hyd

The DIP / MPD ratio was correlated with the fraction of primary phase (fγ) in Figure
Hyd
33. The results show an inverse power law dependency between the MPD / DIP ratio and
fγ. This relation is expressed by the following equation:
Hyd

D
fγ = 0.5 ∙ ( IP )
MPD

−0.6

(27)
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Figure 32: Time dependence of 𝐃𝐈𝐏 and
MPD for all the quenched samples.
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Figure 33: Fraction of primary austenite as
𝐇𝐲𝐝
a function of 𝐃𝐈𝐏 /MPD.
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Hyd

According to Figure 33, as fraction of primary austenite increases the DIP / MPD ratio
decreases from position B through position C to position D. This decrease can be
interpreted as the combined effect of growing volume of dendrite phase and decreasing
space between the dendrites. The dendrite volume fraction decreases from position D to E
to F. This is probably the result of the graphite precipitation in the inter-dendritic area. The
graphite expansion pushes away the dendritic phase locally and this phenomenon was
observed as a decrease of dendrite volume fraction.
3.4.2 Casting experiment
A parameter which can be used to control the proportions between the primary and the
eutectic phase is the carbon content. In this work the investigation of dynamic coarsening
in lamellar graphite iron is was extended on as-cast samples that were produced with four
different carbon contents and under three different cooling rates (see section 2.3.1.1). The
Hyd
MPD and DIP parameters were employed for the quantitively characterization of the
dendritic and inter-dendritic phases.
Hyd

Figure 34 shows that there is a unique relation between DIP and MPD for each fraction
of primary austenite (or carbon content). Moreover, the slope of the regression lines
decreases as the fraction of primary austenite increases.
Figure 35 presents the correlations between the investigated parameters, the
solidification time ts and fγ. Regression analysis gave the following dependencies:
1
1
∙ ts3
0.8 ∙ fγ

(28)
1

MPD = 4.0 ∙ fγ 0.65 ∙ t s 3

(29)
4

(DIP
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DIPHyd, m
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Figure 34: 𝐃𝐈𝐏 as a function of MPD.
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Hyd

The relation between MPD/DIP and fγ, for both experiments, is depicted in Figure 36.
As can be seen from the figure the data from the as-cast experiment fits very well with the
regression curve obtained from the interrupted solidification experiment. The observed
agreement suggests that Eq. 27 is suitable for the estimation of the dendritic coarsening
throughout the entire solidification interval of LGI castings. The equation is valid for a
wide range of carbon content and solidification rates.
Hyd

It should be noted that the calculation of DIP /MPD ratio from Eq. 28 and Eq. 29 results
Hyd
in Eq. 27. Furthermore, the calculation of DIP /MPD ratio from Eq. 20 and Eq. 21 leads to
Eq. 30 that is appeared to be different from Eq. 27 derived from the experimental data.
However, as can be seen in Figure 37, both equations lead to identical numerical results,
for the experimental data set; It means that the experimentally derived equations are in
consistency with the theoretical formulations.
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Figure 36: 𝐃𝐈𝐏 / MPD ratio as a function of
fraction primary austenite.
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DIPHyd/MPD ratio calculated from Eq. 27

Hyd
(Atot − Aγ )/Pγ (Atot − Aγ )/Atot 1 − fγ
DIP
=
=
=
MPD
Aγ /Pγ
Aγ /Atot
fγ

(30)
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Figure 37: Comparison between the calculated
𝐇𝐲𝐝
𝐃𝐈𝐏 / MPD ratio from Eq. 27 and Eq. 30.
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3.5 MODEL VALIDATION (SUPPLEMENT VI)
The UTS computational models presented in Supplements IV and V were implemented
in a full-scale pearlitic LGI casting process simulation and experimentally validated. It
was investigated whether the developed models can be applied within the UTS prediction
methodology along with the simulation tools, for different alloy compositions and for
different solidification rates. Microstructure models (from Figure 9 and Eq. 28) were
combined with the modified Griffith and Hall-Petch equations (Eq. 25 and Eq. 26) and
incorporated into casting simulation software to enable the strength prediction for four
pearlitic lamellar cast iron alloys with various carbon contents.
The general agreement within 7% was achieved between the simulated and measured
cooling curves for insulated, sand and chill encapsulated cylinders. The larger differences
were observed in the solidification region of the chill castings where the eutectic reaction
was predicted at higher temperature than measured. This is because the solid fractiontemperature curves were derived from the sand-casting thermal histories where the
undercooling was much lower than in chilled castings. Moreover, the solidification model
in the simulation employed the enthalpy method and neglected the kinetics of phase
transformation and therefore, the undercooling and recalescence of solidification were not
predicted. However, the simulated solidification times were in a good agreement with the
experiment.
The simulated solidification times and cooling rates were used in the modified Griffith
and Hall-Petch equations for the calculation of UTS. The predicted UTS distribution
substituted in the middle cross-section of the alloy B casting is shown in Figure 38. Large
UTS variations on the chilled cylinder can be explained by the large temperature gradients
at high solidification rate. Intermediate and slow solidification rates for sand and
insulation encapsulated cylinders resulted in more uniform distribution of UTS values, due
to the smaller temperature gradients during solidification.

(a)
(b)
(c)
Figure 38: Distribution of UTS calculated Hall-Petch equation for alloy B: (a) insulated
cylinder (b) chilled cylinder and (c) sand encapsulated cylinder; the dashed lines indicate
the position of the tensile bars.
The obtained values were compared to the measured UTS. Table 6 presents the
experimental and simulated UTS results for different cooling rates and for each alloy. It
should be noted that variation of the UTS magnitudes within the tensile bar positions
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(shown with dashed lines) complicates the model validation. The simulated UTS values in
Table 6 were picked from the mid-height locations of the tensile bar regions indicated in
Figure 38 with dashed lines. This would correspond to the failure location in the tensile
test. However, the exact fracture location might be influenced by several other factors
such as micro-porosities, graphite flakes that are in contact with the casting surface or
other casting impurities. All of these can cause the crack initiation at positions where the
theoretical material strength is not the lowest. There are quite small differences between
simulated and measured UTS values except for the intermediate and slow cooling rates
(sand and insulation) for alloy A, where all the models predicted the UTS with less
accuracy. Relatively high, but still acceptable average percentage errors were observed
also for the insulated cylinder produced of alloy D.
Table 6: Experimental and simulated UTS.
Alloy
A
B
C
D

Experiment

Insulation
154
Sand
195
Chill
363
Insulation
211
Sand
254
Chill
368
Insulation
250
Sand
286
Chill
440
Insulation
289
Sand
337
Chill
447
1 Modified Griffith model.
2 Modified Hall-Petch model.

UTS, [MPa]
Average Percentage Error, [%]
Simulation
1
2
Equation (29) Equation (30) Equation (29) 1
Equation (30) 2
180
200
17
30
230
250
18
28
340–350
340–350
5
5
204
213
3
1
255
269
1
6
365–375
385–395
1
6
233
236
7
6
293
300
2
5
420–435
435-445
3
0
260
253
10
12
325
323
4
4
440–455
475–490
0
8

Comparisons between the calculated and measured UTS data are demonstrated in
Figure 39. The graph reveals a relatively strong correlation between the measured and
computed UTS. The R2 values show that the modified Griffith model predicts UTS with
better accuracy than the modified Hall-Petch equation. This indicates the need to develop
further the model for prediction of λpearlite parameter.
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Figure 39: Correlation between measured and simulated UTS values.
The presented results should be related to two fundamental publications on computer
simulations of LGI solidification coupled with the Griffith and Hall-Petch models [26, 27].
The models for UTS calculation utilized in these works were based on a narrow carbon
content interval and on limited cooling rate variation. Moreover, growth kinetic equations
were employed in [26, 27]. On the contrary, a simpler latent heat release model utilizing
the “Enthalpy method” [39] was adopted for the solidification simulation in the present
work. Furthermore, the presented way to determine the key parameters and incorporate
them into material property prediction is novel. In [26] and [27] the key parameter was the
eutectic cell diameter. It is evident that the modified Griffith and Hall-Petch equations are
applicable once the eutectic diameter can be predicted as well as the pearlite lamellar
spacing in the Hall-Patch equation. A completely different approach validated in this work
involved the hydraulic diameter as the key morphological parameter, along with the
pearlite lamellar spacing. While [26] and [27] introduce complex micro-structure models
valid for small process intervals (with respect to composition and cooling condition), the
presented methodology to calculate UTS features the simplicity to determine the key
parameters by simulation (solidification time, cooling rate and composition dependent).
Moreover, the current methodology lays back to a robust experimental thermal analysis
[40], providing the accurate input data (latent heat of both solidification and solid-state
transformation) for the simulation models.
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CHAPTER 4

CONCLUDING REMARKS
CHAPTER INTRODUCTION
This chapter presents the final conclusions of this thesis.

High cooling rates refine the primary austenite dendritic network, the eutectic cell
structure, and the pearlite inter-lamellar spacing resulting in improved mechanical
properties of the pearlitic LGI. Increasing carbon content mainly reduces the amount of
the primary phase, which negatively affects the mechanical properties.
Hyd

The Hydraulic Diameter of Inter-dendritic Phase (DIP ) and Modulus of Primary
Dendrite (MPD) were successfully applied for the quantitative characterization of the
primary and the eutectic microstructure.
Hyd

The DIP parameter expresses the amount and the coarseness of the area between the
pearlite grains that were solidified as primary dendrites. The investigation results
Hyd
demonstrate that not the size of the graphite flakes but rather DIP is the generic factor
that quantifies the detrimental effect of the graphite flakes on UTS. Comprehensive
observations of the microstructure morphology in combination with the conventional
Hyd
fracture mechanics theory clarify the role of DIP as the dominant factor for reduction of
UTS in LGI.
Hyd

The DIP parameter was introduced in the modified Griffith and Hall-Petch equations,
as the maximum defect size, for the prediction of UTS. The obtained model can be applied
across the whole spectrum of carbon content from eutectic to hypoeutectic composition,
solidified at various cooling rates typical for both thin and thick walled complex shaped
iron castings.
Hyd

Microstructure models for the prediction of DIP and λpearlite combined with the
modified Griffith and Hall-Petch equations were incorporated into casting simulation
software for the prediction of UTS in fully perlitic LGI alloys. Overall, the simulation
results were found to be in good agreement with measurements. Moreover, the novel UTS
prediction offer simplicity in comparison to previous [26, 27] microstructure modelling
methods.
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CHAPTER 5

FUTURE WORK
CHAPTER INTRODUCTION
In this chapter proposals for future investigation are presented.

5.1 INVESTIGATION OF THE PEARLITE TRANSFORMATION
MODE
The pearlite lamellar spacing is one of the factors that determine the UTS of LGI.
Recent investigations [51, 52] revealed remarkable interrelations between the microsegregation pattern and the pearlite formation mode as well as between the dendrite
inverse surface area per unit volume and the pearlite lamellar spacing. However, these
findings must be further confirmed and elaborated upon. A future investigation could
address e.g. the pearlite transformation mode in relation both to various saturated elements
in the austenite phase and to the morphology of primary dendritic network.

5.2 ADAPTATION OF THE DEVELOPED MODEL TO CGI, SGI
AND ALUMINUM
The microstructure parameters and the investigation techniques deployed in this work
could be implemented for the research of other alloys that solidify by forming a dendritic
network, such as compacted and spheroidal graphite iron and aluminium alloys.
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