Quantitative 3D Characterization of
Graphite Morphologies in Cast Iron
using FIB Microstructure Tomography

DISSERTATION

zur Erlangung des Grades des
DOKTORS DER INGENIEURWISSENSCHAFTEN
der Naturwissenschaftlich-Technischen Fakultat 11
Chemie, Pharmazie, Bio- und Werkstoffwissenschaften

der Universitat des Saarlandes

von

ALEXANDRA VELICHKO

Saarbriicken
2008



Tag des Kolloguiums: 22.08.08

Dekan: Prof. Dr. Uli Miller

Berichterstatter: Prof. Dr. Frank Micklich
Prof. Dr. Stefan Diebels



Tloceewsemcs pooumensam u 0edy

In den Wissenschaften ist viel Gewisses,
sobald man sich von den Ausnahmen nicht irre machen lasst
und die Probleme zu ehren weiR.

Johann Wolfgang von Goethe






PREFACE

The present work reports about the study of the microstructure of the graphite morphologies
in cast iron and its influence on the effective properties of this material. It was performed be-
tween 01.03.2003 and 30.11.2007 at the Institute of Functional Materials at the University of
Saarland.

Parts of the work have been already published by:

e A Velichko, C. Holzapfel, A. Siefers, K. Schladitz, F. Miicklich, ,, Unambiguous classi-
fication of complex microstructures by its 3D parameters applied to graphite in cast
iron“, Acta Materialia, 56(2008), 1981-1990

e Th. Magenreuter, A. Velichko, F. Mlcklich, ,, The Dependence of the Shape Parameters
Roundness and Compactness of Various Graphite Morphologies on Magnification”,
Pract. Metallography, 45(2008), 53-71

e A Velichko, F. Mucklich, ,, Neue Méglichkeiten der objektiven Graphitklassifizierung in
Gusseisen durch Nano-Tomographie und internetbasierte Online-Verfahren*, VDI-
Berichte Giesstechnik im Motorenbau, 1949(2007), 21-36

e A. Velichko, C. Holzapfel, F. Mucklich, ,,3D Characterization of Graphite Morphologies
in Cast Iron*, Advanced Engineering Materials, 9(2007), 1-2, 39-45

e A. Velichko, F. Miucklich, ,,Shape Analysis and Classification of Irregular Graphite
Morphology in Cast Iron*, Pract. Metallography, 43(2006), 4, 192-208

This work could not have come into being without support of number of persons, whom |

would like to express at this point my generous gratitude.

First of all, I would like to express my gratitude to my supervisor Prof. Dr.-Ing. Frank
Mucklich, for his trust in me, personal and scientific support. I am very thankful for his dis-
cussions which have been a constant source of scientific inspiration.

| am thankful to Prof. Dr.-Ing. Stefan Diebels for co-refereeing this thesis.

I acknowledge the efficient collaboration with the following partners who have contributed
their interesting problems within the project Nr. 03N3119 sponsored by German Federal Min-
istary of Education and Research: Herbert Junk, Andreas Spick, Dirk Radebach, Halberg Guss
GmbH, Saarbriicken; Rolf Heinemann, Volkswagen AG, Wolfsburg; Dr. Iris Altpeter, Prof.
Walter Arnold, Dr. Udo Netzelman, Dr. Michael Maisl and Ute Maisl, Fraunhofer 1ZfP,
Saarbricken.



I am thankful to Prof. Dr.-Ing. Weikum for successful cooperation by the development of the
on-line classification of graphite.

I would like to thank:

Dr. Christian Holzapfel, Dr. Flavio Soldera, Christoph Pauly for the help with microstructure
analysis using Dual Beam workstation;

Peter Leibenguth for TEM study and valuable discussions;

Dr. Jorge Fiscina for the help with the electrical measurements;

Dr. Katja Schladitz, Dr. Claudia Lautensack Fraunhofer ITWM, Kaiserslautern for the help
with 3D analysis and interesting discussions;

Hans Jakoby, Sasha Schneider, Wolfgang Ott for the sectioning of the numerous cast iron
samples and constructing the four point measuring setup;

Claudia Maas for metallographical tips and enjoyable working atmosphere through all this
years;

Dr. Andrés Lasagni for some suggestions with data analysis;

Nicolas Jeanvoine for the help with FlexPDE simulations;

Dr. Andreas Wiegmann for providing 3D simulation software;

Students Thomas Magenreuter, Corina Richter, Isabelle Galmiche, Andrea Siefers, and
Berenger Florence who contributed with their work to the different aspects of the current the-
sis.

| gratefully acknowledge all the colleges of the chair of Functional Materials, of University of
Saarland for the wonderful atmosphere and support. | owe special thanks to Michael Engstler,
Carsten Gachot and Jules Dake for the accurate reviewing of this manuscript.

Thanks to many others, who have contributed in one way or another to a good working at-
mosphere, with advice or just by sharing good time: Alexandra, Amadou, Antoine, Awa,
Christian, Hakima, Irina, Karsten, Laure, Mathias, Mikael, Muriel, Olga, Sebastien, Xavier

and all those | forgot to mention.

Finally, I would like to thank my family for their constant support, unconditional love and

their faith in me.

Saarbrticken, May 2008 Alexandra Velichko

Vi



TABLE OF CONTENTS

PREFACE ...ttt ettt ettt ettt ettt h et e bt e et ekt e Rt e R e e e Rt e R et R e e e R Rt R e e R et e bt e e Rn e Ee e nnr e e nneeannas \Y
TABLE OF CONTENTS ..viuttitiettettestestessestestestesseasesseassassessessessessessessesssssssssessessessessessessessessessnseens Vil
AABSTRACT ..ttt ettt etttk e bttt e e h et e R bt e e ke e e Akt e e R e e e R b e e oA R e e Rt e eR R e e R e e eR R e e R e e e R b e e Ee e e Rt e nne e nreereas XI
ZUSAMMENFASSUNG .....vvevvestetetesteaseaseeseessessessessesteassaseessessessessessessessesssssssssessessessessessensessnssens X1
TABLE OF SYMBOLS AND ABBREVIATIONS......eetttiuttaiteeaitiesteeseeesseeaseessesssseesseessseassesssseessesanns Xl
1 INTRODUCTION ...ttt bttt sttt bbbttt et e bbbt bt et se st e b et bt et e b e e neene e e e 1
. THEORY bbb bbbttt bbb be s neeneas 3
2 CAST IRON MICROSTRUCTURE AND PROPERTIES ....ccuviiitiiiiiesiiesiieesiensnieesieesseesssessseeenseens 5
2.1  Different Graphite Morphologies in Cast 10N .........ccccovveiiieiiii i 7
2.1.1  Cast Iron with Flake Graphite (FG) ......cccooviiiiiiniiiiirieeeee e 7
2.1.2  Cast Iron with Spheroidal Graphite (SG)........ccccceiiiiiiiiiiicie e 9
2.1.3  Cast Iron with Vermicular Graphite (CG).......ccccoviriiiiiiiiiien e, 11
2.1.4  Malleable Cast Iron (TG) ..cvecvviiiiiiie et 13

2.2 Influence of the Graphite Morphology on the Properties of Cast Iron...................... 14
2.2.1  Mechanical Properties and Density of Cast Iron...........ccccccvevevieiicie i, 14
2.2.2  Thermal and Electrical CONAUCTIVILY .........cccoiiiiiiiiiiiiiccee e, 17
2.2.3  Electromagnetic Properties for Non-Destructive Microstructure Characterization
............................................................................................................................ 18

2.3 Analytical Models and Prediction of Material Properties ............ccccccevvveveiiervenene. 19
2.3.1  Calculation of the Effective Properties of the COmpoSItes ............ccoovvvrvrrennne. 20
2.3.2  Existing Correlations for Cast IroN ..........cccccveveiieieeie i 24

3 QUANTITATIVE MICROSTRUCTURE CHARACTERIZATION ....coeiviieiiieecieeesieeesieeesaee e 29
3.1  Basic Characteristics of Quantitative Image Analysis ..........cccovveveiveiieveccicceen, 29
3.1.1  Particle Based Parameters .........cccoiueiiereeieieeiesiesieesie e sie e sree e 29
3.1.2  Field Based PArameters .........cccoiiiiiiienieieie et 30
3.1.3  Stereological Equations for Calculation of the Basic Characteristics................ 31

3.2 Characterization and Classification of Graphite Morphology in 2D......................... 32
3.2.1  Classification According to Norm DIN EN ISO 945..........ccccoiiiiiiniiiiiien, 32
3.2.2  Shape CharaCterization...........cceeviiiieiieie e 33
3.2.3  Other Approaches to Graphite Classifications............ccooeiiierieiienieeneee e, 35

3.3 Characterization N 3D ........cceiiieiiieiieee et 37
3.3.1  X-ray and Synchrotron Microtomography ...........ccccoeevriinieiineneneseseseee, 39
3.3.2  FIB-Tomography — NeW TOOL..........ccceoiiiiiiee e 40
3.3.3  Analysis of Spatial Tomography IMages ..........cccoevreriirienieienenese e 42

vii



I, EXPERIMENTAL oo 43

4 EXPERIMENTAL PROCEDURE .....ccuviiiiiiiestistesie sttt sttt bbb 45
4.1 SAMPIE PrEPAratiON ......cuiiiiiiiieieitie ittt sttt sttt re e sbe et sneenneas 45
4.1.1  Chemical COMPOSITION .......cccuiiieiieieie et enae s 45
4.1.2  MetallographiC Preparation ...........ccoccoeierenininenisisieee e 45
4.1.3  SUrface QUANITY .......ooiei e 46
4.1.4  Chemical ELCNING ....ooveiiiie e 48

4.2 Microscopic Characterization of the MICrOStrUCTUIE ..........cccoevvevieiieiecieseee e 49
4.2.1  Optical and Scanning EIectron MICrOSCOPY .........ccvreeerieiierienenieniesieseseeeenees 49
4.2.2  Transmission Electron Microscope (TEM) Study .......cccocevvevviieiiieieccie e 50
4.2.3  FIB NanotOmMOGrapiy .......c.ccieiieieiiesieeie e siee ettt ee s e ste e sneesneas 52

4.3 Quantitative Image Analysis in 2D and 3D.........ccccevveieiiienice e 56
4.3.1  Image Processing and BiNarization .............cccooeririiiiinieieiesesc e 56
4.3.2  Determination of Basic Parameters from 2D IMages.........c.cccevvevvrivereerresinennnns 56
4.3.3  Quantitative Analysis 0f 3D IMAJES ......cccovuriiererieiieeieeie e 60

4.4  Measurement of the Electrical RESISLIVILY ........ccooviiiiiiniiniiieieee e 60
4.4.1  Four-Point Method for Measuring Electrical ReSIStiVIty .........cccccovvveniviinnnns 60
4.4.2  Determination of Electrical ReSISTIVILY (P) ..veovereririririiieiene s 61

45  FEM Simulations in 2D and 3D ........cccieiiiiiiiiie e 62
451 USING FIEXPDE.......ci ittt 62
4.5.2  USING GEODICT......cciiiiiieiie ettt s 64

I1l.  RESULTS AND DISCUSSIONS ......ooiiiiiieieieiee e 67
5 ELECTRICAL PROPERTIES ....ctiitietiesieiesteste st siesseeseeseeteste st sbesbessesseeseessesbesbesbessesseansssenns 69
5.1 Electrical Resistivity of Cast Iron with Different Graphite Morphologies ............... 69
5.2  Influence of Particle Volume Fraction, 2D Particle Density, 2D Size...................... 70
5.3  Comparison with the Analytical BOUNS...........ccoiiiiiiiiiiiiecee e, 72

6 GRAPHITE CLASSIFICATION ....tiuteutete it stestessesseaseeseessessesbesbessesseesesseessesseseessessessessessennens 77
6.1 2D Shape Analysis of Graphite Morphologies...........ccccoceviiiiiniininieeeee, 77
6.1.1  Analysis of DIN Series Images Using Particle Based Method................cc........ 77
6.1.2  Analysis of the Real Graphite Morphologies............ccccooviiiiiiniiiiniceee, 79
6.1.3  Shape Size DePENTENCY .......cccveiiiieiicie et 81

6.2  Classification Using Image Analysis TEChNIQUES ...........ccooviiiiiiiiiiciceee, 83
6.2.1  Classification AIGOrithm ...........ccocoviiiiii e 83
6.2.2  Results of the Automatic Classification of Graphite............cccccooviiiiiiniinnn. 84
6.2.3  Extension of Graphite Classification on Different Magnifications.................... 86

6.3  Summary and Application of 2D Graphite Classification.............cccccvvvevvicnrvennne. 92
6.3.1  Outline for 2D Graphite Classification .............ccccceeveieiiiiiiccececeee e 92
6.3.2  Influence of the Fraction of Graphite of Different Morphologies on the Physical
0] 0T 1= OSSR 93

viii



7 3D GRAPHITE CHARACTERIZATION . . ettt et et e e e eeeteeae e e e e e e e eeeaaeseeeeeeeeennaaneeeeeeeennnns 95

7.1  Graphite Morphology and Crystal StrUCtUIe ..........cccccvevveve i 95
7.1.1  Description of the 3D Graphite Morphology .........c.ccoovveiiiiiiniiieee, 95
7.1.2  Graphite Nucleation, Crystal Structure and Growth Mechanisms................... 105

7.2 3D Analysis of Reconstructed 3D MOdEIS ..o 112
7.2.1  Comparison of the Parameters for the Individual Graphite Particles of Different
IMIOTPNOIOGY ...t bbbt bt 112
7.2.2  Analysis of the Connected Flake Graphite Structure with the Help of 2D and 3D
Field Based ParamMetersS..........oiieieeieieerie e se ettt e e naeeneesreenee e 118

7.3 Analysis of 2D Sections Through Reconstructed 3D Models..........c.ccccevvviieennnnn 125
7.3.1  Size-Shape Dependency and Comparison with 2D Analysis........c...cccecvvevenenn 126
7.3.2  ldentification of the Limits of 2D Classification ............cccccvevvviiinninicninnnnns 127

7.4 Summary and Applications of the 3D ReSUILS..........cccuviiieiiiiii e 129
7.4.1  Development of On-line POCA Application .........cccccoveviieiiiiiie e 130
7.4.2  Simulations of Physical Properties and Comparison with Experimental Results..

.......................................................................................................................... 134
8 1670 N ol I L] [ 0] N KT USSP RPPPRPRTR 141
IV, APPENDIIX ..ottt ettt ae st e e ne e e e e 145
9 AAPPEINDIX ..ttt etttk et ekttt ekttt ek et e ke e Rt e e bt e R bt e b e e Re e e Rt e b e e b e e nn e e nneeenes 147

9.1 Calculation of Effective Properties of Microstructural Constituents ...................... 147

0.2 CIasSITICAtION LIMITS......coiiiiiitiiieiieieee e e 149

9.3  Roundness: Dependency on the Maximum Feret Diameter...........cccocevevivervenenne. 150

9.4  Parameters of the Regression Analysis [144].......ccccveiieeiie i 151

9.5  Estimation of the Effective Conductivity of Graphite............ccccoovvriieniinienininnnenn 154

10 REFERENCES .....tttetteitee ettt ettt ekttt ettt et e et e s bt e e mb e e e be e e sb e e ebe e e mb e e beeenn e e nneeannis 157
CURRICULUM VITAE ..utiiitiieitie sttt esieeaite e teeasteasteesseeesbeessteaateessteesbeeasteeabeessteenbeeanbeenbeeanteenreesneas 165






ABSTRACT

Cast iron with different graphite morphologies were thoroughly analyzed and their influence
on the thermal and electrical properties was studied with the goal of determining clear correla-
tions between manufacturing parameters, microstructure and properties for advanced material
development and non-destructive quality control.

It was shown, that there is no simple relationship to describe these properties based only on
the microstructural parameters volume fraction and specific surface area. Cast iron properties
depend mainly on the graphite type. To provide objective graphite classification an automatic
algorithm was developed. Particle parameters: roundness, compactness and MaxFeret provide
a straight forward classification.

Graphite morphology was analyzed with FIB tomography. Graphite crystal structure, nuclea-
tion and growth mechanisms were studied using chemical analysis and analysis on TEM-foils.
3D quantitative characterization of the size, shape and spatial connectivity, as well as the
growth mechanisms and thus the structure of different graphite morphologies was done.
Analysis of 2D sections of the 3D particles suggested improving the 2D classification by us-
ing “support vector machine”.

Effective properties of cast iron were simulated using tomographic data. It was shown, that
for the correct estimation not only volume fraction, size and shape of the graphite particle, but

also their crystallographic structure and spatial connectivity has to be taken into consideration.
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ZUSAMMENFASSUNG

Mit dem Ziel der Feststellung eines Zusammenhangs zwischen Herstellungsparameter, Mik-
rostruktur und Eigenschaften fur die fortgeschrittene Werkstoffentwicklung und zerstérungs-
freie Qualitatskontrolle wurde das Gusseisen mit unterschiedlichen Graphitmorphologien
sorgfaltig analysiert und sein Einfluss auf thermische und elektrische Eigenschaften studiert.
Die Beschreibung der Eigenschaften basierend ausschlieBlich auf den Gefiligeparametern Vo-
lumenanteil und spezifische Grenzflache ist nicht moglich, da keine direkte Beziehung er-
kennbar ist. Die Eigenschaften des Gusseisens hangen uberwiegend von dem Graphittyp ab.
Ein automatischer Algorithmus wurde entwickelt, der mit Hilfe von den Parametern Rundheit,
Kompaktheit und MaxFeret eine eindeutige objektive Graphitklassifizierung liefert.
Unterschiedliche Graphitmorphologien wurden mit FIB-Tomographie analysiert. lhre Kris-
tallstruktur, Keimbildung und Wachstumsmechanismen wurden mittels chemischer Analyse
und Analyse an TEM-Folien untersucht und quantitativ in 3D charakterisiert. Die Analyse der
2D Schnitte durch 3D Graphitteilchen lasst erkennen, dass die 2D Klassifizierung durch die
Anwendung von ,,Stutzvektor Verfahren verbessert werden kann.

Effektive Eigenschaften von Gusseisen wurden basierend auf tomographischen Daten simu-
liert. Fur ihre korrekte Abschatzung muss nicht nur Volumenanteil, GréRe und Form von
Graphitpartikeln, sondern auch deren kristallographische Struktur und rdumliche Konnektivi-

tat beachtet werden.
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1 INTRODUCTION

The development of new, more powerful technologies in the automobile industry offers
enormous performance advantages, while at the same time providing high safety standards
and obeying the emission regulations. The growing requirements on the material properties
for such advanced applications have resulted in the pursuit of new alloys, but also in the at-
tempt to improve the existing wide-spread materials. Cast iron, known in Europe for more
than six centuries, recently experienced a renaissance. The reasons for its high potential are
the low production costs and new well-controlled casting technologies, which allow the exact
tailoring of the wide range of microstructural configurations and thus a wide range of proper-
ties. Further variation of casting procedure and additives can even be used to produce a grad-
ually changing microstructure. Such adaptive microstructural design makes this traditional
material highly competitive even in comparison with aluminum alloys.

The significant drawback is that still only empirical correlations between manufacturing pa-
rameters and microstructure, and microstructure and properties are known. This is predomi-
nantly due to the insufficient description of the graphite morphology which is, in most cases,
still based on the subjective comparison of two dimensional micrographs with the series im-
ages of the DIN EN ISO 945 [1] standard. Whereas the essential link between the materials
processing and its properties is the 3D nature of materials microstructure.

Thus, it is important to provide a quantitative characterization of the graphite morphology,
size, and arrangement in order to unambiguously clarify its influence on the mechanical and
physical properties of cast iron. Theoretical assumptions of graphite’s effect on different
properties have been broadly presented in the literature. Although considering its complex
shape, the research was often limited to only one graphite morphology and no fundamental
models were proposed. Such models can build the basis for clear correlations with different
material properties, e.g. electro-magnetic, which can be used for non-destructive quality con-
trol.

Hence, the goal of the work is to identify the main quantitative characteristics of the different
graphite morphologies which play the decisive role in determining the properties for cast iron.
Chapter 2 presents cast iron in view of different graphite morphologies. It summarizes the
known empirical correlations for different mechanical and physical properties and reviews the
existing models for the estimation of the effective properties of the material from its micro-

structural characteristics.



Chapter 1: Introduction

Chapter 3 is dedicated to the fundamentals of the quantitative image analysis. It sums up the
known approaches to the problem of the graphite classification and presents the possibilities
of 3D image analysis.

In chapter 4 methods of the microstructural characterization and quantification are described
in detail. The experimental setup for the measurement of the electrical conductivity and the
principle of estimation of the effective properties of composite materials with the help of 2D
and 3D simulations are presented.

Chapter 5 presents the results of the electrical measurements. First correlations with the mi-
crostructural characteristics as well as the comparisons with the existing models are shown. It
becomes clear that only volume fraction of graphite inclusions is not sufficient for the correct
estimation of the effective properties of cast iron. It was confirmed that the properties are
principally determined by the graphite morphology.

As a first step the automatic, reliable and reproducible classification technique based on the
conventional 2D images of the microstructure is developed in the chapter 6. Such a procedure
can be used in any research or quality control laboratory as it does not require any sophisti-
cated equipment.

Chapter 7 describes the second step — 3D analysis of morphology variations of different
typical graphite precipitations by serial sectioning in the FIB/SEM dual beam facility. These
examinations were used to improve the technically relevant 2D classification through the
evaluation of the most significant microstructural parameters for the correct classification and
sequential development of the on-line available classification system. The application of a
support vector machine to analyze the sensitivity and the precision of this study enabled the
definition of a new image analyzing strategy to classify the graphite categories with highest
possible and even calculable precision.

Additionally, the nucleation and growth mechanisms of different graphite morphologies were
studied and quantified using advanced image analysis techniques. This provided essential
information concerning graphite crystallographic structure and thus graphite properties, which
made it possible to estimate the effective properties of the cast iron with the help of 2D and
3D simulations and to draw the important conclusions about the significance of the different
microstructural characteristics on the material properties.

Chapter 8 summarizes the important results with regard to the objective of the work.
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2 CAST IRON MICROSTRUCTURE AND PROPERTIES

The term cast iron identifies a large family of ferrous alloys. The ASM Specialty Handbook
[2] defines cast irons as irons that are “multicomponent ferrous alloys, which solidify with a
eutectic”. They contain major amounts of iron, carbon (2-4 %), and silicon (> 1.5 %) and mi-
nor amounts of alloying elements. Cast iron is experiencing a renaissance in modern technol-
ogy. It has many advantages over some even modern materials. The fluidity of cast iron, due
to the eutectic or near eutectic composition, is far better than that of steel because the casting
temperature is considerably higher than the melting point. The fluidity of any metal, including
cast iron, is a direct function of the difference between the pouring temperature and the solidi-
fication temperature. Cast iron can also be melted in conventional furnaces, including the
electric, crucible and the air furnace, which is similar to an open hearth except that the air is
not preheated. This process makes creating cast iron by far the cheapest method of melting
and is also a reason for the low cost of installation [3]. In addition to these process advantag-
es, cast iron also has some product advantages deriving directly from the fact that it contains
free graphite. During the solidification of gray cast iron the graphite phase builds a lattice
with low atomic packing density, which leads to very low volume oscillations [4]. Thus, the
danger of shrinkage cavity formation is reduced.

Cast iron can be classified according to solidification in gray and white iron. Gray cast iron is
formed through the solidification of the thermodynamic stable graphite phase, i.e. elementary
carbon, namely graphite forms from the liquid. Brittle carbide phase Fe;C (cementite) forms
next to the y-Fe, when the Fe-C-alloy solidifies according to the metastable diagram. The
terms white and gray are historically based on the color of the fracture surface. White iron
fractures along the iron carbide plates, and gray iron fractures along the graphite plates
(flakes). The mixture of both variants is known as mottled cast iron.

Alloying elements and cooling rates during the phase transformation control the choice of
stable or metastable solidification. Silicon plays a decisive role. It moves the eutectic point in
the Fe-C-diagram towards lower C-contents. The so known “saturation degree” S, shows to
what extent cast iron varies from the eutectic composition. It describes the quotient from the

total and eutectic C-content:

Sc — Ctotal 21

Ceutectic
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The shift of the eutectic C-content is conducted by Si as well as by the accompanying ele-
ments such as e. g. P and Mn. Ceecic Can be calculated according to the following formula [5]:

Coutoctic = 423 — 0.312 - Si — 0.33 - P + 0.006 - Mn 22

S; value < 1 means hypoeutectic, S; = 1 eutectic and S; >1 hypereutectic solidification. The
diagram of Maurer in Figure 2.1 shows the dependency of solidification from the C and Si

content. Stable (gray) solidification is promoted by high C- and Si-content.
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Figure 2.1 Phase formation in cast iron according to Maurer diagram (after [4]).

Silicon supports the dissolution of cementite, which results in formation of elemental C. High
contents of Al, Ti, Ni or Cu promote this type of solidification. Whereas, Mn, Cr, Mo or V
favor the white (metastable) solidification.

In addition to that, it must be noticed, that the various properties of these irons can be en-
hanced by altering their internal structure, by elemental manipulation through processing.
Alloying elements, including silicon when it exceeds about 3 %, are usually added to increase
the strength, hardness, hardenability, or corrosion resistance of the basic iron and they are
often added in quantities sufficient to affect the occurrence, properties, or distribution of con-
stituents in the microstructure [6]. Alloying elements are used almost exclusively to enhance
resistance to abrasive wear or chemical corrosion or to extend service at elevated tempera-
tures. Adding small amounts of alloying elements such as chromium, molybdenum or nickel
can give gray and ductile irons a higher strength to ensure the attainment of a specified mini-
mum strength in heavy sections.Next to alloying the inoculation, i.e. the addition of a small

amount of substances, like ferrosilicon, cerium, or magnesium, is used to control size, shape,
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and/or distribution of graphite particles. The quantities of material used for inoculation neither
change the basic composition of the solidified iron nor alter the properties of individual con-
stituents [6].

Modern cast iron materials (as well as the samples used in this work) base almost exclusively
on the gray solidification. During the cast iron solidification the non metallic graphite phase
can appear in very different morphologies. They will be described in the following section.

2.1  DIFFERENT GRAPHITE MORPHOLOGIES IN CAST IRON

Graphite morphology and size can be more or less efficiently controlled in the modern foun-
dry industry using certain alloying elements and inoculation, as well as varying processing
technology. Certain norms have been developed which precise the chemical composition and
mechanical properties of some groups of cast irons e.g. FG DIN-EN 1561, SG DIN-EN 1563,
and TG DIN-EN 1562. Deviations from the standard values can unfortunately occur due to
unique casting procedure in each individual foundry. The graphite microstructure stays the
most important factor influencing the required properties [7], [8], [9]. Thus its exact characte-
rization (see section 3.2) is the only reliable indicator for mechanical properties proposed by
foundries and required by customers. DIN EN I1SO 945 [1] defines six types of graphite mor-
phologies (see Figure 2.2). The following sections present different graphite shapes and their

formation.

Figure 2.2 Standard series images of the six graphite types according to DIN EN 1SO 945 [1].

2.1.1 CAST IRON WITH FLAKE GRAPHITE (FG)

Flake graphite in cast iron appears on the metallographic two-dimensional section (Figure 2.3)
as separate platelets: thin, coarse, in knots or nest like. In three-dimensional space these plates
are interconnected with each other and build a complex network. Graphite skeleton interrupts
the continuity of the metallic matrix, which is, depending on the chemical composition and

cooling rates, ferritic (a-Fe), pearlitic (a-Fe + Fe3C) or the mixture of ferritic and pearlitic
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structure. Pearlitic microstructure of matrix is often strived for due to its good tensile strength
[10].
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Figure 2.3 Cast iron with flake graphite (optical micrograph, magnification 200x).

Brittle graphite has a very low bonding to surrounding matrix. Thus, flake graphite tends to
build micro cracks on the lamella’s tips under even small tension stresses. The tensile stresses
here are higher than the applied external tensile stress, which leads to inhomogeneous stress
distribution [4]. On the other hand, the compression stresses can be much better tolerated; the
elastic modulus is comparable with the one for steel. The upper limit of the tensile strength
reaches approximately 400 MPa (EN-JL1050 according to DIN EN 1561). Next to its good
fluidity and machinability cast iron with flake graphite is characterized by a very good damp-
ing capacity which is able to reduce noise and minimize the level of applied stresses.

Graphite in gray iron solidifies mostly in form of platelets, when no particular alloying ele-
ments were added. The eutectic microstructure by the stable solidification consists of metallic
(y-Fe) and non metallic (C) phases. No common growing front line is observed, due to the
different growing mechanisms of these two phases. The growing frontier is somewhat ball-
shaped, caused by the graphite flakes to rush in front in all different direction. So known eu-
tectic cells are formed, where the lamellae splits into numerous branches during the further
growing [4]. This leads to plate-like branched out graphite skeleton and appears in a two-
dimensional section in form of separate lamellae (Figure 2.3).

Graphite, the layered structure of honeycomb-like hexagonal plates, has two growing axes
(Figure 2.4).
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Figure 2.4 Schema of graphite structure. Each basal plane consists of honeycomb-like hexagonal lattice. The growing axes
are a-axis, parallel to basal plane, and c-axis, perpendicular to basal plane.

Theory says, that the flake growth occurs parallel to base plane of the hexagonal layered
structure of graphite, so along the a-axis. This deposition is most rapid and has highest proba-
bility. Adsorption of S- or O-atoms on this plane supports this type of graphite formation [4],
[11]. Graphite size, shape and distribution can vary depending on cooling rates, cast additives

or impurities and overheating of the melt [1], [10] (see also Figure 2.5).

Figure 2.5 Five classes A through E of lamellar graphite type I [1].

2.1.2 CAST IRON WITH SPHEROIDAL GRAPHITE (SG)

For ductile iron (spheroidal graphite iron), minor elements can significantly alter the structure
in terms of graphite morphology, chilling tendency, and matrix structure. Minor elements can
either promote the spheroidization of graphite or can have an adverse effect on graphite shape.
Ideally graphite in ductile iron is almost entirely of nodular shape. These ball-like objects ap-
pear on the two-dimensional section as small and large, more or less circular particles (Figure
2.6). Graphite with such shape is hardly strength reducing, causing only fair notch effect. Due
to this reason properties of ductile iron are mainly defined by matrix structure. The matrix can
be ferritic, ferritic-pearlitic or pearlitic. The mechanical properties of ductile iron approach the
properties of steel, i.e. different strain and strength values can be tailored depending on the
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chemical composition (according to DIN-EN 1563, EN-JS-1020 till EN-JS-1080 are currently
available materials). Tensile strength of SG is considerably higher than for FG. On the other
hand the damping capacity is lower. Ductile iron in the annealed condition has now been ac-
cepted as a construction-material for a variety of applications including electric motor frames,

compressor cylinders, valves and other parts.
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Figure 2.6 Cast iron with spheroidal graphite (optical micrograph, magnification 200x).

Certain requirements are set on pig iron for the fabrication of cast iron with spheroidal gra-
phite. Next to the certain contents of silicon and carbon the strong desulfurization and desoxi-
dation of the melt is very important. This is reached by the melt treatment with magnesium (or
cerium). Magnesium is added to the 1200 - 1400 °C hot Fe-C melt in form of wires from
MgNi- or MgSi-alloys. The evaporation temperature of Mg is somewhat over 1100 °C, and
Mg is a very reactive metal. Hence fierce mixing reaction occurs by introducing Mg in the
melt, which leads to homogeneous distribution of the magnesium in the melt. The trace ele-
ments oxygen and sulfur are thus bound [4].

The growth of nodular graphite is different than that of flake graphite (FG). Essentially two
different theories of nodular graphite formation exist [12], the heterogenic nucleation theory
and the so known bubble theory.

According to the heterogenic nucleation theory, nuclei form first out of melt. These consist
mostly of sulfides and oxides of magnesium. Inoculation (e.g. with fine grained ferrosilicon)
shortly before casting also provides the nuclei for crystallization, which eventually influence
the amount and size of the spheroids. The growth of the graphite nodules begins on the nuclei.
So formed graphite spheroids are enclosed in austenite, so that the nodule is completely iso-

lated from the melt. The further growth of small nodule occurs through the diffusion of car-
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bon through the austenite cover. The spheroidal graphite grows in the direction of c-axis, so
perpendicular to the basis plane of graphite structure. The actually preferred growing direc-
tion, the a-direction, is apparently blocked by the nodularizing additives, which forces the
graphite to grow layer by layer. The suitable growth scheme, which respects the favorable
growth in the a-direction and at the same time supports the observation of the crystallographic
structure of the nodular graphite, was presented by Double and Hellawell [11] and refined by
Miao et al. [13].

The theory of heterogenic nucleation becomes doubtful if no nucleus is found in the center of
some graphite nodules. Gorshkov et al. [14] has published the bubble theory for the first time.
It assumes that carbon starts to grow on the gaseous magnesium, which exists in the melt in
form of gas bubbles. Graphite grows striving for the center of the gas bubble. When this
process is completed, the graphite nodule grows to the outside following the heterogenic nuc-
leation theory. The amount of the Mg gas bubbles and thus the amount of the graphite nodules
depend on the temperature of the cast. Higher temperature denotes a lot of small bubbles.
Yamamoto et al. [15] has further developed the bubble theory.

2.1.3 CAST IRON WITH VERMICULAR GRAPHITE (CG)

The worm-like' shape of graphite is characteristic for the cast iron with vermicular graphite
(Figure 2.7).
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Figure 2.7 Cast iron with vermicular graphite (optical micrograph, magnification 200x).

Compacted graphite (CG) irons have a graphite shape between spheroidal and flake, and most

of the properties of CG irons lie between those of gray and ductile iron. Less intensely pro-

! Jat. vermiculus = the worm
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nounced interruption of the iron matrix is caused by the rounded shape of graphite branches in
contrast to flake graphite. Hence depending on the matrix microstructure, tensile strength of
CG reaches from 300 to 500 N/mmz2. Moreover the ductility is much higher than for the cast
iron with flake graphite with the same tensile strength, whereas the thermal conductivity is
only slightly lower [10], [16]. This fact makes CG attractive for foundry products which have
to provide high performance under thermal stresses, in particular thermal cycled stresses.
Such components are steelwork molds, engine blocks for diesel motors and components of the
automobile breaks [10]. The drawback of the CG is its poor machinability.

Investigations with the help of thermal analysis shows, that vermicular graphite particles,
alike the nodular graphite, are formed according to the inoculation process. The supercooling
at the beginning of the eutectic reaction is almost identical with the one for nodular graphite.
Although lies the growing temperature in the stationary case near the growing temperature for
the flake graphite [17]. Another theory of the formation of vermicular graphite is the site
theory of Itofuji [12], which is based on the bubble theory. The growth of the graphite struc-
ture depends here on a so known liquid channel. If the graphite nodule still has a contact with
the melt, the further growth in this direction will occur. The growth is thus similar to SG, al-
though for SG the graphite nodule is completely isolated from the melt. Further details to the
formation of vermicular graphite can be found in [18] and [19]. Liu et al. [20] and Stefanescu
et al. [21] have shown that the undisturbed growth of vermicular graphite occurs mainly in
direction of the c-axis.

Vermicular graphite can be produced by the intended partial treatment with magnesium or
other treatment methods [22]. The Mg-content is not as high as in the case of producing cast
iron with nodular graphite. Figure 2.8 shows, that vermicular graphite is formed only in the
narrow percentage region of magnesium. Sinter Cast procedure established itself as the cur-
rently most widely used procedure [23]. It is based on the measurement of the heat conductiv-
ity of the melt. Upon this measurement, it is possible to predict the nucleation state of the melt
and thus the expected graphite shape. Hence, it is still possible to perform the correction step
by addition of magnesium and/or inoculant, but only as long as the pig iron is at the required
casting temperature. The other procedure is called cerium-misch metal-method from the
Foundry Institute in Leoben, Austria. Here the appropriate amount of cerium-misch metal is
added to the melt to acquire desired microstructure.

12
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Figure 2.8 Mg- and Si-content determine the morphology of graphite. Only small process window exists for CG. The sulfur
content in the sample is 0.04 % (after [24]).

2.1.4 MALLEABLE CAST IRON (TG)

Malleable cast irons differ from other types of irons in that they have an initial as-cast white
structure that is a structure consisting of iron carbides in a pearlitic matrix. The heat treatment
(also known as tempering) of malleable iron determines the final structure of this iron. It con-

sists of temper graphite (Figure 2.9) and pearlite, pearlite and ferrite, or ferrite matrix.

Figure 2.9 Malleable cast iron (optical micrograph, magnification 200x).

Excellent thin wall components with highly complex geometry can be founded with malleable
cast iron. It possesses high toughness, good welding properties and machinability. One of the
high advantages is that the component properties are equal in all stress direction. Malleable

cast iron has big potential concerning mass reduction and direct production in the near final
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shape. Required properties can be surely tailored by the tempering process [25]. Due to the
long time heat treatment the processing is quite expensive.

2.2 INFLUENCE OF THE GRAPHITE MORPHOLOGY ON THE PROPERTIES OF CAST

IRON

Some publications about cast iron are summarized here to show, how the properties of cast
iron depend on its microstructure, which can be viewed as graphite inclusions in iron-matrix.
Properties of the matrix are determined by its phase composition [7], [26]. Next to the matrix
composition, graphite inclusion having different shape, size and complex arrangement have a
great influence on the effective properties of cast iron [8], [27], [28]. The influence of gra-
phite morphology on mechanical and thermal properties has long been a subject for the study
of cast irons [29], [30]. In the past few years, compacted graphite iron [21], [31], [32] has
received considerable attention due to its good combination of mechanical and thermal prop-

erties.

2.2.1 MECHANICAL PROPERTIES AND DENSITY OF CAST IRON

Graphite flakes are responsible for the lack of appreciable ductility in gray iron and for the
ease, with which it can be machined. By breaking up the matrix, these flakes decrease the
strength of the iron; in fact, their influence is so pronounced that it often outweighs all other
factors controlling strength. Graphite flakes produce these effects in various degrees accord-
ing to their size, distribution and amount [3]. The analytical and experimental research of e.g.
Volchok et al. [28] confirms the presence of a reliable correlation between the shape of the
graphite inclusions and the mechanical properties of the cast iron. On the other hand there is
no definite relationship between tensile strength and hardness because of the marked influ-
ence of the shape, size and distribution of the flake on the strength without a corresponding
effect on hardness [3].

An important property of ductile iron is that it is an elastic material like steel, and that stress is
proportional to strain under loads up to the proportional limit. Though is the elasticity mod-
ulus of ductile iron lower than that of steel due to the presence of graphite. In flake graphite
iron, proportionality of stress to strain exists only with extremely light loading and beyond
that, permanent deformation occurs. Gray iron does not follow Hooke’s law, because the flake
graphite, in addition to interrupting the matrix, causes internal notches which act to concen-

trate stress locally at the ends of the graphite flake when a load is applied [3] (see Figure
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2.10). Ductile iron combines the process advantages of cast iron with mechanical properties
resembling those of steel and in addition, it retains the important advantage of excellent wear

resistance, machinability and corrosion resistance of gray cast iron [3].
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Figure 2.10 Stress strain relation in ductile iron and gray cast iron [3].

The excellent wear resistance accounts to the presence of graphite which contributes directly
to the lubrication of rubbing surfaces and also provides reservoirs for accommodating and
holding lubricants. Good mechanical wear resistance is an extremely important property since
most properly designed machinery eventually fails by wear. Due to this, cast iron is present in
a number of applications, including crankshafts, gears and many other items. There are certain
items, such as piston rings in internal combustion engines, which are lubricated in a marginal
manner, and which could not be made of any other material without extensive redesign and
without some sacrifice in performance. The variations in graphite morphology cause the sig-
nificant changes in total material loss through abrasion [9]. Cast iron with spheroidal graphite
(SG) shows a proportional rise of material loss through abrasion to the cycle number. For cast
iron with vermicular (CG) and flake graphite (FG) at first the slope is steeper. It flattens with
increasing cycle number, stays though higher as for SG. The difference between CG and FG
is low, and grows with increasing cycle number apart. Such behavior is an effect of tension
concentration, which is determined by the continuity of the matrix. The matrix continuity is
defined by the graphite shape. In the case of flake graphite low continuity of the matrix and
high stress concentration effect in comparison with SG and CG promotes much quicker crack
initiation and thus the ablation occurs earlier. CG has a higher mean distance between gra-
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phite inclusions as FG, which means the higher continuity of the matrix. The stress concentra-
tion effect for CG is thus lower as for FG.

Another important physical property of iron is its damping capacity. Using various types of
cast iron can solve many problems that are caused by vibrations. The damping capacity of
gray iron is much higher than that of steel or other kinds of iron. This behavior is attributed to
the graphite structure of gray iron. This damping capacity decreases with increasing strength,
because the larger amount of graphite present in the lower-strength irons increases the energy
absorbed [6]. Ductile irons also show a capacity for damping in mechanical parts and gears.
The properties of ductile iron closely resemble those of medium carbon steel and can replace
steel under many conditions of use [3]. Compacted gray irons have a damping capacity be-
tween that of gray and ductile irons. Malleable irons exhibit good damping and fatigue
strength and are useful for long service in highly stressed parts. The production of high inter-
nal stresses by quenching malleable iron can double the damping capacity, which is then
gradually reduced, as tempering relieves residual stresses [6].

Physical properties such as density, thermal conductivity, specific heat, electrical resistivity,
and damping capacity define the use of cast iron. Certain properties are affected more by
shape, size, and distribution of graphite particles than by any other attribute of the structure.
The mircostructural distribution affects the density of cast iron, whereas, the shape and distri-
bution of the graphite particles directly affects cast iron’s thermal and electrical conductivity.
The three factors that largely affect density of iron are the type of microconstituents present,
the composition, and temperature. Graphite has a low density. So the larger the amount of
graphite in iron, the lower the density of that iron. Silicon also lowers the density of iron.
Tensile strength decreases with increasing graphite content, and lower-strength irons of all
types generally exhibit this lower density [6]. This relationship between tensile strength and
density is shown in Table 2.1. For ductile iron, density is largely affected by carbon content

and by the degree of graphitization and any amount of microporosity.

Table 2.1 Physical Properties of Gray Iron as a Function of Tensile Strength [6].

Tensile Strength,  Density, Thermal conductivity at indicated temp., W/m-K  Electrical resistiv-

MPa glcm? 100°C 300°C 500°C ity at 20°C, uQ-m
150 7.05 65.7 53.3 40.9 0.80
180 7.10 59.5 50.3 40 0.78
220 7.15 53.6 47.3 38.9 0.76
260 7.20 50.2 45.2 38 0.73
300 7.25 47.7 43.8 374 0.70
350 7.30 45.3 42.3 36.7 0.67
400 7.30 43.5 41.0 36 0.64
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Compacted graphite irons have densities similar to those of both gray and ductile irons. The
density of malleable irons is higher than that of other unalloyed or low-alloy irons because of
their lower graphite content. Completely annealed ferritic malleable iron also has a lower den-
sity than the pearlitic and martensitic matrix irons. In white irons, the increasing carbon con-
tent tends to decrease density and an increasing amount of retained austenite in the structure

tends to increase density.

2.2.2 THERMAL AND ELECTRICAL CONDUCTIVITY

Like density, the thermal conductivity of cast irons is affected by factors attributed to the mi-
croconstituents. Graphite morphology, microstructure, alloying additions, and temperature all
influence both thermal and electrical conductivity. Rukadikar et al. [33] proves that among
these factors, next to the temperature, the graphite shape is the most influencing. Important at
the same time are the shape, size and orientation of graphite. As the shape of graphite changes
from flake to intermediate forms to fully spherical shapes there is less difference between the
thermal or electrical conductivity of the cast iron and that of steel. Ductile irons have higher
electrical conductivity and lower thermal conductivity than gray irons at all temperatures [6],
[34] (see Figure 2.11).
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Figure 2.11 The influence of graphite morphology on the thermal and electrical conductivities of cast iron in comparison to
steel [35].
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The ferritic gray, malleable, ductile, and compacted graphite irons have higher thermal con-
ductivities than iron with a pearlitic matrix (compare Table 2.4). Graphite exhibits the highest
thermal conductivity of all the microconstituents in cast irons. Thus, the thermal conductivity
of gray irons increases as the amount of free graphite increases and as the flakes become
coarser and longer. According to Hecht et al. [27], linear correlation exists between the mean
flake graphite length and conductivity. Longer graphite platelets cause greater conductivity as
shorter lamellae. Flake graphite type D, as well as short A-graphite flakes, reduce the conduc-
tivity drastically. This effect is based on the structure of graphite. The thermal conductivity
along the c-axis is low, along the a-axis very high. Gray iron with longer lamellas has more
basis planes for the heat flux which results in higher diffusivity and thermal conductivity. The
thermal conductivity of cast iron with compacted graphite is also due to the longish graphite
shape considerably higher than for ductile iron and corresponds to gray iron with highest
strength. This behavior is due to the fact that compacted graphite is interconnected much like
flake graphite [6].

The factors that influence thermal conductivity, graphite structure, matrix constituents, alloy-
ing elements, and temperature influence as well the electrical resistivity of cast irons. The
resistivity of all types of cast irons increases with temperature. Carbon and silicon have the
greatest influence on the electrical conductivity of cast iron. The higher is the carbon and the
silicon content the lower is the conductivity of the iron. Graphite has the lowest conductivity
of all cast iron microconstituents. Thus, it acts as a barrier for the electron transport. Coarse
flake graphite structures give the highest resistivity, with a lowering of the resistivity as the

flakes become finer.

2.2.3 ELECTROMAGNETIC PROPERTIES FOR NON-DESTRUCTIVE MICROSTRUC-

TURE CHARACTERIZATION

The knowledge about tailoring of the cast iron microstructure and thus producing the required
mechanical properties provide an enormous use of these materials in many modern technolo-
gies. Now the main goal is next to the efficient production costs to provide the quantitative,
reproducible and, if possible, non destructive method of microstructure control. Quantitative
characterization of the microstructure can be well performed on metallographic sections with
the help of image analysis (see chapter 6). This method is objective, but destructive and can
be executed only on some limited number of chosen pieces out of production series. Physical
characteristics can be used for the non-destructive testing as an indicator of the microstructure
and can be even integrated in the production process. Electromagnetic properties were found
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to be promising for this application [36]. Now the exact correlation of microstructure and
properties, and understanding of physical phenomena has to be done.

Ferromagnetic properties of bulk material are used for the application of the electromagnetic
testing procedure in order to perform non-destructive material characterization. The mea-
surements derived from the 3MA (Micromagnetic Multiparameter Microstructure and Stress
Analysis) depend on the microstructure and on the internal stresses [37]. There is a correlation
between electromagnetic properties of the material and its permeability and resistivity. In or-
der to perform correct interpretation of the measured electromagnetic signal and internal mi-
crostructure the complete understanding of microstructure influence on the electric and mag-
netic properties is required.

As pointed out by Hashin and Shtrikman [38], the problem of the prediction of the effective
magnetic permeability, dielectric constant, electrical conductivity, thermal conductivity and
diffusivity of heterogeneous media are mathematically analogous. Considering the complexity
of the task, in this work the problem was narrowed to the analysis of the microstructure effect
on the electrical properties. The goal is to correlate the property with the quantitative micro-
structure characteristics and when possible suggest a model which is acceptable for other ma-
terial properties e.g. permeability. Knowing that the shape of graphite particles in the same
e.g. pearlitic matrix causes various cast iron properties (Table 2.2), partial influence of the

graphite morphology will be primarily considered in this work.

Table 2.2 Comparison of the properties of FG-250, CG-500 and SG-700 [32], [39].

Property Measuring FG-250 CG-500 SG-700
unit
Tensile strength, R, MPa 250-350 500 700
Fracture strain, & % 0.3-0.8 1 2
Elastic Modulus, E GPa 103 170 177
Thermal conductivity, A W/(m-K) 45 40 30
Electrical resistivity, p pQm 0.73 0.60° 0.54
Maximum permeability, p pMH/m 220-330 501

2.3  ANALYTICAL MODELS AND PREDICTION OF MATERIAL PROPERTIES

There are a number of correlations between microstructural parameters and material proper-

ties conducted by this microstructure, e.g. compare [40]. These correlations mostly have an

2 Measured value for CG-400
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empirical character. Generally volume fraction or specific surface area (or some other basic
characteristic) and certain material property were measured for the series of samples to ana-

lyze their interdependency. Afterwards a model was adapted on the experimental values.

2.3.1 CALCULATION OF THE EFFECTIVE PROPERTIES OF THE COMPOSITES

The many approaches and predictive equations that have been proposed are summarized in
review articles and textbooks, several of which are recent contributions to the subject [41],
[42], [43], [44], etc.

2.3.1.1 BOUNDING SCHEMES

On a macroscopic scale, which is large in comparison to the scales of the components, a com-
posite behaves like a homogeneous solid with its own set of thermo-physical properties. It has
long been recognized that, for the provision of the analytical expressions for such composite
effective properties, full information concerning the microstructural arrangement of the two
phases is necessary. Excluding the simplest arrangements (e.g. stacks of plates parallel or per-
pendicular to the applied field) such information is quite difficult to determine. An easier way
is to bracket them by bounds or limits: upper and lower values between which the effective
properties are located [45].

A composite of two constituents has an electrical and a thermal conductivity which is located
between those of the individual components. The simplest of the mixing rules and bounds are
the parallel and serial addition respectively, of the corresponding conductivities. Below, dif-
ferent models are presented for predicting electrical conductivity. Thermal conductivity can
be predicted by the same models.

A composite containing parallel continuous graphite plates in the pearlite matrix, for example,
would have conductivity, parallel to the plates, given by the rule of mixtures (ROM):

0 = Vir * 06r + Vbeart * Opeari- 2.3

Here V is the volume fraction and o the electrical conductivity of the corresponding phase.
Equation 2.3 is an upper bound: in any other direction the conductivity is lower. The trans-

verse conductivity of a parallel plate composite lies near the lower bound:

o= OGr'OPearl
- : 2.4
Vpeeart'06r+tVer:Opeart
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2.3 Analytical Models and Prediction of Material Properties

These bounds are useful for macroscopically anisotropic composites with isotropic phases.
For an isotropic composite, equation 2.3 overestimates the effective conductivity, whereas
equation 2.4 underestimates it. Effective composite properties are often not simple relations
(mixtures rules) involving the phase volume fraction only. Complex interactions depend on
details of the microstructure.

Hashin-Shtrikman (HS) variation bounds establish more rigorous upper and lower bounds on
the effective electrical conductivity o 0f macroscopically isotropic composites with an arbi-

trary microstructure [46]:

Vi v,
%o 1 1-V, = Olower = Ocff < Oyupper = On +1—Vh

25

Op — 0o 3010 0o —0p 30y

where o, and Vy, are the electrical conductivity and volume fraction of the high-conductive
phase, respectively, and oy, the electrical conductivity of the low-conductive phase. The upper
bound usually accounts for the case where the less-conductive phase is embedded in the bet-
ter-conducting matrix. The lower bound, on the other hand, generally corresponds to the case
where the better conducting phase is embedded in a matrix of the less-conducting phase. For
low to moderate phase contrast in the considered property, such a procedure can bracket the
property with bounds that are relatively close. The Hashin-Shtrikman bounds are the best
possible bounds on the effective conductivity of isotropic two-phase composites with a given
only the volume fraction information.

With increased microstructural information, e.g. isotropic phase arrangement or two-, three-,
or n-point correlation distributions, the bounds can be narrowed, further increasing the pro-
vided precision of the prediction [41], [47]. An example is the so called 3-point bounds. In the
case of electrical conductivity, the effective conductivity of the composite o can be given as
a function of the matrix conductivity om, the inclusion conductivity o;, the volume fraction of
inclusion phase V; and a microstructural parameter ¢ that carries the three-point information.
Milton [48] has given the bounds initially derived by Beran [49] in a simplified form. In case

of ;=0 the 3-point upper bound is given:

_20,(1-VHA =)
el T T+ 2(1 -4

2.6
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Chapter 2: Cast Iron Microstructure and Properties

The case =0 or 1 corresponds to the upper and lower Hashin-Shtrikman bound, respectively.
¢i values for various matrix/inclusion topologies have been calculated or determined by nu-

merical simulation.

2.3.1.2 PREDICTIVE SCHEMES

For large contrast, however, as in the electrical conductivity of metal/ceramic composites, or
even of graphite/iron matrix in cast iron, the bounds lie far apart and the admitted values can
vary by one to several orders of magnitude. In case of high phase contrast it might therefore
be preferable to use an analysis that takes the actual basic arrangement and shape of the two
phases into account instead of bounding approaches. Several types of predictive schemes can
be distinguished in the literature. Most are based on the solution of the intensity field within
an ellipsoidal inclusion embedded in a matrix subjected to a remotely applied field [47]. The
ellipsoids can describe elongated, spherical or flat inclusions and the field within an ellipsoid-
al inclusion is uniform. At low inclusion concentrations, the problem is often simply solved
by assuming no interaction between inclusions.

Weber et al. [47] measured the effective electrical conductivity of a heterogeneous medium
containing randomly oriented non-conducting angular or equiaxed inclusions. Depending on
particle systems the mean-field approach (or Maxwell/Mori-Tanaka scheme), the two-phase
and generalized (or three-phase) self-consistent schemes overestimates significantly, slightly
or underestimates the effective electrical conductivity. Overall, the differential effective me-
dium approach (DEM) was found to be the only predictive scheme that adequately predicts
the effective conductivity of two-phase materials of a non-conducting material embedded in a
conducting matrix, for both equiaxed and angular particles [47] and for Al-Si alloys [50]. I.
Sevostianov et al. [51] has also shown that the electrical conductivity of the closed-cell alu-
minum foam is well predicted by the differential scheme for randomly oriented spheroidal
pores.

The differential effective medium (DEM) scheme [41], [46], [52] is based on the solution for
the dilute case of the intensity field in an ellipsoidal inclusion in a matrix subjected to a re-
motely applied field. The basic approach is as follows. Consider a composite with an arbitrary
volume fraction of inclusion phase and replace it by a homogeneous material having the same
effective properties. If we now replace an infinitesimal quantity of the equivalent homogene-
ous material by inclusion phase, the infinitesimal change in effective property of the new
composite is given by the dilute solution.

This postulate leads to a differential equation that allows accessing the effective properties at
any volume fraction by integration, starting at zero volume fraction of inclusion and the effec-
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2.3 Analytical Models and Prediction of Material Properties

tive property equal to that of the matrix. Predictions for spherical, aligned and arbitrarily
oriented spheroidal inclusions can be made [47].

It has been pointed out, that this procedure is strictly valid for hierarchical microstructures
[43] where the subsequent levels of inclusions have significantly increasing size, as this justi-
fies the replacement of the composite by a homogeneous material prior to every infinitesimal
step.

The equations for prediction of the effective electrical conductivity oe as a function of the
volume fraction of inclusion phase Vi=1-V, where Vy, is the volume fraction of the matrix
and the electrical conductivity of the matrix oy (for the case ¢;=0) for the case of spherical
inclusions (Eq. 2.7) and randomly oriented spheroidal inclusions (Eq. 2.8) are as follows:

Ocrf = om(1 — V;)3/2 2.7
—qgeq
Ocff = Um(l - Vi)(l/(l S*) 2.8

In the latter case, the effective polarization factor S* is given by [50]

1 1+3s,
1—Sed  6S,(1—S,) 29

where S is the polarization factor perpendicular to the shortest main axis of an oblate sphero-
id, itself given by

q _
S. = 20— )2 (cos™(q) — q(1 — ¢*)*/?) 210
with <1 being the aspect ratio of the spheroid.
As shown later, the models presented do not accurately predict the effective conductivity of
interpenetrating phase composites. They do not take into account the level of connectivity of

the phases involved.

2.3.1.3  FINITE ELEMENT METHODS

As opposed to the procedures described above, there are intentions to calculate macroscopic
material properties (e.g. properties of composite or polycrystalline material) from knowing the
special microstructure arrangement and local physical properties (e.g. electrical properties for

each phase and on the phase boarders). Such works are motivated by the development of the
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numerical methods for solution of partial differential equations, such as Finite Element Me-
thods (FEM).

Modeling the effective properties of particle-reinforced metal-matrix composites is based on a
real structure and can be done mainly in two different ways: one can directly import the expe-
rimentally obtained real structure into FE software [53], [54] or generate model structures that
have similar statistical functions as the experimentally obtained ones [55]. The statistically
equivalent modeling approach becomes very difficult in 3D, since, besides the position of the
particles, their sizes, orientations, and shapes must be taken into account according to the cor-
responding marked correlation functions [56]. Due to these difficulties, direct simulation of
real structures seems to be more straightforward; however, at the cost of a much larger model-
ing effort required to capture the variability of the microstructure. In order to obtain the aver-
age properties more volumes have to be selected from the real structure then “statistically
equivalent” models to be simulated. Before simulating the real structure one has to solve also
the problem of sampling, i.e., how the different simulation windows should be selected from
the large reconstructed volume. This simulation window should not be smaller than a repre-
sentative volume element, i.e., the smallest material volume that contains all microstructural
information and can be considered for estimation of the effective properties.

It is clear that the effective properties of cast iron with different graphite morphologies cannot
be predicted by only considering the graphite volume fraction and properties of the individual
phases (matrix and inclusions). Shape descriptive parameters based additionally on the area of
the phase interfaces and particle topography provides better microstructure-property relation-
ships, but not self-contained for all graphite morphologies. One of the goals of this work is
thus to find common dependency of the effective properties from 3D graphite shape, consi-

dering the different graphite crystal structure.
2.3.2 EXISTING CORRELATIONS FOR CAST IRON

2.3.2.1 MECHANICAL PROPERTIES

For cast iron most of the investigated microstructure-property correlations were concerning
mechanical properties. Cast iron can be viewed as a composite material consisting of ferrite
(bcc-iron alloy), graphite and cementite (FesC). The graphite morphology determines substan-
tially the properties of cast iron such as tensile strength and ductility. Thus, the shape and the
volume fraction of the graphite particles influence the properties of cast iron.

Cooper et al. [57] reports that the elastic properties of the composite materials can be pre-

dicted by the simple micromechanical models based on the volume fraction of the graphite
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inclusions and the bulk, shear and elasticity moduli of the iron matrix and the graphite flakes.
The theoretical models of Voigt [58], Halpin-Tsai [59], Hashin [43], [60], Wu [61], Rossi [62]
and Reuss [63] were developed to estimate the Young’s modulus (E-Modulus) of cast irons
which have been modeled as two-phase composites with randomly oriented graphite particles
embedded in an isotropic iron matrix. Graphite platelets are approximated by single crystals,
whereas nodular graphite particles are polycrystalline. This leads to different values of E-
modulus for graphite. By comparing the experimental value of the Young’s modulus of cast
iron with flake graphite with theoretical models, it can be seen that the experimental value lies
close to the predictions of Wu and Rossi. These models are based on disk-shaped inclusions
that reflect the shape of the graphite flakes. The experimentally measured value for the
Young’s modulus of cast iron with spheroidal iron is in close agreement with the predicted
values of Hashin and Halpin-Tsai. The Hashin model is based on a random distribution of
spherical-shaped particles reflecting the reinforcement geometry for the spheroidal cast iron
[57].

2.3.2.2  PHYSICAL PROPERTIES

Considerable input to the estimation of physical properties of cast iron was done by Johan
Helsing and Goéran Grimvall [64]. First they have calculated the conductivities of microstruc-
tural constituents of cast iron: ferrite, cementite and graphite. Second, they made an estima-
tion of the properties of pearlite. The following equations will be equally used for the estima-
tion of properties of the cast iron samples analyzed in this work (see section 5.3 and appendix
9.1).

Ferrite: Both phonon and electron contribution to the thermal conductivity of ferrite was tak-
en into consideration: A = A,,, + ;. The thermal conductivity of alloyed ferrite in cast iron

was estimated according to the following formula:

-1
B 1 , p(Fe) 1 ,
A(Feal.) = (Aph(Fe) + ZAici> + ( LT + LOTZ'DiCi> 2.11
L l

where Apn(Fe)=17.6 W/mK and p(Fe)=0.1 nQ'm have been estimated for pure ferrite by Wil-

liams et al. [65] from measurements on bcc Fe. 4; are the calculated [65] constants describing
the effect of the alloying elements on the 4, Ci are the concentrations (at. %) of the alloying
elements, p;’ are the corresponding resistivities per at. % (see Table 2.3). L,=2.03-10"° WQ/K?
is the measured Lorenz number (at 300 K) [64] for the term involving p(Fe) and the Lorenz
number Ly is for the part based on pel-ge.
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Table 2.3 Experimental values for the coefficients pj and A; [65], [66] used to calculate the impurity scattering of alloyed

ferrite from equation 2.11. 4,,,, estimated by [64].

Al Sn Si Ti Cr Mn Ni Mo Ru W

pl, (uQ-m/at.%) 0064 01  0.07 ... 0.046 0.05 0.027 0.048 0.045 0.05
10° Aj, (mK/W at.%) 7 8 3 01 10 4 13 15 40

Electrical conductivity of alloyed ferrite was estimated also considering the influence of vari-

ous chemical compositions:

p(Feal.) = Pel-ph t Pel-magn T Pel—def = p(Fe) + Z péci 212
i

Cementite: As the thermal and electrical conductivities of cementite (FesC) are not well
known Helsing and Grimvall [64] have summarized all known estimations [67], [68], [69],
[70], calculated the electrical conductivity p(FesC) = 1.07 uQ-m and chosen thermal conduc-
tivity for subsequent modeling A(FesC) = 8 W/m-K.

Graphite: Graphite has hexagonal lattice symmetry. The thermal conductivity is strongly ani-
sotropic. Along the hexagonal planes, the conductivity 1,= 4y is very high. Experiments at
room temperature on pyrolytic graphite [71] result in 1;~ 2000 W/m-K and 7, ~ 10 W/m-K.
The thermal conductivity of synthetic polycrystalline graphite, where the grains are oriented
so that the effective conductivity is isotropic, is in the range of 25-200 W/m-K according to
many reported data [71]. It is then obvious that 4 is very sensitive to lattice defects.

The anisotropic characteristics of graphite conductivity should be considered by the modeling
of effective properties of cast iron, thus 4,(graph) = 500 W/m-K, 1.(graph) = 10 W/m-K and
p/graph) = 0.5 uQ-m, p(graph) = 10000 pQ-m were chosen.

Pearlite: When dealing with the overall conductivity of cast iron, pearlite should be consi-
dered as a separate phase, with different conductivities along the cementite lamellae (1) and
perpendicular to the lamellae (1,). Effective properties can be calculated from the estimated
values of parallel (Eq. 2.3) and serial coupling (Eq. 2.4) or Hashin-Shtrikman (HS) bounds
(Eg. 2.5), which consider pearlite as a single phase with anisotropic conductivities. For a spe-
cimen which can be considered as a polycrystalline material of pearlite grains, and with ran-

dom grain orientation equation 2.13 yields the estimated isotropic conductivity.

1
Aeff = Z MII + (Aﬁ + 8A||AL)1/ZJ 2.13
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Knowing the physical properties of the individual microstructure constituents (see Table 2.4

and also appendix 9.1) the effective properties of cast iron with different graphite morpholo-

gies can be estimated according to the existing predictive and bounding schemes.

Table 2.4 The thermal conductivity A and the electrical resistivity p of phases and structural components at 300 K [64].

A, (W/m-K) o, (10° S/m) p, (LQm)
Pure ferrite® 78.5 10 0.1
Alloyed ferrite 30 2.78 0.36
Cementite 8 0.93 1.07
Graphite a 500 (293-419)* 2 0.5°
Graphite ¢ 10 (=85)" 0.0001 10000°
Lamellar alloyed pearlite (4, oy, py) 27.3 2.55 0.392
Lamellar alloyed pearlite (1,,0,,p,) 225 2.24 0.447

It can be seen that ferrite has higher thermal conductivity than pearlite. Cementite can lower
the cast iron thermal conductivity. The thermal conductivity parallel to the graphite basal
plane is very high and graphite, in this condition, is the phase with the highest thermal con-
ductivity. So, a graphite shape that eases the thermal conductivity along the basal plane must
result in maximum thermal conductivity [72]. This is the case of grey cast iron, as can be seen
in the Figure 2.12 [73].

Iron SG Iron FG Iron

Figure 2.12 Thermal conduction scheme. The thermal conductivity of graphite parallel to basal plane is higher than perpen-
dicular [73].

% Reference [65]
* Source [161]
® Source [160]
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3  QUANTITATIVE MICROSTRUCTURE CHARACTERIZATION

One of a material scientist’s most important tasks is to find a correlation between the material
microstructure and its properties. How it was shown in the previous section not only the com-
position of the material but more often the arrangement of different phases influence the re-
sulting properties. Quantitative image analysis can be successfully used for the characteriza-
tion of such arrangements. With its help is the characterization for many regular microstruc-
tures now explicit and can often be automatically realized. This is, however, not the case for

irregular graphite particles in cast iron.

3.1 BAsic CHARACTERISTICS OF QUANTITATIVE IMAGE ANALYSIS

3.1.1 PARTICLE BASED PARAMETERS

When talking about particles® one has to keep in mind that they can either be discrete and
even convex, or be spatially interconnected with other particles, and in extreme case form a
network [74]. One talks about simply connected particles when the objects are discrete.

The characterization theorem of Hadwiger [75] says that all features of one particle, which
possess the special properties regarding its size, shape, topology, etc., can be represented as a
linear combination of following four parameters:

V — the volume of the patrticle,

S — the surface of the particle,

M — the integral of the mean curvature of the particle and

K — the integral of the total curvature of the particle.

=

Figure 3.1 Scheme for the explanation of curvature integrals.

® The term particle is a synonym to inclusion, grain, pore, fiber, lamellae, etc.
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The curvature x(P) of the point P on the surface is defined by the curvature radius r, which
can be applied to the surface element ds of the particle surface, see Figure 3.1. r; and r, cha-
racterize the smallest and the biggest curvature radii of the surface element ds. The mean cur-
vature is the mean value of the both respective curvatures x;(P) and x»(P), and the total curva-
ture is the product x1(P)-k2(P). The values M and K are acquired through the integration of the
mean and total curvature respectively over all surface elements of the particle [74], [76]:

M=%J(K1(P)+K2 (P)) ds=éj (%4—%) ds 3.1
K—fkl(P)-Kz(P) ds—f%'%ds 3.2

The four features V, S, M and K are arranged according to their geometrical dimensions. The
volume has a dimension m?, the surface has a dimension m?, and both curvature integrals have

the dimension m* and m° respectively, i.e. K is dimensionless.

3.1.2 FIELD BASED PARAMETERS

The densities of the particle features are used to characterize the components of the micro-
structure. These densities are parameters with respect to sample volume. Hence, the volume
density, i.e. volume fraction, of the microstructural component is the quotient out of the total
volume of this component in the sample and the total sample volume. VVolume fraction (Vy)
directly reflects the materials composition, i.e. the phase structure. The density of the surface
area (Sy) depends primarily on the kinetic aspects of the material fabrication, and influences
significantly the mechanical (e.g. Hall Petch effect) and physical properties [77]. Density of
the integral of mean curvature (My) characterizes the geometrical arrangement (i.e. shape) of
the second phase e.g. inclusions, which serve for example as the obstacles by dislocation or
domain movement during deformation and magnetization respectively. Density of the integral
of total curvature (Ky) is mainly influenced by the nucleation velocity [78].

The volume density is dimensionless, the specific surface area has a dimension m™, the densi-
ty of the first curvature integral My has the dimension m, and Ky has the dimension m™.
These four densities build the basis for the description of microstructural components. They
are thus called basic characteristics in the quantitative image analysis.
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3.1.3 STEREOLOGICAL EQUATIONS FOR CALCULATION OF THE BASIC CHARAC-

TERISTICS

The volume fraction (V\v), the specific surface area (Sy) and the specific integral of the mean
curvature (My) can be calculated from the 2D microstructural images according to the stereo-
logical equations [78]. Delesse [79], Rosiwal [80], Thompson [81], and Glagolev [82] have
consequently proved that the parameters area fraction Aa, linear fraction L, and point fraction
Pp acquired respectively with the help of the area method, lineal analysis and point count me-
thod can be used to determine the volume fraction Vy (see Table 3.1). The estimation of the
density of the surface area (Sy) can also be done from the area and lineal analysis. In 1945

Saltykov [83] has presented the derivation of the following equation:

4
Sy = —La = 2N
V=LA L 3.3

where L, is the length of the line per unit of surface, and N_ is the point number per line
length. The integral of mean curvature can be calculated with the help of area method from ya
(see Table 3.1). ya is a Euler number per unit area. It describes the topology of the objects and

in the case of simply connected objects it is equal to particle number per unit area (Na).

Table 3.1 Stereological equations.

Spatial structure Area method Lineal analysis Point count method
VV = AA = L|_ = Pp
4
SV = —LA = 2N|_
Vs
My = 2mya
Kv

The equation for the volume fraction can be applied to all homogeneous structures even if
they are not isotropic. The stereological equations for Sy and My are only valid in the isome-
tric case. In the case of anisotropic structure either microstructure adapted models [78],
which, depending on the assumption, can be inconsistent, or the actual 3D microstructural
images are required. 3D images are also necessary for the estimation of the specific integral of
total curvature (Ky), as well as other topological parameters, such as Euler number (yv), par-

ticle number (Ny) and connectivity (Cy), which cannot be calculated from the elementary ste-
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reological method. Thus, 3D images provide remarkable information gain in comparison with
2D. The 3D analysis is especially indispensable, when not periodic, not convex and not sym-
metric structures have to be characterized. Such structures, depending on their measurement
and shape, can appear significantly different in 2D as in 3D. And thus flawed conclusions
about the material properties can be derived. It is a challenge is to find unambiguous relation-
ships between 2D and 3D parameters for such complex microstructures. Further goal is to
develop some statistical models, which can replace real 3D images and can be used for the

simplified but correct simulations of the materials properties (see also section 2.3.1.3).

3.2 CHARACTERIZATION AND CLASSIFICATION OF GRAPHITE MORPHOLOGY IN 2D

Various graphite morphologies in cast iron are an excellent example of complex microstruc-
tures mentioned in previous section. Due to extensive application and wide range of proper-
ties of cast iron, which depend in particular on the graphite shape, is the characterization and
classification of graphite inclusions very important. Up to now analysis was limited to 2D
observations, which does not reflect the 3D complexity, but is preferable for the routine quali-
ty control. Hence, the characterization and classification of graphite morphologies from the

2D images was the matter of research for many material scientists.

3.2.1 CLASSIFICATION ACCORDING TO NOorRM DIN EN ISO 945

State of art is the subjective comparison of the real microstructures with standard series im-
ages of the two industrial norms ASTM 247-47 and DIN EN ISO 945 (Figure 2.2). By this the
job of metallographers was facilitated. Although the empiric, idealized series images can not
reflect the variety of the different graphite morphologies and allow wide range of subjective
judgments depending on the expert. Especially drastic differences were demonstrated on the
example of the flake graphite arrangements (Figure 3.2).

This leads over again to disagreements between cast iron consumers and foundry industries.
Additionally, is the subjective comparison with ideal series images very time intense and can-
not be accepted any more due to the growing requirements on the properties and thus on the
correct characterization of the microstructure of cast iron.

The complexity of the empiric classification of diverse graphite types is caused by its irregu-
lar, very complex and inconsistently non convex 3D shapes. As though the quality control is
based on the 2D plane sections, which are formed by the intersection of the random planes

with the graphite particles, one should always count with indistinct classification.
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3.2 Characterization and Classification of Graphite Morphology in 2D

In addition a quantitative determination of, for example, the volume fraction for every specific
graphite type cannot be done. At the same time, it is known, that the graphite morphology,
shape, size, and distribution have a significant impact on the properties of the cast iron (see
section 2.2). Therefore, it is very important to determine the volume fraction of each graphite
type and the size distribution of graphite particles. A quantitative image analysis is a reliable
tool for this task. Its implementation has made the quantitative characterization of the differ-

ent microstructures possible.

D D

\ E A E
Lahor 1 Lalxr 2
D D

\ E L\ E
Lahor 3 Labxr 4

Figure 3.2 Round Robin Test for graphite classification — subjective classification of flake graphite arrangements for 120
chosen microstructure images by the experts in four different laboratories, which specialize on cast iron [84]. When for
example laboratory 2 assigned the graphite morphology primarily to E-graphite, laboratory 3 had the opinion that there is
mostly A- and D-graphite. These results underline the importance of the objective and reproductive classification.

3.2.2 SHAPE CHARACTERIZATION

Many materials scientists, mathematicians and computer scientists have been working on the
question of classification of different graphite morphologies. A differentiation between the six
graphite types (Figure 2.2) may be made according to their shapes. Shape criteria can be used
to characterize and separate irregular graphite particles. It has been found that majority of the
shape parameters which are described in [85], [86], [87] and [88], can be reduced to only six
most important characteristics listed in Table 3.2.
All of those shape parameters can be easily calculated from the two-dimensional geometric
characteristics which were determined automatically, e.g. the area (A), perimeter (P), convex
perimeter (ConvexP), and Feret diameter [89]. The measurement can be automated with a
suitable image analysis system. The positive characteristic of all of those shape parameters is
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that they are dimensionless. In addition, their values range between 0 and 1 depending on the

particle shape, providing easy and clear-cut shape characterization.

Table 3.2 Shape parameters [85], [86], [87], and [90].

Shape
parameter

Formula

Definition

Sphericity

A 4T - A
Acirl p?

Ratio between object area (A)
and the area of the circle
(Acirt) with the same perime-
ter as the object’s perimeter

(P)

Roundness

A 44
Agira 7+ (MaxFeret)?

MaxFeret

Ratio between object area (A)
and the area of the
circumscribed circle (Agirz)

Circularity

Dcir 4-A

MaxFeret  |r- (MaxFeret)?

I:)cir

Ratio between the diameter
of the circle (Dy,) with the
same area as the object area
(A) and the object’s maxi-
mum Feret diameter (MaxFe-
ret)

Compact-
ness

A 4w
Agirs  (ConvexP)?

Pconvex :Pcir

Ratio between object area (A)
and the area of the circle
(Acirs)  with  the  same
perimeter as the object’s
convex perimeter (ConvexP)

Aspect
ratio

Dpin MinFeret
Dygx MaxFeret

Ratio between the object’s
minimum  (MinFeret) and
maximum  Feret diameter
(MaxFeret)

MinFeret

Convexity

(C onvexP)2
P

MaxFeret

Pconvex = Ppar‘t

Squared  ratio  between
object’s convex perimeter
(ConvexP) and its perimeter

(P)

One of the most widely used shape parameter is particle sphericity also known as shape fac-

tor. It compares the object’s area (A) to the area of the circle (A1) having the same perimeter

as the perimeter of the object (P). Other shape parameters such as roundness, compactness,

and circularity similarly compare the object to an ideal circle, which has a different definition
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3.2 Characterization and Classification of Graphite Morphology in 2D

for all of those shape parameters (see Table 3.2). As a result, the sensitivity of shape parame-
ters proves to be very different for discrimination between shapes. The aspect ratio describes
the elongation of objects, but cannot give any information about the complexity of the object

shape. For instance, the value of the aspect ratio of a star always is equal to 1 (Figure 3.3).

Figure 3.3 Star polygon. Dashed line is a convex perimeter.

The convexity of the object is defined as the square of the relationship of the convex perime-
ter to the perimeter of the object. An object of a convex shape has a convexity which is equal
to 1. The rougher, the wavier, and the more complicated is the outline of the object, the small-
er is the value of its convexity.

The differentiation of complex particles according to their shape parameters described in [76],
[85], [86], [87] and [91] admittedly is not trivial. The use of only these parameters is not suf-
ficient for a classification of the variety of graphite morphologies.

3.2.3 OTHER APPROACHES TO GRAPHITE CLASSIFICATIONS

3.23.1 FRACTAL DIMENSION

In some recent works of Ruxanda et al. [85], Li et al. [86] and Lu et al. [92] the parameter
“fractal dimension” in a combination with other shape parameters was successfully used for
the graphite classification. However, several disadvantages are associated with this method
and it cannot yet be used for the efficient quality control [85]. The value of the fractal dimen-
sion calculated from the image of only one magnification with the help of morphological
transformations does not always correlate with the correct value acquired from the analysis of

the same particles at different magnifications.

3.2.3.2 MORPHOLOGICAL OPERATIONS

J. Ohser [84] introduced a method, which makes it possible to classify different flake graphite
configurations by applying morphological image transformations. Each pixel of the graphite
phase is classified according to both the size of the lamellae surrounding it and the distance
between adjacent lamellae [93]. The result of such measurement for each image is a matrix,

the coefficients of which correspond to the numbers of appropriately classified graphite pix-
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Chapter 3: Quantitative Microstructure Characterization

els. The ij-th coefficient is the number of pixels that was assigned to the i-th size class and the
j-th distance class. These coefficients contain the implicit information about the fraction of
different flake graphite arrangements. The classification according to this method requires a
prior training step, where the measured data (i.e. the implicit information) are linked to the

subjective classification (the expert’s knowledge).
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Figure 3.4 Ranges of the fractal dimension and the shape factors for different types of graphite [85].

3.2.3.3  SUPPORT VECTOR MACHINE

The referenced articles by K. Roberts [94], [95] report that the support vector method was
employed to classify flake graphite. The author has used 14 Haralick coefficients [96] and 6
field-based image analytical parameters [78]. As a result the combination of parameters was
defined, which play the most essential role for the classification. Roberts has proposed to in-
crease classification quality by the extension of the already 20 different parameters by the

texture and shape parameters.

3.2.34  “Fuzzy LogIC”

L. Wojnar [91] used the “fuzzy logic” together with the shape parameter for such classifica-
tion (see Figure 3.5a). The main advantages of the application of the fuzzy logic is, that it
enables quantification of particles which do not fit the assumed templates, and that it is rela-
tively close to our human way of quantification. The example of the application of the fuzzy

logic to shape analysis is shown in Figure 3.5b.
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Figure 3.5 a) Schema of the fuzzy logic and b) application of the fuzzy logic for the classification of the graphite particles.
Upper number denotes the value of shape factor and lower number in % informs how well the particle fits as a circular
shape.

All the methods described above give the equivalent weight to 2D sections through the gra-
phite particles of different size and, except for the fractal dimension, do not consider the effect
of the resolution, i.e. magnification and the calibration factor. They are relatively sophisti-
cated and often require a prior training step. In addition some of the methods are concentrated
only on the flake graphite arrangement. Admitting that five different arrangements of flake
graphite have a big chance of coexisting in the cast iron microstructure, flake graphite is only
one of the six graphite types (Figure 2.2). Modern developments in the foundry technology
are able to tailor microstructure and produce cast iron with advanced properties and mixed
graphite morphology. Thus, the unambiguous recognition and classification of basic graphite
types is indispensible.

Such classification will allow clear correlations between cast iron microstructure and its prop-
erties. Although considering only 2D images it might be not possible to understand the dis-

tinct factors determining the bulk properties of the material.

3.3 CHARACTERIZATION IN 3D

In order to achieve the goal of correct identification of 2D sections of a certain graphite class,
the analysis of the real 3D microstructure of individual particles of different graphite mor-
phologies can be very helpful. Besides, 3D analysis of complex graphite morphologies will
give the information about material interconnectivity and thus help to understand and predict
the effective properties of cast iron materials.

Some three dimensional tomographic methods were developed for the analysis of the non
organic materials. The well established x-ray microtomography has a resolution down to 1 um
[97]. This method is non destructive but has limited chemical sensitivity. The use of the syn-

chrotron beam allows nowadays tomographic imaging with sub micrometer resolution as well
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Chapter 3: Quantitative Microstructure Characterization

as the in-situ observation of the microstructure development during dynamic processes (e.g.
[98]). The partial coherence of the beam leads to the new contrast mechanism (phase contrast)
and thus allows the imaging of the materials, which were quasi invisible for the conventional
x-ray tomography. By the Focused lon Beam (FIB) serial sectioning, although the investi-
gated region on the sample surface is almost completely removed, the rest of the sample re-
mains preserved. The advantage of FIB-nanotomography is not only the high resolution
(down to 10 nm), but also different contrast methods that can be used, which can characterize
the crystallographic orientation (using Electron Backscatter Diffraction — EBSD) [99] and
composition of the phases (using Energy Dispersive X-Ray — EDX) [100]. The sophisticated
particularity of FIB-nanotomography is that anisotropic voxel result from the combination of
the SEM and FIB. Transmission Electron Microscope (TEM) tomography allows the 3D cha-
racterization with even higher resolution [101], [102], but it is limited to the very small sam-
ple volume. Investigated samples have to meet the requirement of material transparence for
the electrons (TEM) or photons (TXM). The atom probe, which uses field ion desorption from
ultra-high curvature tip, coupled with time-of-flight mass spectrometry and a position sensi-
tive detector, provides the 3D reconstruction of the structure and chemistry of the tip with
atomic resolution. Disadvantage is that only some cubic micrometer small volumes can be
analyzed and for their preparation rather special and sophisticated techniques are required. For
heterogenic materials such an analysis on extremely small samples cannot be representative

for the whole structure [103] and thus will not be used in this work for 3D characterization.
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Figure 3.6 The resolution possibilities of the tomography methods for the investigated volume with certain edge size.
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3.3 Characterization in 3D

Figure 3.6 gives the overview of the tomographic methods mentioned above. Clearly visible is
the overlap between synchrotron, x-ray and FIB-tomographies, which can serves as a basis for
the comparison investigations of the physical background of the image providing signals. The
combination of different tomographic methods can provide 3D characterization of the micro-

structure over all relevant size scales.

3.3.1 X-RAY AND SYNCHROTRON MICROTOMOGRAPHY

X-ray tomography collects the attenuation of the x-ray beam as a function of the rotation an-
gle to acquire two dimensional images [104]. The series of such images is gathered as a func-
tion of the distance along the object and connected in the 3D volume. One of the biggest diffi-
culties during the measurement of the attenuation of x-ray is the signal noise ratio and signal
localization. The Cone-Beam X-ray tomography (CBXRT) method was suggested to handle
this problem and provided the improvement of the signal noise ratio [105]. In CBXRT two
dimensional attenuation data is simultaneously collected with the help of assembled detectors.
This method increases the signal noise ratio, and in some cases even the interpolation method
is not necessary for the 3D volume reconstruction [104]. However the difficulty of the
CBXRT is that the collected data needs to be processed with a complex deconvolution algo-
rithm. Whether or not this technique finds the application in materials science is still a ques-
tion.

X-ray tomography can be applied for the reconstruction of the 3D morphology and in some
cases even the distribution of the chemical elements in the material. The element distribution
can be acquired from the x-ray attenuation coefficients, which depend on the chemical com-
pounds [106]. Due to dependency of the x-ray attenuation from both chemical composition
and the density of the material one needs to be cautious by the interpretation of the results
[97]. Additional difficulty is that the sensitivity of the technique drastically decreases when
the sample is composed out of the elements with low atomic number Z. The difference be-
tween the absorption coefficients for the hard x-rays is very low for such elements [107]. The
considerable advantage of the 3D x-ray tomography is though the fact, that the investigation
does not depend on the sample shape and material composition [108].

Compared with many other characterization methods the final resolution is one of the most
important aspects by the x-ray tomography. Significant results were reached through the fur-
ther development of beam source [109], optics [110], [111], detector and reconstructing algo-
rithms [112].
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Recently synchrotron source has been used to obtain high spatial resolution. The resolution
down to 0.5 pum can be reached employing a synchrotron beam line. This non destructive high
resolution method allows further manipulation with the sample for other experiments. It is
even possible to investigate the microstructure development and chemical transformation in
material as a function of time [113], [114], [115], [116], [117].

Unlike the conventional x-ray tubes, synchrotron beam source offers continuous energy spec-
tra, which is combined with the high photon flux. Employing the perfect crystal monochroma-
tor it is possible to choose one monochromatic beam with sufficiently high photon flux for an
efficient imaging. Additionally the monochromatic beam is used for the precise measurement
of the sample density. Beam hardening is almost completely eliminated, which is indispensi-
ble for the polychromatic standard x-ray tube and which leads to the artifacts in the tomo-
graphic imaging. High photon flux allows imaging with high spatial resolution and high sig-
nal-noise ratio in relative short time [118]. The linear x-ray attenuation coefficients can be
exactly determined for the materials with low atomic number Z for the energy range of x-ray
beam between 10 keV — 100 keV with the help of parameterization of Jackson and Hawkes
[119], [120]. Thus, the examination of the inside structure of the materials with low Z became
possible [118], [120].

Aluminum-graphite composites have been successfully analyzed recently with the help of x-
ray microtomography with the resolution 2-3 um [121] and synchrotron tomography with the
resolution 0.7 um [122]. Although Al and C have similar densities it was possible to achieve
good contrast between phases due to sufficient variation of linear attenuation coefficient for
photons in the range of 40 to 60 keV. Sanchez [121] has also shown, that if the attenuation
variation is too large, for example graphite infiltrated with antimony (Sb) it is difficult to dif-
ferentiate between phases. In addition the high mass attenuation coefficient of Sb leads to
reconstruction artifacts when using a polychromatic source.

Even higher resolution was required for the exact 3D characterization of graphite particles in
cast iron. Thus, the first studies were performed with the help of FIB-nanotomography.

3.3.2 FIB-TOMOGRAPHY — NEW ToOOL

The idea of FIB-tomography is based on the metallographical technique of serial mechanical
polishing and observation of each section with optical or scanning electron microscopy. Ad-
vanced serial sectioning with much smaller interlayer spacing can be achieved by means of
ion milling with the focused ion beam (FIB) technique. Inkson et al. [123] has for the first
time localized in 3D space the phase boarders of the (sub) micrometer large grains of FeAl
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3.3 Characterization in 3D

nanocomposites with the accuracy better than 100 nm. In his second work [124] 3D mapping
of Cu-Al multi layers after deformation with nano-indentation is presented. However, with the
single-beam FIB technique, the stage has to be tilted and repositioned between each in-plane
erosion and out-of-plane imaging step. Thereby, the mechanical tilting of the stage induces
imprecision that limits the resolution and reproducibility of the interlayer spacing. As a result,
the data is not suitable for quantification of microstructural features at the submicrometer
scale. To some extent, this limitation has been overcome with the more recent dual-beam FIB
machines, which consist of an ion column for milling and an electron column for SEM imag-
ing. Holzer et al. [103] has reached in his research of BaTiO3; sample the resolution of
5.9x6.8x16.6 nm°. It was shown, that through the combination of FIB and SEM a variety of
different phenomena can be analyzed in 3D.

The resolution of FIB-nanotomography depends mainly on the precision of the target prepara-
tion with focused ion beam and achievable resolution of the signal (e.g. SEM). Hence, the
highest resolution of FIB-nanotomography is when applying secondary electron imaging
(~1x1x10 nm?3). EDX FIB-nanotomography has the worst resolution (according to the accele-
rating voltage >300x300x300 nm3). The resolution of approx. 50x50x50 nm3 was reached
with EBSD FIB-nanotomography [99]. These two mentioned contrast methods available in
the Dual Beam workstation give the complete information about the chemical compositions of
materials and crystallographic orientation of the individual grains.

The additional advantage of the FIB-nanotomography in comparison with all other 3D me-
thods is that the small localized region on the relatively large sample can be chosen aiming at
the particular result and analyzed with extremely high resolution. This allows much better
control of the representative analysis of the heterogenic microstructures. When analyzing 3D
arrangement of the microstrucutral elements two following aspects have to be taken in con-
sideration. The voxel size (i.e. resolution) has to be sufficiently small to provide exact charac-
terization of the microstructure compounds and later to conduct credible simulations [125].
And the analyzed volume has to be sufficiently large to allow the statistically relevant conclu-
sions about the microstructure and to acquire reliable predictions about the material properties
calculated from simulations. The upper limit, i.e. the biggest investigated volume, depends on
the maximal sputtered volume with the ion beam in a practicable time period. Realistic vo-
lumes which can be analyzed with FIB-nanotomogrpahy vary depending on the used ion
beam current from 1x1x1 pm?® to about 100x100x100 um3. Thus it is clear, that FIB-
nanotomography is complementary to already established tomography methods: microtomo-
graphy with synchrotron and x-ray from one side and TEM-nanotomography from the other.
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3.3.3 ANALYSIS OF SPATIAL TOMOGRAPHY IMAGES

The determination of the four basic characteristics directly from the 3D images was thorough-
ly discussed in [78] and [126]. The procedure is based on the integral geometric formulas
such as Crofton formulas and the modifications of the Hadwiger recursive definition of the
Euler number. The integrals appearing in the Crofton formulas and Hadwiger recursive defini-
tion are so discretized for the implementation in microstructural image analysis, that the
,measurement® of the basic characteristics can be performed through the simple “counting” of
the elements in the digitalized image. The elements are pixels (voxels) or neighboring confi-
gurations of pixels.

The volume fraction of the phase (Vy) can be acquired through simple counting of image ele-
ments (voxels) which belong to this phase. The consideration of the length and surfaces of the
individual image elements, as well as their weight, is required by the determination of the
specific surface area (Sy) and the integral of the mean curvature (My). The precision of the
estimation depends on the size of the elements, and thus on the resolution of the 3D images,
as well as on the right choice of the weight of the individual elements. The weight coefficients
are defined by the shape of the elementary cell of the 3D image, i.e. by the voxel size in x-, y-
and z-direction. CT-images have equidistant voxel size, whereas anisotropic voxels have to be
considered in case of FIB-Nanotomography. L. Helfen has concentrated in his work [127] in
particular on the effect of the resolution on the estimation of S and M and on the anisotropy of
the microstructure. Euler number (yv) characterizes particle complexity and connectivity. In
[128] was shown, that its determination and thus the determination of the integral of the total
curvature (Ky) depends significantly on the chosen connectivity, i.e. the rule according to
which the neighboring pixels are being found. The systematic mistake measured for the dif-
ferent estimations of the Euler number does not disappear with the increasing resolution
[128], [129]. It was shown, at which resolution and volume fractions of the phase the evalua-
tion of the Euler number is less faulty. Although no clear conclusions could have been drawn
showing which neighbor system is best suited for the estimation of Euler number.

The necessity on the unambiguous and relatively easy algorithms for the 3D microstructure
characterization has remarkably grown in the last 10 years. This is undoubtedly connected
with the new developments of the 3D material characterization methods. A lot of questions
though, as for example the characterization of complex, non convex morphologies, are still to
be answered. The analysis of the influence of the resolution, anisotropy for such microstruc-
tures is the following sophisticated task for the mathematicians and materials scientists.
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4  EXPERIMENTAL PROCEDURE

For the reliable quantification of material properties it is important to have a quick, consistent
and reproducible method of analysis. New questions of microstructure characterization re-
quire the development of new experimental approaches and quantitative analysis techniques.
Yet, the first task in order to assure adequate microstructure characterization is an accurate

free of artifacts specimen preparation.

4.1 SAMPLE PREPARATION

411 CHEMICAL COMPOSITION

The samples of cast iron with either spherical (SG), or flake (FG), or vermicular (CG) gra-
phite, as well as samples of malleable cast iron (TG) were investigated in this work. Samples
were provided by Halberg Guss GmbH. No information about the chemical composition of

malleable cast iron was available.

Table 4.1 Chemical composition of cast iron samples with flake (FG), vermicular (CG) and nodular (SG) graphite.

Alloying elements, weight % FG; FG, FG; CG, CG, CG; SG

C 3.29 3.35 3.29 3.68 3.68 3.61 3.68
Si 2.07 2.17 2.03 2.21 2.12 2.14 2.23
P 0.049 / / 0.027 0.018 / /

S 0.11 0.093 0.105 0.0105 0.0096 0.009 0.006
Mn 0.65 / / 0.36 0.38 / /

Cr 0.496 / / 0.051 0.041 / /

Cu 1.294 / / 1.164 1.022 / /

Ti 0.032 / / 0.011 0.013 / /

Sn 0.1 / / 0.121 0.108 / /

Mg 0 0.001 0.001 0.012 0.013 0.008 0.026
Ni 0.104 / / 0.032 0.022 / /

N 0.0168 / / 0.011 0.008 / /

41.2 METALLOGRAPHIC PREPARATION

The samples were cut, embedded in resin and prepared on an automatic grinding and polish-
ing machine “RotoPol 22” of the Struers Company in two steps: grinding and polishing (see
Table 4.2).
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The surface roughness was characterized after each of the four last preparation steps in order

to prove, which metallographic preparation procedure provides the optimum surface quality

of the polished macro section.

Table 4.2 Sample preparation procedure.

o
I_I'r Steps _ S
Grinding Polishing

O Surface SiC - Paper MD - DAC

&  Grainsize 220, 500, 800,1200 6um 3um 1um
4& Lubricant Water Lubricant green
") [rpm] 300 150 150 150
(F)  Force[N] 10 5 5 5
@  Time [min] each 2-5 5 5-10 10

4.1.3 SURFACE QUALITY

The surface topography of the cast iron samples was analyzed with the help of the white-light

interferometer “Zygo New View 200” equipped with “3D Imaging Surface Structure Analyz-

er”. The vertical resolution is in the order of 0.3 nm whereas the lateral resolution is between

0.73 and 11.8 um depending on the used objective [130]. Following parameters were deter-

mined:

PV — the distance in um between the highest and the deepest point of the surface;

rms — the square deviation of all measuring points N of the surface from the mean

value;

n 2
_ i=1Yi
rms = ’—N

4.1

Ra — the linear deviation of all measuring points of the surface from the mean value.
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4.1 Sample Preparation

The planar surface, which is satisfactory for examination under the optical microscope, was
obtained already after polishing the samples with 3 um diamond suspension. It is true, how-
ever, that the topography is very distinctive (Figure 4.1).
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Figure 4.1 Surface topography of cast iron with a) flake and b) vermicular graphite after the preparation step with 3 pm
diamond suspension (magnification 100x).

The surface quality is improved and the topography of the graphite particles is reduced after
subsequent polishing with a 1 pm diamond suspension. The topography of the surface after
polishing with 3 um and 1 pum diamond suspension is compared in the Figure 4.2 (magnifica-
tion 800x).

+0. 8954 19,2507

Figure 4.2 Comparison of the preparation quality of the cast iron sample with flake graphite after the polishing a) 3 um and
b) 1 um diamond suspension.

The final polishing of the surface with an OPS suspension caused the unfavorable microstruc-
ture changes on the sample surface which increased the surface roughness. The results of the
topography analysis are summarized in the Figure 4.3.

The investigations made have shown that the preparation with polishing down to 1 um di-
amond suspension yields best results. Surface quality is very important for the reason that an
increased topography leads to inaccuracies in detecting the phase boundaries between the ma-
trix and graphite particles. This is especially important analyzing the cast iron samples with
flake graphite. The relatively large specific surface area (Sy, see section 3.1.2) of the flake

graphite particles heavily influences the precision of the quantitative analysis.
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PV, rms and Ra after different preparation steps
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Figure 4.3 The results of surface topography measurements of cast iron with flake and vermicular graphite.

414 CHEMICAL ETCHING

Next to graphite morphologies the matrix microstructure plays an important role for the prop-
erties of cast iron. An efficient way for visualizing the pearlitic structure is the chemical
treatment with solution containing 90 ml of ethanol 96 % and 10 ml of nitric acid 65 % for
two seconds. Already after such a short attack lamellae of pearlite are clearly visible (Figure

4.4q).
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Figure 4.4 Cast iron sample with vermicular graphite etched for a) two seconds (magnification 5000x) and b) two hours
(magnification 500x).
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The ferrite regions appear to be considerably lighter in the image of the optical microscope. It
was found, that the matrix microstructure is homogeneous and, if it is not further mentioned,
the volume fraction of ferrite is less than 1 %. The pearlite lamellae distance depends on the
thickness of the founded sample. The thickness of all investigated samples was 9 mm, so the
distance of pearlite lamellae was constant and equal to 0.5 = 0.03 pum.

Further use of the etching reagent (up to two hours) allows the complete exposition of indi-
vidual graphite particles (Figure 4.4b). This procedure has shown to be very successful for the
3D characterization of graphite morphology with the help of FIB nanotomography (see also
section 4.2.3).

4.2 MICROSCOPIC CHARACTERIZATION OF THE MICROSTRUCTURE

4.2.1 OPTICAL AND SCANNING ELECTRON MICROSCOPY

The microstructural analysis of the geometrical graphite shape occurred with the help of opti-

cal and scanning electron microscopy.

4211 OPTICAL MICROSCOPY

Microstructural images were captured with an optical microscope (Olympus® BX60) in the
bright field mode. A CCD-camera type A101f of the Basler AG, Ahrensburg was used which
produced an image at a resolution of about 1300 x 1030 pixels. For the first studies the mag-
nification of 200x was chosen, providing relatively high digital resolution (pixel size
0.66 um) which allows exact determination of structural characteristics [85]. In addition, it is
possible to measure a sufficiently large surface area when several images are combined to-
gether. The chosen imaging procedure made representative characterization of the structure
possible while keeping any distorting border effects at the minimum.

In order to analyze the influence of the magnification effect on the graphite characterization
further images of optical microscope were taken at the magnification 100x, 200x, 500x, and
1000x.

4.2.1.2  SCANNING ELECTRON MICROSCOPY (SEM)

Additionally, graphite inclusions were investigated with Dual Beam™ Strata 235 of FEI
Company, Eindhoven (NL) consisting of a high-resolution scanning electron microscope
(SEM) equipped with a field emission gun and a focused ion beam (FIB). SEM images were
acquired in the secondary electron modus at different (incl. 500x, 1000%, 2000, and 3000x

for the analysis of resolution dependency) magnification. Digital resolution of the images de-
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pends on the scan velocity and can be calculated from the magnification and image size
(1024 x 884 pixels). An acceleration voltage of 5 kV and a spot size 3 was used in the search

modus and 20 kV for imaging and investigations of chemical composition (EDX).

4.2.1.3 ENERGY DISPERSIVE X-RAY ANALYSIS (EDX)

Chemical analysis by EDX has been performed on the polished samples, cross sections and
even TEM specimens. A carbon TEM sample holder was especially designed for the x-ray
elemental mapping on the TEM foils [131]. In comparison with EDX analysis on a bulk sam-
ple, higher resolution can be achieved since the depth of interaction between the electrons and
the material is reduced to the thickness of the specimen (approx. 100 nm, see also [132]). The
measurements were performed by energy dispersive spectroscopy with an accelerating vol-
tage of 20 kV using EDAX instruments detector and EDAX Genesis ™" Software.

4.2.1.4  ELECTRON BACK SCATTERED DIFFRACTION (EBSD)

A TSL EBSD system was used for analysis of the crystallographic orientation of the samples.
Thus, it was possible to study the orientation of pearlite grains. No satisfactory back scattered
signal was acquired from polycrystalline graphite inclusions of any type even after polishing
with the low current ion beam. High absorption of electron signal and low perfection of gra-
phite crystals served the reason for this effect. STEM or TEM observations were required to

analyze the orientation of graphite inclusions.
4.2.2 TRANSMISSION ELECTRON MICROSCOPE (TEM) STUDY

4.2.2.1 TARGET PREPARATION OF TEM-FoILS WITH FIB WORKSTATION

Dual Beam™ Strata 235 workstation was equally used to prepare TEM thin foils. In order to
do this, two trenches have been milled on both sides of the region of interest generally in the
middle of the particle. While gradually reducing the ion beam current, the specimen was
thinned down to 1 pum. After reaching this thickness, the sample was back-tilted to 7° and the
foil was partially cut free with a U-shaped pattern, still connected to the substrate via two thin
branches at the top (Figure 4.5a). For in-situ lift-out, a micromanipulator “Kleindieck MM3A”
was inserted into the chamber. The micromanipulator tip was positioned over the TEM foil
and was slowly lowered until it contacts the specimen. The specimen and the tip were welded
by depositing a rectangular Pt layer using the electron beam. When the specimen and the tip
were fixed together, the specimen was cut free from the substrate. The specimen, now only
fixed to the tip of the micromanipulator, was lifted out (Figure 4.5b) and moved to a pre-cut
Cu TEM grid, where it was fixed again by electron-deposited Pt (Figure 4.5c).
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=
:
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Figure 4.5 TEM specimen preparation using FIB on a graphite particle. a) The lamella is milled on both sides. The specimen
is cut free from the substrate and is fixed to the micromanipulator tip to be extracted (b) in situ lift-out procedure. ¢) TEM foil
soldered to the Cu grid.

On the Cu grid, the specimen was finally thinned down to a thickness of approximately
100 nm using small ion beam apertures of 30 and 50 pA at 30 kV at an incident angle between
0.5° and 1.2°. Difficulties by thinning occurred due to the different phases present in the TEM
foil. To reduce the edge amorphisation the low tension polishing at 5 kV at a 4° angle was
applied. For more details see [133], [134].

For the first observation of the microstructure, a scanning transmission detector (STEM) was
used in the dual beam workstation using an acceleration voltage of 5 or 18 kV and the ultra-
high resolution mode of the electron microscopy.

4222 TEM STUDIES

TEM analysis was carried out with a Jeol JEM 200 CX at an operating voltage of 200 kV.

Both direct imaging for elucidation of the microstructure and selected area diffraction for

phase identification were used. In addition, EDX (Oxford Isis) analysis was performed in or-
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der to identify the chemistry of the different phases. In some cases before TEM Analysis an
additional Ar-ion cleaning stage at 5 kV was employed.

4.2.3 FIB NANOTOMOGRAPHY

4.2.3.1 GENERAL PRINCIPLES OF FIB-NANOTOMOGRAPHY

Focused lon Beam (FIB) tomography [103] is based on a serial slicing technique employing a
FIB/SEM dual beam workstation. In principle, the method consists of performing serial FIB
cross-sections through the volume that is chosen for the analysis. Each exposed surface is
imaged with an electron microscope (Figure 4.6) either in secondary or backscattered electron
contrasts or using EDX-mapping similar as described in [100]. In this configuration, the sam-
ple does not have to be removed from the microscope and the analysis is performed automati-
cally (or partly automatically in case of 3D EDX-FIB tomography[135]) using a scripting
routine. A dual beam workstation (FEI Strata DB 235) equipped with a FIB column employ-
ing a Ga liquid metal ion source, and a high resolution field emission electron microscope was
used. The angle between the FIB and the SEM column is 52° and the sample surface is
oriented perpendicular to the ion beam during cross-sectioning. In order to protect the sample
surface, to improve the quality of the FIB polishing, and to create a sharp boundary at the up-
per edge of the polished area, a large Pt-layer was deposited over the area of interest prior
serial sectioning. Before starting the automated serial sectioning procedure, a comparatively
large trench using a regular cross-section was milled in front of the graphite particles. The
choice of the milling and imaging parameters determines the resolution of the individual im-
ages and the spacing between the slices [103]. Hence, these parameters should be adapted to

the size of the graphite particle being analyzed.

Figure 4.6 Schematic illustration of the geometrical configuration for the serial cross-sectioning procedure.
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4.2.3.2  ANALYSIS OF THE COMPLEX GRAPHITE PARTICLES

Four samples of malleable cast iron and cast iron with flake (FG), vermicular (CG) and spher-
ical (SG) graphite particles were investigated in this work.

FIB parameters: Following Holzer et al. [103] at least ten sections have to be collected
through a particle for accurate 3D reconstruction. The diameter of graphite inclusions vary
between 10 pum for nodular graphite and more than 100 um for vermicular and flake graphite.
In addition, apart from nodular graphite, graphite particles are strongly non-convex and irre-
gular. From 2D analysis of optical micrographs it was found, that for correct characterization
and classification a pixel resolution of at least 0.6 um has to be used [85]. Considering the
minimum pixel resolution and the size of the graphite particles, an ion beam current of 20 nA
was used for the tomography in order to remain within a suitable time frame (40-50 sec mil-
ling time for each slice). The beam diameter is estimated to be in the order of 300 nm (FEM
simulation, FEI). Hence, a resolution of 300-500 nm should be expected for 3D tomography
which is acceptable for the graphite particles analyzed in this work. The total time depends on
the time for milling and the time for imaging (~ 2 min/slice). Thus, a region of 80 umx80 pm
can be analyzed though serial sectioning of 200 slices within 6-7 h.

The use of selective carbon milling precursor: In general the sputter yield of phases with dif-
ferent chemistry is not the same. In order to modify the sputter yield, FIB milling can be per-
formed while flushing the chamber with different gases for enhanced or depressed sputtering
[97]. In the case of graphite in cast iron, this possibility is especially important due to the
large difference in the sputter yield of graphite and iron, respectively. Graphite particles in
cast iron represent a volume fraction of about 10 % and have a considerably lower sputter
yield in comparison to the iron matrix. Without using any gas additives, the graphite particles
are very inefficiently sputtered and ridges of graphite remain in the sputtered region (see Fig-
ure 4.7a). This problem can be overcome by using a selective carbon milling precursor (SCM)
during the sputtering process. Water vapor, the active gas component, proved to drastically
increase the material removal rate of carbonaceous materials (by a factor of 20 for PMMA,
and 10 for diamond [136]).

When performing serial sectioning, redeposition and shadowing occurs and leads to a de-
crease of the usable sample surface for imaging (Figure 4.7). In [103] a U-shaped groove was
used which significantly reduced such effects. In the case of the relatively large graphite
grains investigated in this study, this procedure appeared to be too time-consuming. There-
fore, a sample etching procedure was developed which removes most of the iron matrix sur-

rounding the graphite prior the serial sectioning routine.
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Shadow effect

a) b)

Figure 4.7 Sputtering of cast iron a) without and b) with SCM precursor. SEM images, sample at 52° tilt.

Deep chemical etching of the iron matrix: In addition to the aforementioned practical reason,
an examination of a polished cast iron sample is difficult because of a sampling problem: it is
impossible to locate a suitable graphite grain underneath the surface. If it appears at the sur-
face, the complete shape of the grain cannot be studied. Furthermore, the three-dimensional
particle morphology under the visible surface cannot be predicted. Therefore, in theory a
much larger sample volume would have to be sectioned in order to randomly find a suitable
graphite particle. In order to circumvent this problem, a heat treatment was first carried out to
dissolve cementite in eutectoid pearlite and thus increase the volume fraction of ferrite. Sub-
sequently a deep selective etching of the ferrite was performed prior serial sectioning (similar
as already described in section 4.1.4). Using a mixture of 90 % ethanol and 10 % nitric acid
for approximately 2 h, it was possible to expose almost entire single graphite particles (Figure
4.8).

Figure 4.8 Deep etched cast iron samples a) ion image of region of interest and SCM precursor needle (upper left corner); b)
nodular cast iron sample (electron image 52° tilt).
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4.2 Microscopic Characterization of the Microstructure

Serial sectioning: The graphite particles are covered with a large Pt-layer of about 0.5-1 um
thickness using in-situ Pt deposition. As discussed above, the FIB was operated at 30 kV ac-
celerating voltage and 20 nA beam current for serial sectioning. For secondary electron imag-
ing, an accelerating voltage of 5 kV was used. Due to sample pre-treatment, the newly devel-
oped method considerably reduces the time of FIB usage and thus ion source consumption
and hence can successfully be applied to analyze the 3D graphite morphology.

Alignment and 3D reconstruction: The image stack gathered during the serial sectioning pro-
cedure was analyzed using the 3D reconstruction software package Amira®. First, the voxel
dimensions were determined by considering the scan rate and the magnification of the elec-
tron images. Second, a correction in the y-direction to account for an image distortion caused
by a 52° sample tilt was performed. The voxel size in the z-direction is determined by the
distance between individual slices. The voxel parameters for the some samples analyzed in
this study are listed in Table 4.3.

Table 4.3 The voxel parameters for the 3D characterization.

Sample Magnification Num_ber Voxel size, nm
of slices X y z

FG-1 800 200 185.2 235 500
FG-2 1600 64 93 118 310
FG-3 1500 206 99 126 333
CG-1 1500 200 106.4 135 333
CG-2 750 306 198 251 500
SG in castiron sample ), 160 75 95 333
with vermicular graphite

TG 1000 167 149.2 189.3 500
SG 1500 240 98.5 125 333

Third, the images were aligned using the Pt-sample interface, and afterwards the segmentation
of the image stack was carried out. It was not possible to use automatic thresholding segmen-
tation. Hence, the graphite particles were masked by manual inspection using different image
software tools. Once the graphite phase in all individual images has been segmented, Amira is
able to create a 3D polygonal surface model. For further quantitative analysis, the software
package a4i was used on 2D slices through the reconstructed graphite grains. MAVI Software

was employed for direct analysis of 3D images.
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4.3 QUANTITATIVE IMAGE ANALYSIS IN 2D AND 3D

4.3.1 IMAGE PROCESSING AND BINARIZATION

2D images acquired from optical microscopy, SEM, TEM, and even EDX-maps, as well as
3D images from FIB-tomography can be used for quantitative characterization of the micro-
structure. Generally digital cameras used in the combination with above mentioned techniques
provide gray scale images. Image analysis algorithms support the detection of microstructure
constituents through image segmentation and object labeling. The problems of image
processing are discussed in detail in[74], [84].

To assist correct segmentation various image processing algorithms (often associated with the
image acquiring technique) are applied. Shading correction is indispensible for the optical
light microscopic images and in some cases SEM images of cross-sections to provide uniform
illumination. Smoothing filters (average, mean [90]) are often used to minimize noise of SEM
images. Sharpening filters [90] provide exact determination of the phase boarders. As though
using different filters always lead to certain changes of image only limited amount of filters
was consistently applied to either optical micrographs or SEM images of cast iron microstruc-
ture.

Subsequently, image segmentation was performed assigning the gray value below certain
threshold to foreground (objects e.g. graphite inclusions) and above — to background (e.g. iron
matrix). The correct threshold value was chosen where possible automatically as a local min-
imum of the gray values distribution in the 2D or 3D image, and thus eliminating subjective
manual choice. Object labeling was performed automatically using “object search” in 2D [90]
and labeling algorithm in 3D [137].

4.3.2 DETERMINATION OF BASIC PARAMETERS FROM 2D IMAGES

4.3.2.1 2D PARTICLE BASED PARAMETERS

The 2D characterization and classification of graphite particles or, strictly speaking, its two
dimensional microsection, was performed with the help of the image analysis system adi
Analysis of the Aquinto AG (now Olympus). The particle based method was chosen to cha-
racterize single irregular two-dimensional objects. With this method every single graphite
particle can be individually characterized, identified and assigned to a certain class. Geome-
trical characteristics, shape parameters, its position in a cross-section and with regard to other
particles were determined for each isolated particle. Geometrical features used for graphite
characterization were also required for the calculation of the classification parameters (see
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4.3 Quantitative Image Analysis in 2D and 3D

Table 3.2). These are in particular area, perimeter, convex perimeter, and Feret diameters
(Figure 4.9). Area was calculated by simple counting the pixel belonging to the object consi-
dering the calibration factor derived from the image magnification. Perimeter was determined

according to the following formula:

P = %(Pr00° + Pro45° + Pro90° + Pro135°), 43

from the length of the projection in the directions 0°, 45°, 90° and 135°[90] (see Figure 4.9b).

Convex perimeter is determined from the four Feret diameters.

4
ConvexP = p (Feret(0° + Feret45° + Feret90° + Feret135°) 4.4

The Feret diameters are determined in every direction from 0° to 175° with the step of 5°. The
largest of these values is called MaxFeret and describes the elongation of the object, the smal-

lest — MinFeret.

Perimeter

Convex perimeter

Max Feret

a) b)

Figure 4.9 a) Geometrical features of an object. b) Example of projection in the direction 90°: Pro90°=a+b+c+d+e+f+g.

Having this geometrical parameter all shape parameters shown in Table 3.2 were calculated.
Another important object parameter is its Euler number y. It describes the particle connectivi-

ty and can be calculated in 2D according to the formula:

X =N —C=(Nr.(A) = Nr.(B) — Nr.(C) + Nr.(D)). 45
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Figure 4.10 Tangents of the type A, B, C and D for the calculation of the Euler number.

By the calculation of the mean value of the particle features only particles entirely presented
in the 2D image have to be taken into account. Particles which are cut by the image boarder
have to be ignored as they falsify the results of the particle features. Clearly larger particles
are more likely cut by the boarder than the small ones. Thus, either suitable image magnifica-
tion (which often means lower resolution) has to be chosen to provide sufficiently large mi-
crostructural images or the combination of some high resolution images (higher magnifica-
tion) has to be performed.

Statistical analysis of particle based parameters: All acquired features for each particle were
exported from the image analysis software and further analyzed with Microsoft Excel or Ori-
ginLab. The shape parameters are the basis for the classification of the graphite. Thus, the
analysis of the wide spectrum of particles is very important for the correct classification. The

arithmetical mean value 7 gives the information about the average of the measured values:

N

1

n= Nz X 4.6
i=1

here N is the number of the measured particles. The standard deviation & describes the degree

of deviation of the individual measured value x; from the mean value % :

1 N
g = mzl(xi —ﬁ )2 4.7
1=

Confidence interval CI is defined as an interval which encloses the measured value x; with a
certain probability. It is calculated from the number of measured values N, mean value z,
standard deviation & and the level of confidence. For example the 95 % confidence interval is

calculated like:
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4.3 Quantitative Image Analysis in 2D and 3D

Cl =1.95996 - & 48

The higher the confidence level, the higher the confidence interval CI. The increasing number
of measured values reduces the CI.

It should be mentioned that the optical impression of the microstructure is defined in general
by the large objects. The statistical analysis is though dominated by the small objects, which
amount is often much higher than the amount of the larger objects. This fact can be taken into
consideration either by eliminating small objects entirely or by introducing certain weights in
the calculation of mean values. Area fraction is suggested as the weighting factor for the cal-

culation of the area weighted mean value z:

_ Yk Uk - Ak
Ay

=l

4.9

here 7, is the mean value for the size class k (e.g. according to the DIN EN ISO 945), Ax the

area fraction of all particles of the size class k, Aa the total area fraction of the phase. Standard

deviation of value g was calculated using the derivative of the formula 4.9 for each parameter:

=\ 2 =\ 2 =\ 2
_ rea , famy i\
G:\/<a_p_1> 'O'm+<a—u_2> 'O'E+"'+ E "0, 4.10

4.3.2.2 FIELD BASED PARAMETERS

Basic characteristics (Vy, Sy, My) of the quantitative image analysis were calculated from the
2D images according to stereological equations (see Table 3.1) automatically with the help of
adi Analysis. The acquired features do not refer to individual particles but characterize the
microstructure in general. Thus, no boarder correction has to be done. Additionally, particle
number per unit area Na as a widely used field feature was determined. This parameter is well
suited for the characterization of the microstructures with simply connected objects in 2D.
Only for the limited amount of microstructures with particles of the certain shape and distri-
bution particle number per unit area Na can be used for the estimation of the particle number
per unit volume Ny. Actual Ny, or yv and thus Ky can be determined only from the 3D images

for other microstructure types.
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4.3.3 QUANTITATIVE ANALYSIS OF 3D IMAGES

The three dimensional characterization was carried out with the help of the software system
MAVI (Modular Algorithms for Volume Images) for the processing and analysis of 3D im-
ages developed at the Fraunhofer ITWM. MAVI is specialized in the characterization of the
geometry of complex microstructures: volume, surface area, integrals of curvature, and Euler
number can be determined for the complete structure and isolated objects. Up until now, 3D
images acquired with x-ray and synchrotron tomography were successfully analyzed using
MAVI algorithms. In this study the analysis of the data with anisotropic voxels (in the x-, y-,
and z-directions) was done for the first time.

MAVI's core is complemented by various filters and transformations, techniques for image
segmentation and object isolation. In order to perform accurate characterization at the first
step, the voxel dimensions was specified (see Table 4.3) and the stack of images was seg-
mented. The module “object labeling” assigns every connected object in the image a certain
grey level, which is unique for each object. The connectivity of the pixels depends on the cho-
sen neighborhood [128]. In this work the neighborhoods 26/6 and 14/1 were chosen for the
calculation of the particle features, as the most used in the algorithms for the determination of
the Euler number [138]. The field features as well as the particle features were determined.
The algorithms used in MAVI to perform the measurement of characteristic structure parame-
ters are described in detail in [78], [126], [128] and [139].

4.4  MEASUREMENT OF THE ELECTRICAL RESISTIVITY

44,1 FOUR-POINT METHOD FOR MEASURING ELECTRICAL RESISTIVITY

Electrical resistivity at room temperature was measured using a four-point direct current tech-
nique. The measurements were performed with the setup built at our institute. Scheme on the
Figure 4.11 shows the position of the contacts. Here the constant current I (mA) flows through
the current cables and screws, which also serve for the sample fixation, and the voltage drop
U is measured across the Cu wire contacts. The wires are fixed 7 mm apart parallel to each
other. Now the resistance of the sample can be measured according to the Ohm’s law. The
considerable advantage of the four-point method is, that the possible potential drop on the
contacts delivering current as well as the resistance of the measuring cables are excluded from
the measurement.

The sample geometry was controlled by the following use of the experimental setup for the

analysis of the gradient samples from the motor blocks. The specimens are cuboids,
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10.00 £ 0.06 mm long, and 2.50 + 0.08 mm wide and thick. Although the fixing screws (&
2 mm) do not provide contact with the entire side surface of the sample, the calculated error is
negligible. This estimation was performed within the verification of the resistivity measure-
ments with the help of FEM-simulations with FlexPDE[140].

Figure 4.11 Scheme of the contact configuration (side view). The specimen is fixed by two screws, which also serve as the
current contacts. Underneath the sample the voltage drop is acquired from two parallel wires. Full contact of the sample with
the wires is assured by the additional sample fixation from the top (here not shown).

4.4.2 DETERMINATION OF ELECTRICAL RESISTIVITY (P)

The equipment for measuring current and voltage used for the four-point measurement of the
electrical resistance was from Keithly Instruments, Inc., Cleveland, Ohio, USA (Model 2400
Series Source Meter and Model 2000 Multimeter). The computer program (developed in our
institute) operates the applied current and the measurement of the voltage drop via IEEE-488
port of the Model 2400. The program is also used to input the current parameters and output
the data as a text file.

To assure representative results each sample was measured 12 times, subsequently releasing
and straining the screw and turning the sample 90°. The data is imported in the data analysis
system of OriginLab. The measured values are linearly fitted in Ohm’s line (Figure 4.12), the
slope of which gives the electric resistance R of the sample.

The resistance depends on the sample geometry. The specific, i.e. geometry independent,

electrical resistivity p can be calculated according to the following formula:

=R.—
p y 411

61



Chapter 4: Experimental Procedure

where h is the height and w the width of the sample, in mm; d is the distance between both
Cu-wires, also in mm. Thus mean value and standard deviation of the specific resistance is

acquired from 12 measurements for each cast iron sample.
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Figure 4.12 Voltage-current curve, consisting from 104 mess values of electrical resistance measurements. Ohm’s line is
acquired from linear fitting; its slope corresponds to electrical resistance.

45 FEM SIMULATIONS IN 2D AND 3D

The estimation of the electrical and thermal properties of the cast iron with the help of FEM
simulations was performed in order to find and understand the correlations with its micro-
structure. The estimations of the electrical properties of cast iron have been compared with
experimental results and theoretical models.

The simulations in 2D were performed with the FlexPDE (PDE Solutions Inc.) program, in
3D using GeoDict (ITWM) system. Both finite element simulations are based on numerical

solving of the partial differential equations with certain boundary conditions.

4.5.1 UsING FLEXPDE

The stationary thermal and electrical problem was simulated in 2D-space for different ideal
structures in order to understand the conductivity phenomena. For the thermal conductivity

problem the FEM program solves the Laplace equation:
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where / is the given thermal conductivity and v T the temperature gradient. Stationary prob-
lem of electrical conductivity can be described by following equation:

V] = V(6E) = V(-0 - W) =0 413

where J is the electrical current density, E electrical field strength, ¢ given electrical conduc-
tivity and vV the voltage gradient.

Further the principle of the simulation will be explained on the example of the problem for
thermal conductivity only, but the problem for the electrical conductivity is similar.

The heat flux is generated by applying a temperature gradient on the sample. It is described by
Fourier's law that relates the heat flux J in J m? s™ to the temperature gradient d7/dl in K m"

! Fourier's law may be expressed in the following form:

dT

J=- a 4.14

Here, the thermal conductivity 2 in W m™ K™ is the proportionality constant between heat
flux and temperature gradient. If one knows the temperature gradient AT, the size of the ana-
lyzed region a and the heat flux J, the thermal conductivity 1 can be calculated as follows:
A=]-a/AT.

Due to the difference of the values of thermal conductivity of the matrix and graphite inclu-
sions is the heat flux in the composite not homogeneous and its mean value cannot be meas-
ured. Thus two homogeneous regions are intentionally added (see Figure 4.13). The heat flux
there is homogeneous and can be easily measured along the line L; or L,. The mean heat flux
J along a horizontal line is always constant, only its distribution in the composite is varying.
The temperature has to be measured along the lines L3 and L4 to determine the temperature
gradient. Due to the composite microstructure temperature deviation of some degrees is
present. The mean temperature T, for both lines is calculated from the integral of the tem-

perature profile divided by the length b of the analyzed region.
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Figure 4.13 Simulation principal of thermal conductivity of composite material.

45.2 USING GEODICT

Simulation of the thermal and electrical conductivity problem on the 3D data sets was per-
formed with the help of GeoDict software, developed at ITWM for simulation of structures
and structure-property relationships [141]. The electrical problem was solved in analogy to
the thermal one.

Thermal conduction is the heat transfer mechanism relying on the energy exchange between
neighboring molecules in solids, liquids and gases along a temperature gradient. Thermal
conductivity 4 in W m™ K™ is the proportionality constant between heat flux and temperature
gradient, as shown in the equation 4.14.

Computations of the thermal conductivity were done for the sub-volumes in x-, y and z-
directions. Only thermal conductivity is considered in this study, but not convective heat
transfer and heat radiation.

The stationary heat equation is solved with periodic boundary conditions. Similar to many

other materials, it is characteristic for the heat flow problem in cast iron that one has to deal
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with high contrast in the thermal conductivities of the two individual phases, namely graphite
and iron matrix. This is achieved by harmonic averaging and explicitly introducing the jumps
across the material interfaces as additional variables. The continuity of the heat flux yields the
needed extra equations for these variables. The mathematics involved in the simulation and
the solver of the GeoDict software have been comprehensively described by Wiegmann and
Zemitis [142].

The simulated thermal and electrical conductivity problem is based on the literature values
and calculations of the conductivities for individual microstructure constituents according to

equations described in Helsing et al. [64] summarized in the Table 9.3.
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5 ELECTRICAL PROPERTIES

The measurements of the electrical resistivity were performed on the cast iron samples as a
preparation step for the correlation of the cast iron microstructure with non-destructive elec-
tromagnetic testing. This relatively simple method was used in order to find exact correlation
between cast iron microstructure and its electrical properties. Nontrivial information about the
microstructure was first incorporated with electrical properties via statistical correlation func-
tions. Further analysis was done step by step involving each time more details about the com-
plex graphite microstructure.

This chapter presents the experimental results of the measurement of the electrical resistivity
and thus conductivity of cast iron with different graphite morphologies. First correlations with
basic microstructural characteristics are done. The influence of individual microstructural

constituents is discussed.

5.1 ELECTRICAL RESISTIVITY OF CAST IRON WITH DIFFERENT GRAPHITE MOR-

PHOLOGIES

The results of the electrical resistivity are presented in the Table 5.1. The mean values of all
measured samples of cast iron with flake, vermicular and nodular graphite correspond very

well with literature values summarized in the Table 2.2.

Table 5.1 Specific electrical properties of cast iron samples.

Type of cast iron Amount of  p, o,

samples (uQm) (10°-S/m)
Cast iron with flake graphite (FG) 10 0.74 £0.03 1.36 £ 0.05
Cast iron with vermicular graphite (CG) 8 0.60 £ 0.03 1.68 +0.08
Cast iron with nodular graphite (SG) 4 0.53 £ 0.02 1.88 + 0.05
Malleable cast iron (TG) 4 0.284 + 0.009 3.52+0.11

Malleable cast iron has the lowest resistivity value due to the high volume fraction of approx.
35 % of ferrite in the matrix. The iron matrix of all other samples consists to 99.8 % of pear-
lite. To exclude additional factors and to study only the influence of the graphite morphology
on the electrical properties of cast iron, only samples with pearlitic matrix were further consi-

dered: cast iron with nodular (SG), vermicular (CG) and flake graphite (FG).
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5.2  INFLUENCE OF PARTICLE VOLUME FRACTION, 2D PARTICLE DENSITY, 2D SizE

Consequently the microstructure of all samples was analyzed and quantified. Electrical resis-
tivity is plotted versus the basic parameters of quantitative image analysis: volume fraction
(Vv) (Figure 5.1a) and specific surface area (Sy) (Figure 5.1b) of the graphite in cast iron mi-
crostructure. Volume fraction in all cast iron samples varies between 7.3 and 15 %. Consider-
ing the error bars, no dependency of the graphite volume fraction (Vy) on the electrical beha-
vior of the cast iron could have been confirmed. In comparison to cast iron with nodular gra-
phite, surface density (Sy) increases for vermicular graphite and reaches its maximum for
some samples of cast iron with flake graphite. Although increasing cast iron resistivity weakly
correlates with increasing surface area density within the cast iron samples of one graphite

morphology, the electrical properties do not explicitly depend on this microstructural parame-

ter.
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Figure 5.1 Electrical resistivity of cast iron with flake, vermicular and nodular graphite plotted as a function of a) graphite
volume fraction, b) graphite specific surface area, c) graphite size and d) graphite particle density per surface area.
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5.2 Influence of Particle Volume Fraction, 2D Particle Density, 2D Size

Similar tendency can be noticed in Figure 5.1c. Cast iron samples with nodular, vermicular
and flake graphite have characteristic values for the electrical resistivity and for the size of the
graphite particles. Evidently thin long graphite lamellae represent a significantly larger ob-
stacle for the electron movement than vermicular particles and even more than graphite no-
dules. As this dependency is not a continuous function over all graphite morphologies, the
parameter particle size cannot be considered to be a criterion corresponding to cast iron con-
ductivity. No continuous dependency of electrical conductivity on the particle density was
found either (Figure 5.1d).

None of the above mentioned parameters was sufficient enough to describe the dependence
between graphite microstructure and electrical properties of cast iron. In order to achieve a
reliable correlation, the parameter characterizing the graphite morphology was proposed to be
considered. Volume fraction of the respective graphite morphology present in the cast iron
sample promises to provide unambiguous relationship to physical properties. Thus, the gra-
phite morphology has to be clearly classified. As in most of the cases, the convenient way to
analyze microstructure restricts to the two dimensional observations, the classification of gra-
phite 2D-sections has to be performed. The first classification approaches were done with the
help of shape parameters (see section 3.2). Figure 5.2a shows that electrical resistivity de-
creases according to certain power law with increasing aspect ratio. Aspect ratio is one of the
shape parameters chosen from the Table 3.2 also used in the prediction models discussed in
section 2.3.1.2.
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Figure 5.2 Electrical resistivity and conductivity of the cast iron plotted as a function of particle shape (area weighted aspect
ratio).

The diagram above correlates well with Figure 2.11 from the literature, considering the fact
that the value for aspect ratio for perfectly circular particles is equal to 1 and the aspect ratio
value for complex lamellar particles approaches to 0. Similar dependencies were also acquired
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with other shape parameters mentioned in the Table 3.2. For different graphite morphologies
the values of different shape parameter vary considerably. Table 5.2 summarizes some of the
shape parameter values for flake, vermicular and nodular graphite, as well as the other field

and particle features, acquired from the 2D image analysis.

Table 5.2 Microstructural characteristics of cast iron samples with flake (FG), vermicular (CG) and nodular (SG) graphite.

Values given for graphite phase.

Graphite Field features Particle features, area weighted mean values

morphology Vv, SV,3 Na, MaxFeret, Aspect Compact- Round-
% 10™/um 10%um2  pm ratio ness ness

FG 11.240.7 623127 0.56+0.07 8711 0.31+0.02 0.20+0.01 0.11+0.01

CG 8.2+0.6 374188 0.46+0.04 4945 0.41+0.02 0.35+0.02 0.20+0.01

SG 8.9+0.6 206+1 0.35+0.02 23+2 0.81+0.01 0.89+0.01 0.74+0.01

The physical background of these phenomena can be studied with the help of finite element

simulation and compared with analytical models.

5.3 COMPARISON WITH THE ANALYTICAL BOUNDS

For the comparison of cast iron properties with the simplest bounds described in the section
2.3.1.1 it has to be taken into consideration, that graphite conductivity is anisotropic. Thus,
the bounds where calculated with both values for the graphite conductivity in a- and c- crys-
tallographic direction. The value for pearlite conductivity was calculated according to the eg-
uation 2.13 as shown in the appendix 9.1. As the phase contrast between thermal conductivity
of graphite in a-direction and pearlite is relatively low this effective property can be set in
brackets with bounds which are relatively close (see Figure 5.3). Especially Hashin-Shtrikman
bounds calculated with the value for graphite conductivity in the a-crystallographic direction
approach somewhat near to the literature values for cast iron with flake and vermicular gra-
phite. This also proves that the thermal conductivity in cast iron with these types of graphite is
conducted mainly by the conductivity in the graphite in the a-direction: even more in flake
graphite then in vermicular graphite. Conductivity of the cast iron with nodular graphite is in
the range of conductivity of pearlitic matrix. This means first, that graphite conductivity in
nodules is between the values for conductivity in a- and c-crystallographic direction, ap-
proaching more the value of the conductivity of graphite in c-direction, and second that cast
iron property is mainly controlled by the conductivity of pearlite.

For large phase contrast, however, as in the electrical conductivity of cast iron, the bounds are

far apart (see Figure 5.4).
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Figure 5.3 Bounds for the thermal conductivity for the cast iron calculated by the rule of mixture (ROM) (see Eq. 2.3 and 2.4)
and Hashin-Shtrikman (HS) upper and lower bounds (see Eq. 2.5) compared with the values from the literature [32].
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Figure 5.4 Bounds for the electrical conductivity for the cast iron calculated by the rule of mixture (see Eg. 2.3 and 2.4) and
Hashin-Shtrikman upper and lower bounds (see Eq. 2.5) compared with the experimental results.

It is remarkable, that the experimental values of the electrical conductivity are situated far
away from boundaries calculated with graphite conductivity equal to graphite conductivity in
a-direction and concentrate entirely within the boundaries calculated using graphite conduc-
tivity in c-direction. Considering the theories about graphite growth and crystallographic
structure, it can be assumed, that effective graphite conductivity is between conductivities in
a- and c-direction and is much lower than the conductivity of the pearlitic matrix. Thus, gra-
phite serves as an obstacle on the way of electrons. Conductivity in c-direction predominates
for the flake graphite. From the Figure 5.4 it can be stated, that the decrease in electrical con-
ductivity in cast iron with nodular, vermicular and flake graphite cannot be explained by only
volume fraction of the graphite phase. Graphite shape can be considered as one of the most
important factors. The known approaches (see section 2.3.1.2) for the estimation of the effec-

tive properties of the composite materials with high contrast in the properties of the individual
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components (conductivity of the inclusions equal to 0) did not well correlate with the experi-
mental results (Figure 5.5). Here the experimentally determined values of the aspect ratio
(Table 5.2) were used to estimate the effective cast iron properties according to the differen-
tial effective medium (DEM) scheme for randomly oriented spheroidal inclusions (Eg. 2.8).
With the given shape parameter values this scheme considerably overestimates the experi-
mental results. According to the scheme the values of the aspect ratio of the vermicular and

flake graphite particles should be below 0.1.

——— DEM spheres (Eq.2.7)

—® DEMrandom spheroids q=0.81 (Eq.2.8)
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Figure 5.5: Comparison of the experimental values of the electrical conductivity of cast iron with nodular (SG), vermicular
(CG) and flake graphite (FG) with effective conductivity values predicted according to the differential effective medium
(DEM) scheme (see section 2.3.1.2).

Comparing the experimental results with existing models it can be concluded that following
microstructural parameters need to be considered for the correct estimation of the effective

properties of cast iron with different graphite morphology:

- volume fraction of the graphite phase (Vv);

- graphite shape, size and density, which calculation is generally derived from the basic
parameters surface area density (Sy) and the density of the integral of the mean curvature
(My), accessible from the 2D image analysis;

- graphite 3D arrangement, which can be described by the fourth basic characteristic — the
density of the integral of the total curvature (Ky), accessible only from the 3D image

analysis.

Considering the fact, that the cast iron with specific graphite morphology (shape) possess the

specific values of the electrical and thermal conductivity and assuming the possible existence
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5.3 Comparison with the Analytical Bounds

of the cast iron of the mixed microstructure, the fraction of the respective graphite type have
to be described quantitatively. Thus, the correct classification of each individual graphite par-
ticle is strongly strived for.

Besides, in order to make sufficient estimation of the effective conductivity of the graphite of
different morphology, special attention has to be given to the characterization of the graphite

crystallographic structure.
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6 GRAPHITE CLASSIFICATION

The difficulties for the empiric classification of respective graphite types are caused by their
irregular, very complex and generally non convex 3D shapes. Since generally only 2D planar
sections, which appear from the random cut through the graphite particle, are available for the
quality control, is the classification in some special cases uncertain.

It is evident, that there are always 2D sections through non convex graphite particles of dif-
ferent morphology that cannot be clearly assigned to certain 3D type. Those are especially the
ones, that lie on the boarder of the graphite particle and thus posses only very limited informa-
tion about the real shape or even the ones that break up into several individual sections, which

though belong to only one particle considering the space connectivity.

That is why this problem should be treated in three steps:

- Definition of the initial situation: i.e. conventional image analysis measurement of the
statistically secured shape varieties of the as much as possible homogeneous graphite ar-
rangements and its classification based on the currently available techniques.

- 3D analysis of the graphite morphology: The determination of the possible shape variety
and probability of the 2D sections based on some chosen real 3D graphite particles ac-
quired with the help of FIB-nanotomography.

- Optimization of 2D classification: Analysis of the most proficient microstructural para-

meters for these 2D section variations in order to optimize the 2D classification.

This chapter addresses the first step. Following two steps were treated in the chapter 7. Dif-
ferent graphite morphologies were objectively characterized and the classification algorithm
was developed using 2D image analysis. The influence of the objectively described graphite

morphology on the effective conductivities of the cast iron was analyzed.

6.1 2D SHAPE ANALYSIS OF GRAPHITE MORPHOLOGIES

6.1.1 ANALYSIS OF DIN SERIES IMAGES USING PARTICLE BASED METHOD

Since up to now a characterization of graphite morphologies was often carried out by compar-

ing real structures with ideal standard images from EN ISO 945, those images (see Figure 2.2)
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were used first for the examinations. All shape parameters of Table 3.2 were determined for
the ideal graphite types.
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Figure 6.1 Distribution of shape parameters: a) sphericity, b) roundness, c) circularity, d) compactness, €) aspect ratio and f)
convexity for the six graphite types according to DIN EN 1SO 945 (Figure 2.2).

It was found, that the values of most shape parameters intensely overlap with each other for
different graphite morphologies. The best results for a further classification were obtained
with the aid of the parameters roundness and compactness. The distributions of those parame-
ters for ideal graphite types can be seen in Figure 6.1b) and d). However, we admit that even

those shape parameters cannot be used alone for a graphite differentiation.
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These two shape parameters were applied simultaneously to reduce the overlapping. Figure
6.2 shows the mean values and the 95 % confidence interval for roundness and compactness

which were measured for different ideal graphite morphologies of EN I1SO 945.
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Figure 6.2 Mean values of compactness and roundness with a 95 % confidence interval for six graphite types from DIN EN
1SO 945.

The precision of a classification naturally depends on the chosen confidence interval. A small
confidence interval results in low accuracy whereas a large confidence interval increases ac-
curacy, but causes certain overlap of identification domains. In the case of the selected confi-
dence interval of 95 %, it is still possible to discriminate well between the ideal graphite types
I, 11, V-V, and VI. Graphite type Il occurs as a faulty graphite type in real castings and will
no longer be taken into account because of the strong overlap of its identification range with
neighboring domains. The DIN graphite types IV and V feature very similar values of round-
ness and compactness and, therefore, it is necessary to thoroughly study their real modifica-
tions. In this work those two graphite types were analyzed together and called ,,IV-V gra-

phite®.

6.1.2 ANALYSIS OF THE REAL GRAPHITE MORPHOLOGIES

A shape analysis of the real lamellar, vermicular, and nodular graphite particles, and graphite
morphology in malleable castings (typical optical micrographs can be seen in Figure 6.3)
proved that the shape parameter roundness and compactness are suited for a classification.
The results are summarized and compared to the results of the ideal graphite types in Figure
6.4.
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Figure 6.3 Optical micrographs of cast iron with a) lamellar graphite (1), b) vermicular graphite (I11), c) temper graphite (IV-
V), and d) nodular graphite (V1).

The mean values of the shape parameters for real graphite morphologies agree with respective
identification ranges for ideal graphite types. However, standard deviations have increased
because of an experimental scatter. This results in an expansion of the confidence interval
and, ultimately, causes identification domains to overlap. More specifically, it becomes a

problem to separate the graphite types I (flake) and 111 (vermicular) due to the overlap.
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Figure 6.4 Comparison of compactness and roundness for ideal and real graphite types.
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6.1 2D Shape Analysis of Graphite Morphologies

6.1.3 SHAPE S1ZE DEPENDENCY

An analysis of particle shapes alone is not sufficient for the precise classification. The obser-
vations of graphite morphologies which were made at large magnifications in the SEM have
suggested that a classification can be clearly improved by taking into account that particle
shape depend on particle sizes. Castro et al. [143] have also noticed in his study that the mean
value of one of the shape parameters depends on the minimal particle size considered in the
analysis. The European Standard ISO 945 gives guidelines for determining graphite size.

Eight size classes (guiding values) were defined (Table 6.1).

Table 6.1 Size classes according to DIN EN 1SO 945,

Size class, R 1 2 3 4 5 6 7 8
Obiject size, 500- 250 - 120 - 60 —
MaxFeret, um >1000 1500 500 250 120  °0~60 15-30 <15

In the following, the maximal Feret diameter (MaxFeret) is used as a size parameter. It is
suited best for the purpose because it describes the actual object dimensions whereas the mean
diameter is characteristic for nodular graphite particles only and is unable to reflect the size of
elongated lamellar graphite particles. Figure 6.5 shows flake graphite particles of different
size classes. The extreme differences in shape explain the large scatter of experimental values

of shape parameters (see Figure 6.4).
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Figure 6.5 Flake graphite of size classes R3-R7 (from left to the right).

The shape of graphite particles of different types and different sizes was analyzed. The results

are summarized in Figure 6.6.
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Figure 6.6 Shape of irregular graphite particles as a function of object size. The latter is given as maximum Feret diameter.

Generally, for all graphite sizes different graphite types nodular (SG), temper (TG), vermicu-
lar (CG), and flake (FG) possess different values for the shape parameters roundness and
compactness. The variations related to the particle size exist also within each graphite type.
According to the shown tendency lines one can see, that in case of TG, CG and FG the shape
parameters compactness and roundness decrease more or less with increasing particle size.
Vermicular particles show steeper drop as flake particles. The shape parameters reach almost
their constant values for the flake graphite with the particle size higher than 60 — 100 um. The
smaller sections of the size class R8 of all graphite types can be less well differentiated. This
is especially pronounced by their large standard deviation.

Nodular graphite shows on the contrary another tendency: with increasing MaxFeret the val-
ues of the shape parameters increase. Closer analysis of the nodular particles confirms that the
nodules of the size class R6 approach at most the circle shape, which causes the highest val-
ues of the shape parameters.

Each data point in the graphs in the Figure 6.6 is the mean value of the shape parameters for
the specific graphite type of a certain size. The 95 % confidence interval determines the clas-
sification limits for the respective flake, vermicular, nodular graphite and graphite in mallea-
ble castings. The shape-and-size interdependence requires using different classification limits
for different size classes. Neglecting this fact leads to a faulty classification. For instance,
small-sized lamellar graphite particles of the size classes R6, R7 and R8 can be classified as
vermicular graphite and large vermicular particles of size classes R1 to R3 as lamellar gra-

phite.
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6.2 CLASSIFICATION USING IMAGE ANALYSIS TECHNIQUES

6.2.1 CLASSIFICATION ALGORITHM

The categorization in more than two classes was carried out with the help of parallelepiped
classificator. Its structure can be explained on the example with two object parameters for the
classification in two classes (I and 111) (see Figure 6.7). Rectangles P, and P, correspond to
the objects classes | and I11. They can be described through the projection on the coordinate
axis. Thus, the rectangle P; can be defined for the object class i (i = I, I1l) knowing the limits
Oix» Gix, Giy, Giy for each object parameter x and y. The limits are calculated from the mean val-
ues for respective graphite type and size class plus (Gjj) resp. minus (gjj) the 95 % confidential

interval, as e.g. shown in the Figure 6.6.
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Figure 6.7 Principle of the classification.

The results of the analysis of the graphite shape were used to develop a new classification
method on the basis of parallelepiped classificator which allows the good discrimination be-
tween the real graphite types I, 11, IV-V, and VI. Three object parameters (MaxFeret, round-
ness, and compactness) were employed to determine the classification limits of four graphite
types. This defined the identification domains. An analysis was made for each individual ob-

ject and its parameters were determined. If the three object parameters mentioned above

- are clearly within one identification domain the object will be assigned to the respective
class of flake (1), vermicular (111), IV-V or nodular (V1) graphite;
- are within the overlapping range of the two identification domains the object will belong

to either of the two classes;
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- are outside of all identification domains the object will not belong to any of the four gra-

phite type classes.

6.2.2 RESULTS OF THE AUTOMATIC CLASSIFICATION OF GRAPHITE

The complex graphite particles were identified and classified using the newly developed clas-

sification method. The results are depicted in Figure 6.8.
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Figure 6.8 Results of classification for a cast iron structure containing different graphite morphologies.

The limits for the classificator are summarized in the appendix 9.2. Since object parameters
are largely contingent upon a digital image resolution [85], [92] and this method relies on the
results from the images of only one magnification, the use of this classificatory presupposes
the 200x magnification with a pixel size of about 0.7 um. We do not recommend the use of
minor magnifications with correspondingly larger pixel sizes for a graphite classification be-
cause the identification domains come to strong overlap and any further precision achievable
in classification will only be low.

When the above preconditions are fulfilled, the use of shape parameters roundness and com-
pactness as well as considering the object size results in a clear-cut classification of irregular
complex graphite particles. Graphite types I (flake), 1l (vermicular), IV-V and VI (nodular)
can be classified employing the particle-based method. The newly developed classification
algorithm further allows the determination of the structural characteristics (volume fraction,

size distribution, position, etc.) for each graphite type individually.

6.2.2.1  COMPARISON WITH MANUAL ANALYSIS ACCORDING TO DIN EN ISO 945
To evaluate the results of the graphite classification the samples were prepared for the com-

paring experiment. The marks on the analyzed regions increased the accuracy of the estima-
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tion. The optical micrographs with the 200x magnification were acquired for the automatic

classification. Cast iron microstructure and graphite inclusions were analyzed. One example

of such classification is shown in the Figure 6.9. The microstructure of the same five samples

was analyzed in the Institute for Material Examination of the Central Labor GmbH Leipzig

according to DIN EN 945. The characterization refers not to the disposed microstructural im-

ages but merely to the complete polished surface. The introduced evaluation is to be consi-

dered as a mean value for the whole surface. The results of the automatic classification as well

as the manual characterization are summarized in the Table 6.2.
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Figure 6.9 a) Cast iron microstructure of the Sample 1, and b) results of the classification.

Table 6.2 Summary of the results of the quantitative microstructure analysis and classification and subjective evaluation

according to DIN EN 945.

| Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
Objective automatic characterization and graphite classification
Particle density /10%, 1/um? [2.93+0.28 3.03+0.29 3.36+0.23 4.12+0.33 4.62 +0.39
Area weighted mean values of
MaxFeret, um 65.91+7.89 58.61+6.38 67.16+7.58 57.08+6.88 44.23+5.65
Compactness 040+0.06 036+0.05 041+006 040+0.06 0.47+0.08
Roundness 0.25+0.05 0.22+0.05 0.25+0.05 0.25+0.05 0.31+0.08
(?A)raph”e volume fraction, |15 044118 11.00+134 11724096 10.68+075 10.88+1.36
I 0.23+0.13 036+£0.17 035+0.18 055+0.28 0,31+0,18
VVolume fraction of 11 9.68+1.00 9.69+2.03 883+091 8.09+1.07 692+151
each graphite type V-V |2.72+084 166+039 200+0.34 148+051 252+0,33
VI 042+023 019+£0.17 054+036 055+0.28 1,14%0,52
Fraction of each graphite type, when total graphite fraction is 100 %
| 1.79+1.11 297 £1.37 3.00£150 515+263 282+1.72
i 74.99+494 80941427 7534+4.73 7556+567 62.81+8.03
IV-V + VI 23.22+461 16.09+£3.92 21.67+278 17.11+511 34.37%6.28
Subjective manual evaluation according to DIN EN 945
Graphite type I, % 0 0 0 0 10
Graphite type 111, % 80-90 80-90 90 85-90 60
Graphite type VI, % 10-20 10-20 10 10-15 30
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Vermicular graphite is mainly present in the five analyzed cast iron samples: approx. 2 vol. %
of all graphite particles were automatically classified as flake graphite, approx. 3 vol. % as
nodular graphite, and about 15 % as graphite type 1V-V. The results correspond very well
with each other. Although, the nodular graphite particles (type VI) according to DIN EN I1SO
945 were classified as graphite type 1V-V by the automatic classificator (see Table 6.2). Op-
posite to subjective analysis automatic classification provides always objective and reproduc-

ible results and allows the complete and quick microstructure description.

6.2.3 EXTENSION OF GRAPHITE CLASSIFICATION ON DIFFERENT MAGNIFICA-
TIONS

The attained classification method provides good results for the classification of the different
graphite morphologies from the optical micrographs of heterogenic cast iron samples. Al-
though it was developed using our laboratory specific equipment it has the potential of being
prescind from the specifications of microscope or image acquisition equipment (e.g. digital
camera). Studying the influence of chosen magnification and thus on digital resolution of the
micrographs on the microstructural parameters, especially those used for differentiation of
graphite particles, the general dependencies can be integrated in the classification algorithm.
For such research several particles (i.e. the 2D sections) of four graphite types: FG, CG, TG,
and SG, and different size classes (see Table 6.1) were selected. In case of flake graphite 2D
sections from the size class R8 (0 - 15 um) to R4 (120 - 250 um) were observed, whereas
nodular graphite sections were only from R8 (0 - 15 um) to R6 (30 - 60 um). A sufficiently
large number of particles of each graphite type and each size class were chosen in order to
make a statistically correct statement. Images of the selected particles were acquired with opt-
ical and scanning electron microscopy with mentioned above (see section 4.2.1) magnifica-

tions. The acquired images were analyzed with software a4i Analysis (see also section 4.3.2).

6.2.3.1  SizE-SHAPE DEPENDENCY OF THE GRAPHITE MORPHOLOGIES FOR DIFFERENT MAG-
NIFICATIONS

The results in the following section extent already performed analysis (section 6.1) to differ-
ent magnifications. In Figure 6.10 the shape parameter compactness is plotted vs. size para-
meter MaxFeret for four graphite morphologies.

The tendency observed in the section 6.1.3 for all graphite morphologies changes only insig-
nificantly with increasing magnification. The values for the shape parameters lie in the case of
SG, FG and CG for all magnifications close to each other. Only the values for the magnifica-

tion 100x generally sheer somewhat out of the line. Magnification 100x is less well suited, as
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6.2 Classification Using Image Analysis Techniques

the particles are represented by only few pixels which restrict the accuracy by the determina-
tion of their geometrical features and thus shape parameters (see also [85]). The values of the

temper graphite particles show for all magnification the wide scatter range.
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Figure 6.10 Dependency of the parameter compactness on the particle size for different magnifications.

The values of shape parameters acquired from scanning electron microscope images, which
are of 1000x, 2000x, and 3000x magnification, are extremely close to each other and are al-
most identical. Due to high resolution of the scanning electron microscope even the small
particles of the size class R8 (< 15 um) appear as sufficiently large objects. And additionally,
due to the high resolution, the exact separation between particle and matrix can be performed
straightforward and precise. Thus, the shape parameters are nearly equal for all following
magnifications. Although, when the size of the analyzed particles approaches the resolution
limit of the scanning electron microscope, the interface is spread over several gray values.
Thus, the contour of the particle will again vary depending on the chosen gray value.

Basically, starting with the magnification of 200x the shape parameter values for different
graphite morphologies fairly change. This is also valid for the shape parameter roundness (see

Figure 9.1). The values become somewhat more accurate with increasing magnification, al-
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Chapter 6: Graphite Classification

though for SEM images there was not any difference, if the magnification 1000x or 3000%
was used. Additionally it was noticed that with increasing magnification the standard devia-
tions diminishes. Thus, the magnification 200x of optical microscopy is very well suited for
the determination of the characteristic microstructural parameters of the graphite particles. In
this case the particle parameters are acquired from the relatively large measuring field and
with sufficiently high precision. Overlapping regions are acceptable. Different graphite mor-

phologies can be accurately classified.

6.2.3.2 DEPENDENCY OF THE CLASSIFICATION PARAMETERS ON THE DIGITAL RESOLUTION
Figure 6.11 and Figure 6.12 present the mean values of shape parameter compactness and
Figure 6.13 and Figure 6.14 of shape parameter roundness determined for particles of four
different graphite morphologies and different size classes at different magnifications, i.e. dif-
ferent calibration factors’. One should notice that the scales of the ordinate are adjusted to
different graphite types and thus cannot be directly compared with each other.

Table 6.3 shows the magnifications and corresponding values for the calibration factors. It can
be seen, that optical and scanning electron micrographs have different calibration factors for

the same magnification, specific for the image acquisition technique.
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Figure 6.11 Dependency of the shape parameter compactness on the magnification for flake graphite FG (left) and vermicular
graphite CG (right).

Table 6.3 Magnification considered and their calibration factors for OM and SEM.

Magpnification 100 200 500 1000 2000 3000
Calibration factor OM, pum 1.306 0.6663 0.2659 0.1328
Calibration factor SEM, ym 0.2976 0.1493 0.0746 0.0495

" With the help of the calibration factor occurs the assignment of the number of pixel to real dimensions. The units of meas-

ure are given in pm, referring to one pixel.
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6.2 Classification Using Image Analysis Techniques

The tendencies from the previous section repeat also here. The values of the compactness and
roundness decrease for the constant magnification with decreasing size class (corresponding
to an increasing MaxFeret). In the case of nodular graphite the relations are reversed, both
values raise. An exception to this is temper graphite. Shape parameter values for the size class

R5 are higher than those for the size class R6.
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Figure 6.12 Dependency of the shape parameter compactness on the magnification for nodular graphite SG (left) and temper
graphite TG (right).

The regression lines (Figure 6.11, Figure 6.12, Figure 6.13 and Figure 6.14) correspond to the
values of the shape parameter for particles of the same size class. In addition the regression
lines differ for the shape parameters determined on OM and SEM images.

With the help of these regression lines the following can be stated concerning the dependence
of the shape parameters compactness and roundness on the magnification:

At the same given size class, the values of these both parameters decrease with increasing
magnification. This however applies only for the values acquired from optical micrographs of
flake, vermicular and temper graphite. Additionally for flake and vermicular graphite it can be
seen that the regression lines for the particle with small MaxFeret (large size class) have
greater slopes than those with larger MaxFeret. The reason for such behavior of the shape
parameters may be found in the low resolution of the optical microscope. In addition to low
resolution the fractal dimension, which characterizes the contour roughness, plays a certain
role, as it has been already pointed out by Ruxanda et al [85], Li et al. [86] and Lu et al. [92].
The higher the magnification, the more accurately can the edge of the particle be determined.
The particle perimeter somewhat increases and particle area strongly decreases (e.g. see Table
6.4) with increasing magnification. This behavior depends on the graphite morphology and
also on the roughness of the graphite contour. Hence according to the Table 3.2 the values for

shape parameters also reduce.
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Chapter 6: Graphite Classification

Table 6.4 Example of the variation of particle parameters depending on the magnification. Values are given for the largest
flake graphite particle. The variations of perimeter are minimal due to the relatively flat contour of flake graphite, which
corresponds to the fractal dimension value close to 1. This is not the case for vermicular (D=1.17)®and temper (D=1.28)

graphite (see [85]). Never the less the variations of shape parameters are considerable.
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Figure 6.13 Dependency of the shape parameter roundness on the magnification for flake graphite FG (left) and vermicular
graphite CG (right).

No specific tendency was found for the nodular graphite. Values for compactness and round-
ness for the size class R7 and R6 do not depend on the resolution. The reason for this is the
nearly perfect spherical shape of the nodular graphite inclusions, which in two-dimensional
section is ideally represented by a circle. Both shape parameters compare the particle area
with area of the circle. The area and perimeter of the circle is practically independent from the
magnification; and thus the fractal dimension strives for the value 1. Small particles of the
size class R8 (0 — 15 um) show some dependency from the magnification due to their very
irregular shape. Jagged contour of these particles provokes the higher value of fractal dimen-

sion and thus similar to the particles of vermicular and temper graphite behavior of the shape

8D is a fractal dimension.
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parameters. However the shape variation of nodular graphite particles with increasing magni-

fication is insignificant.
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Figure 6.14 Dependency of the shape parameter roundness on the magnification for nodular graphite SG (left) and temper
graphite TG (right).

The results acquired from the scanning electron microscope images are somewhat different.
Here the values of both parameters are almost the same for FG and CG for all considered
magnifications. Thus, there is no any dependency on the magnification. The reason is in the
high resolution of the scanning electron microscopic images, which possibly compensate the
influence of the fractal dimension. An exception is again nodular graphite of the size class R8,
for which the regression line has a negative slope. However the standard deviations are rela-
tively large, and thus it can be concluded that considering the error of the measurement not
any dependency exists for the shape parameters of small nodular graphite sections on the

magnification of SEM-images.

6.2.3.3  CLASSIFICATION ALGORITHMS BASED ON THE REGRESSION LINES

The task of the regression analysis is to determine the curve y = f(x) which brings the meas-
ured values in most simple functional relationship. First it should be decided which function
type can be considered. The position of the measured values (see section 6.2.3.2) can be ap-
proximated with linear function: y = a + bx, where y is the shape parameter and x is the cali-
bration factor. Least-squares analysis is applied in order to determine the suitable estimates
for a and b. These values can be found in appendix 9.4 for particles of each graphite type and
each size class.

Now the classificator can be created for each possible magnification resp. each possible cali-
bration factor x. Mean values of the shape parameters roundness and compactness are calcu-

lated with the help of regression lines. The upper and lower limits for the identification do-
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mains are determined by adding and subtracting the value of 95 % confidential interval. Addi-
tionally it was possible to define separately the overlapping region, which made it possible to

quantify the error caused by particles having similar shape values (see [144]).

6.3 SUMMARY AND APPLICATION OF 2D GRAPHITE CLASSIFICATION

6.3.1 OUTLINE FOR 2D GRAPHITE CLASSIFICATION

In this study, particle-based methods of microstructural image analysis were used to classify
different graphite morphologies. The significant benefit of this method is that all shape para-
meters can be easily determined employing a commercially available image analysis system.
It was found that the shape parameters roundness and compactness are suited best for a classi-
fication of the graphite morphologies I (flake), 111 (vermicular), 1V-V, and VI (nodular). A
novel method developed using particle size as an additional criterion leads to a significant
improvement in classification of complex graphite particles.

As the results of the examination reveal, the shape of irregular graphite particles changes si-
multaneously with particle size. The complexity of the shape is statistically restricted for the
small planar sections of an object. Small planar sections are more likely to be convex and to
have a regular contour. Due to the limited image resolution a measurement of shape of the
particles, which are only a few pixels in size, becomes very inaccurate. At small object sizes
there is always a bias towards a circular or rectangular shape.

The analysis of the influence of the magnification on the shape parameters have shown that
values acquired from optical micrographs and scanning electron microscope images depend
differently on the calibration factor (i.e. magnification). The values of the shape parameters
determined from the optical micrographs decrease with increasing magnification caused by
the relatively low resolution and the effect of fractal dimension. No influence of the magnifi-
cation on the values of shape parameters was found for nodular graphite and for values deter-
mined from SEM-images. From the regression lines i.e. their parameters, which were deter-
mined from the dependencies of the shape parameters on the magnification, it is now possible
to generate the classificator for any magnification. Magnification 200x (calibration factor
approx. 0.7 um) is well suited for the characterization of graphite morphology, as it provides
relatively large field of analysis and high accuracy by the determination of characteristic par-
ticle parameters.

The newly developed classification method which employs shape and size parameters im-
proves currently available image analysis procedures and provides a reproducible and distinct
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6.3 Summary and Application of 2D Graphite Classification

identification of different graphite morphologies. The accuracy of the classification is limited
by the size of overlapping identification domains for different graphite morphologies, which

in worst case represent 10 — 15 % of the area of all graphite inclusions. The employment of

additional particle parameters can improve the classification accuracy.

6.3.2 INFLUENCE OF THE FRACTION OF GRAPHITE OF DIFFERENT MORPHOLOGIES

ON THE PHYSICAL PROPERTIES

The developed classification algorithm was used to characterize the microstructure of the spe-
cimens mentioned in chapter 5. Graphite particles in each cast iron sample were classified and
their area fraction was calculated for the fraction of all graphite inclusions equal to 100%. As
though the fraction of the graphite is different in different cast iron samples (see Table 5.2),

the electrical conductivity was normalized to exclude its influence. Thus, the results for all ten

FG, eight CG and four SG-cast iron samples can be compared in the Figure 6.15.
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Figure 6.15 Electrical conductivity of cast iron with flake (FG), vermicular (CG) and nodular (SG) graphite presented vs.
area fraction of graphite classified as flake (1), vermicular (111) or the graphite types IVV-V + VI. Total graphite fraction in cast

iron sample is taken for 100 %.

If all graphite particles were classified as vermicular graphite the data would concentrate in

the origin of the coordinate system. In the analyzed cast iron samples with vermicular graphite
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some particles were assigned to type | and some to type IV-VI. The amount of the respective
type can be seen on the projection on the x - y plane. In samples with flake graphite over 70 %
of area of the graphite particles were classified as type I, the rest is mostly type I1l. Almost all
particles were classified as types 1V-V or VI in the cast iron sample with nodular graphite.

The diagram shows well that electrical conductivity of cast iron correlates with the amount of
the respective graphite type. When cast iron sample with vermicular graphite contains par-
ticles which were classified as flake graphite (type I) the conductivity reduces. If it contains
nodular graphite particles (type VI) the conductivity does not change significantly. The lower
volume fraction of graphite in vermicular cast iron samples CG (see Table 5.2) is compen-
sated by the complex shape of the vermicular graphite particles, which eventually leads to
lower conductivity in comparison to cast iron with nodular graphite SG (see Figure 5.2b).

Proving that the graphite shape plays the most important role on the properties of the cast
iron, an attempt can be done to find a simple model and to conduct the finite element simula-
tions. If the results of the simulation correlate well with the experimental results the suggested
model could be used to estimate the variety of different properties of cast iron. In order to
perform reasonable approximation of the effective conductivity the properties of the individu-
al phases have to be known. Whereas for the pearlite matrix it was possible to calculate the
thermal and electrical conductivity (see appendix 9.1) the analysis of the graphite crystal
structure had to be performed in order to estimate the conductivity of the anisotropic complex

graphite particles of different shape.
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7 3D GRAPHITE CHARACTERIZATION

In this chapter particles of different graphite morphologies were characterized in 3D. The aim
was first to describe the particle 3D shape and spatial arrangement in order to complete and
optimize the classification of the graphite and to analyze the influence of these factors on the
cast iron properties. At the same time the analysis of the nucleation, growth and crystallo-
graphic structure of different graphite types was performed, which was used to support some
nucleation and growth mechanisms, made it possible to describe them quantitatively and sug-

gested the way to estimate the effective properties of the graphite of different types.

7.1 GRAPHITE MORPHOLOGY AND CRYSTAL STRUCTURE

The characterization of three-dimensional graphite morphology was performed using
FIB/SEM-tomography. Different contrasting methods were employed to depict the particu-
larities of graphite formation. Focused ion beam (FIB) enabled TEM foil preparation at the

specifically chosen regions, which allowed the examination of graphite crystal structure.

7.1.1 DESCRIPTION OF THE 3D GRAPHITE MORPHOLOGY

After alignment of the initial high resolution SEM serial sections of the FIB-tomography, it
was possible to observe the morphology of graphite particles and their internal structure at the
virtual cuts from all different directions (Figure 7.1). Such examinations made it possible to
understand, especially in the case of complex graphite particles, their real three dimensional
shape and to introduce first assumptions about the particle nucleation and growth directions.

Figure 7.1 Slices of 3D image of cast iron with flake graphite. The x-y planes are the collected SEM images while the x-y
and y-z are reconstructed via interpolation.
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7.1.1.1  SPHEROIDAL (NODULAR) GRAPHITE (SG)

The reconstructed 3D-model of four nodular graphite particles is shown in Figure 7.2a. Two
different nodule structures can be observed: a regular, smooth, and almost perfectly spherical
type (Figure 7.2b), and a coarser type with a relatively large amount of pores and/or inclu-
sions (Figure 7.2c). The coarser surface of the second type seems to result from secondary
growth of graphite on an originally smooth surface. In addition, the microstructure of the first
nodule type is indicative of the homogeneous growth of crystallites whereas the second nod-
ule type seems to represent an agglomerate of several smaller nodule particles. In Figure 7.2,
the nodules 2 and 3 belong to the first type whereas the nodule No. 1 unequivocally belongs
to the second type. The shape of particle No. 4 is clearly more irregular and seems to repre-
sent a compound type. It is interesting to notice that both types of nodular graphite appear

directly next to each other.

Figure 7.2 a) 3D reconstructed nodular graphite particles (SG); inside microstructure of nodular graphite particles b) No. 2
(blue) and ¢) No. 1 (red).

Nodular graphite of both these types can be equally observed in the cast iron with vermicular
graphite (Figure 7.3). Here the relatively large particle contains one nucleus in the middle and

radially distributed pores and/or iron inclusions.
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Figure 7.3 Irregular nodular graphite particle in cast iron sample with vermicular graphite. Heterogeneous nucleus detected by
the FIB-Nanotomography with SE contrast.

The observation of nodular graphite particles with scanning electron microscope and during
FIB-tomography has shown that almost all particles contain some heterogeneous nuclei: small
(100 — 200 nm) or large (up to couple of pum) (see Figure 7.3). As the probability that large
nucleus can be cut by the 2D section is relatively high, it was possible to analyze their chemi-
cal composition already on the 2D sections. Large amount of sulfur was always detected in
the nuclei. Additionally, some inclusions contained Mg and Ca, other Al and O, and some
additionally the rare earth element Ce and La, when they were present in the melt. No depen-
dency between the nucleus size and particle size was found. Particles with the nucleus con-
taining both MgS core and shell composed of the rare earth materials were more regular
(Figure 7.4) than the nodules without rare earth shell (Figure 7.5).

The graphite particles with irregular surface often had considerable amount of heterogeneous
inclusions. These white inclusions are mainly distributed radially from the center of the no-
dule. In order to constrain the chemistry of inclusions, EDX analysis was performed on cross-
sections of the second nodule type. The EDX signal shows a clear peak of Fe, implying the
presence of Fe inclusions, enclosed in the graphite particle.

In order to assure the results of the chemical analysis on the polished specimens the EDX-
maps were also acquired during the serial cross-sectioning. Figure 7.6 shows the FIB cross-
section in secondary electron contrast and corresponding EDX-map. Analysis reveals the
chemical composition of the inclusions inside of the nodular graphite particle, which were

clearly visible already with secondary electron contrast. Nucleus is mainly composed of Mgs.
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Figure 7.5 Chemical composition of nucleus in ragged nodular graphite.
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10 pm

Figure 7.6 FIB cross-section through the nodular graphite particle and EDX-map. Mg and S compose the graphite nucleus,
other inclusions consist of Fe.

7.1.1.2 TEMPER GRAPHITE (TG)

Three-dimensional analysis of graphite in malleable cast iron (Figure 7.7a) has revealed a
very different graphite structure compared to ductile cast iron. The graphite particles are rela-
tively large (~ 70 um in diameter) and seem to represent composite particles consisting of an

agglomerate of numerous irregular smaller particles.

Figure 7.7 a) Temper graphite (TG) microstructure in malleable cast iron revealed in the FIB cross-section; b) 3D shape
reconstruction with Amira.

In 2D cross-sectional analysis, due to the strongly irregular shape of the particles, the occur-
rence of more than one intersection with the sample surface (see Figure 7.7b) might lead to

the false conclusion that more than one particle is present. If automatic 2D classification
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schemes are used, the analysis will be incorrect concerning both the particle density and the
particle shape. In addition to agglomeration, a relatively large amount of micropores seem to
be present inside the graphite precipitates (Figure 7.7a).

7.1.1.3 COMPACTED (VERMICULAR) GRAPHITE (CG)

Figure 7.8 shows the investigated vermicular particles. Due to the deep chemical etching of
the iron matrix, the particles are largely exposed (Figure 7.8a and b). For a better understand-
ing of the 3D-shape Figure 7.8c and d also depict reconstructed oblique slices through the
particles. The shape might be described as coral-like with long and relatively flat rounded
branches (see Figure 7.8e and f). As shown in Figure 7.8c, an inclusion of a second phase is
observed in the middle of the investigated particle. In some cases there are several nuclei in
one particle (Figure 7.8d). Due to the high complexity of the vermicular graphite particles it is
though very rare to cut the vermicular particle exactly through its nucleation centre.

EDX analysis on cross-sections of the same sample show that these inclusions consist of MgS
(see Figure 7.9). Thus, the chemical composition of the nuclei of the vermicular graphite par-
ticles is similar to the composition obtained for nuclei in spheroidal graphite already shown
by Tartera et al. [145]. Careful examination of the individual images of all serial slices reveals
that the graphite initially grows with a near-spherical shape. Due to the variation of the
chemical composition of the liquid iron further branching occurs in different directions. As a
result, a strongly irregular 3D-shape, as described above, containing relatively large pores is
observed.
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Figure 7.8 a) and b) SEM images of vermicular graphite particles (CG1 and CG2), deep etched; ¢) and d) axial (x-y) initial
and reconstructed oblique slices. Heterogenic nuclei are shown with arrows; e) and f) reconstructed 3D shape of vermicular
graphite particles.
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Figure 7.9 Chemical composition of the nuclei in vermicular graphite.

7.1.14  LAMELLAR (FLAKE) GRAPHITE (FG)

As a last example, cast iron with flake graphite was analyzed. The flake graphite was arranged
in large eutectic cells. It should be noted that due to the extremely large size (up to 200-
400 um) of the eutectic cells, only the particles in the middle of the eutectic cells could be
studied. The SEM images of the deep etched cast iron sample are seen in the Figure 7.10a and
Figure 7.11a. The sample includes the flake graphite of the arrangements B, as well as the D-
graphite according to the DIN EN ISO 945 (Figure 2.5). The 3D reconstructions of the gra-
phite particles (Figure 7.10b, Figure 7.11b and Figure 7.13), generated with the help of Ami-
ra™, show the significant difference of the graphite morphology. Particles of D-graphite
(FG2) (Figure 7.11) are considerably smaller and have much higher density. It was found that
almost all particles are connected in the investigated volume. Hence, due to their large size,

only a sub volume of one compound flake graphite could be analyzed.

102



7.1 Graphite Morphology and Crystal Structure

C |
. .
1) e ® .
o« [R -, -
S 3 . . 2
S L g
; &ty pee e
[e2] ' - ﬂ,.' S i
S ' a . d ‘.’ 4
< . o B 2,
3 5 2 Sl : o8 . .
- 9 . . .

63:% X Ty 7
c) AN ‘

Figure 7.10 a) SEM image of flake graphite, deep etched; b) Reconstructed 3D structure (FG1); c) Inclusions in the investi-
gated region; d) Cropped out magnified region with inclusions and flake graphite.

Figure 7.11 a) SEM images of the deep etched cast iron with D flake graphite; b) 3D reconstruction of the graphite structure in the centre
of the eutectic cell (FG2).
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The type B flake graphite (FG1) particles in the eutectic cell form a complicated network of
thin 1-2 pm thick graphite planes as shown in Figure 7.10b (marked in magenta). Numerous
small inclusions were found on the surfaces of these planes and even in their interiors (Figure
7.10c, d).

From EDX analysis on other parts of the samples it was determined that the inclusions are
precipitates of MnS. According to J. Tartera [146], the MnS acts as a substrate in the absence
of inoculants. Its formation temperature and crystalline structure make it suitable for graphite
nucleation. MnS-nucleus was observed in the middle of the eutectic cell. The nucleus contains
very small amount of Mg, which have possibly served as a heterogenic nucleus for MnS.
Graphite envelopes the MnS (Figure 7.12), which is especially well seen on the 3D recon-

struction (Figure 7.13).

Figure 7.12 Eutectic cell with large MnS-nucleus of the eutectic cell in the cast iron with flake graphite.
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7.1 Graphite Morphology and Crystal Structure

Figure 7.13 3D reconstruction of the flake graphite structure (FG3) and nuclei in the center of the eutectic cell presented in
the Figure 7.12. Flake graphite envelopes the large MnS nuclei.

Unfortunately, the low heat of formation of MnS slows up its formation, making possible an
increase of supercooling before nucleation, with the danger of the formation of type D gra-
phite (Figure 7.11).

7.1.2 GRAPHITE NUCLEATION, CRYSTAL STRUCTURE AND GROWTH MECHAN-

ISMS

The crystallographic structure of the graphite inclusions was successfully analyzed on the
TEM-foils acquired using target preparation with FIB workstation, as described in section
4.2.2.1. Structure of the graphite directly connected to the nucleus was of particular interest. It
was possible to position the TEM-foil so that various aspects of the graphite growth could be
studied. The nodular graphite chosen for analysis contains both the regular grown region
(Figure 7.14a to the right of the particle) and graphite arm (Figure 7.14a to the left). The in-
fluence of the chemistry, structure and the orientation of the nuclei on the graphite growth

was studied.
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Mag |FWD| HFW
10.0 kX|7.040| 15.

E-Beam| Spot| Tilt
S.00kV| 3 0.0°

Figure 7.14 The TEM-foil was positioned through the nuclei and adjacent graphite: e.g. a) nodular and b) flake. The influ-
ence of the nuclei structure on the graphite structure was of the particular interest. Here nodular graphite (a) is developed
correctly on the right side of the nuclei and on the left side the irregularities of the nuclei seem to lead to the growth of the
arm disturbing the ideal spherical shape.

The radial growth of the graphite conical crystals well seen in the Figure 7.15 has been al-
ready observed using different microscopic techniques by [13], [147], [148] and [149]. Here
for the first time it was possible to acquire high resolution images containing nucleus in the

center of the nodule. This image is in accordance with the growth scheme suggested by [11].

Figure 7.15 a) Improved structure model of nodular graphite [13] to the Double and Hellawell’s cone-helix model[11]. b)
Crystallographic structure of the nodular graphite. STEM image. Multi phase nuclei and numerous inclusions and pores in
the nodule are well seen.

The nucleus is composed of a core and an envelope from which the graphite grows. The core
is formed by magnesium sulfide (and CaS) (see Figure 7.16, region 5) and the outer shell con-
tains mainly cerium-lanthanum sulfides (regions 1 and 6). Llorca-Isern et al. [149] has sug-
gested that the shell is composed of CeS, MgS and La as lanthanum oxide. According to the
EDX-maps and point spectra acquired in this work oxygen is present only in combination

with magnesium and aluminum, and thus it was proved that shell consists mainly of cerium-
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7.1 Graphite Morphology and Crystal Structure

lanthanum sulfides. As it was stated by Tartera et al. [147], in order to promote the formation
of crystals on a nucleating agent, the interface between the nucleus and the liquid should be of
higher energy than that between the nucleus and the crystal solid. A means of maximizing this
condition is to provide a nucleant crystal relationship that is associated with a good crystallo-
graphic fit between the respective crystal lattice. The efficiency is believed to be increased for
decreasing values of relative lattice discrepancy (see Table 7.1). Growth of faceted phases
occurs in well defined atomic planes thus creating angular surfaces. Graphite is a faceted crys-
tal bounded by low index planes.

Such correlations were observed with TEM. The orientation of the graphite crystal c-axis is
perpendicular to the (100) directions of MgS. The lattice parameters of the graphite in [100]
and [010] direction correspond to the distance between Mg and S atoms, the half of the lattice
parameter of MgS (Table 7.1).

Table 7.1 Characteristics of several compounds which can act as a nucleus for graphite [146], [150]. AH(CeS,) was not avail-

able in the literature.

C Mg$S MgO CeS LaS CeS, La,O4
AH kJ/mol -346 -143.8 -459.4 -456 -1793.7
Melting point, °C 3652 > 2000 2800 2450 2300 2315
Crystal system Hexago- Cubic Cubic Cubic Cubic Orthor-  Hexago-
nal hombic  nal
Lattice parameters  a=2.47 a=5.19 a=4.21 a=5.78 a=5.85 a=8.1 a=3.94
in A c=6.79 b=4.1 c=6.13
c=16.2

Large rectangular inclusions (see Figure 7.16, region 3) containing Mg, Si and Al to the left
side of the particle seem to hamper the regular nodular graphite growth. Large pores are in-
duced as can be seen in the Figure 7.15b. They might as well serve as the reason for graphite
branching, as seen on the Figure 7.14a.

On the right side of the particle the structure is relatively homogeneous. Several Fe-containing
inclusions closer to the border of the nodule seem to interrupt regular graphite growth. The
interaction of the graphite structure with such Fe-containing inclusions is well seen in Figure
7.17a. The possible scheme of the graphite growth with the presence of heterogeneous inclu-
sions is shown on the Figure 7.17b. Considering the big amount of inclusions inside the par-
ticle 1 on the Figure 7.2a and particle on the Figure 7.3 it can be stated that their coarse sur-
face is due to this effect.

Thus, the suitable nucleants initiate the spherical graphite growth, which is hindered by inco-

herent inclusions.
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Figure 7.16 EDX-mapping and spectra for different phases in nodular graphite with nucleus. EDX-analysis was performed
on the approx. 100 nm thin TEM-foils providing the chemical composition of object with size down to 150-200 nm (e.g.
inclusions 2 and 6). Due to the still relatively large interaction volume, only qualitative analysis of individual inclusions can
be done.

Figure 7.17 a) STEM image of Fe-inclusion interrupting the regular growth of the graphite nodule and b) the scheme of the
graphite structure with defect.
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7.1 Graphite Morphology and Crystal Structure

STEM image on the Figure 7.18 visualizes flake graphite adjusted to the nucleus, and several
other flake graphite particles. MnS was unambiguously identified as nucleus of flake graphite.

It has cubic structure with lattice parameters a=5.224 A.

Mag |FWD| HFW
0.0° | 20.0 kX |5.849| 7.60 pm | STEM

Figure 7.18 STEM image of cast iron with flake graphite and their nucleus. TEM Diffraction patterns in the marked regions.

As an evidence for the coupled growth between metal and flake graphite serves the correla-
tion between orientations of the crystallographic lattices of MnS-nucleus, flake graphite par-
ticle and matrix (Figure 7.19).

Flake graphite of different orientations was observed on the sole TEM-specimen. The (001)
crystallographic direction of the graphite lattice is either perpendicular to the graphite-matrix
interface (see Figure 7.18, regions 1, 4 and 5 and Figure 7.20), or in some rare cases {001}
lattice planes lie in the observation plane (regions 6 and 7). The intermediate rotation around
the c-axis also mentioned in the work of Double and Hellawell [151] is clearly seen in the
diffraction pattern 7 (Figure 7.20).

2 1inm 2 1/nm

Figure 7.19 TEM-image and diffraction patterns of MnS-nucleus, adjustment graphite and surrounding matrix.
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Figure 7.20 Diffraction patterns of the flake graphite crystallographic structure.

Roviglione et al. [152] has shown with the help of X-ray diffraction characterization that flake
graphite has a strong crystallographic growth direction (GD) relationship with austenite:
(110)cr, (100)c: Il (100), Il GD. She assumed the existence of the preferential plane coupling
at their interface. In the center of the eutectic cell (where the TEM-specimen was taken) each
nucleus initiates own growth direction consistent with its own crystallographic orientation and
local temperature gradient. By the coalescence of such regions flake graphite seems easily to
adapt to the varying flow direction of matter and heat by branching, twinning, twisting and
bending. Roviglione [153] has stated that such accommodation of the flakes to the rapidly

changing condition can only be explained if its growth is diffusion controlled.

Two different regions equivalent to two different growth mechanisms are seen on the TEM-
specimen through the vermicular graphite particle (Figure 7.21a): one of the nodular graphite
on the bottom and one of the flake graphite at the top. The observed crystallographic structure
is consistent with the assumption made by Llorca-Isern et al. [149] and Tartera et al. [145].
Compacted graphite grows initially as a spheroid and later developing branches which grow
similar to the flake graphite. As though the following growth of the (1010) interface is unsta-
ble the initiation of a twin/tilt of boundaries occurs. The twin/tilt growth mechanism of com-
pacted graphite was proposed by Zhu et al. [154]. It is consistent with the observation done by
Rovilione et al. [152]. No favorite crystallographic direction was found for the vermicular
graphite even by its directional growth. Figure 7.21b shows that compacted graphite is com-
posed of small and compacted randomly oriented flakes.
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7.1 Graphite Morphology and Crystal Structure

Figure 7.21 Structure of the vermicular graphite a) presumably near the nucleus and b) closer to the boarder. The vermicular
particle grows initially nodular like, branches grow in a-direction. Small compacted randomly oriented flakes compose the
resulting particle inducing the high irregularity of the vermicular graphite surface.

The intermediate chemical composition of the cast iron with vermicular graphite results thus
in the intermediate growth mechanisms of the graphite inclusions. Moderate magnesium and
rare-earth elements additions binds up the oxygen and sulfur in the nucleus and initiates sphe-
roidal growth. Heterogeneous defects in the nodule as well as the sufficient amount of oxygen
and sulfur in the residual melt result in branching. This demonstrates the strong influence of

trace components during casting.

The resulting complex shape of different graphite particles is quantitatively characterized with
the help of 3D image analysis. Although temper graphite does not follow the same solidifica-
tion process its shape was analyzed in this work in order to give the complete overview of

different graphite types.
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7.2 3D ANALYSIS OF RECONSTRUCTED 3D MODELS

With the help of 3D analysis, the special structure characteristic parameters can be directly
determined from the spatial images without any shape assumptions. The interpretation of the

3D structural parameters is not often obvious and thus discussed in this work.

7.2.1 COMPARISON OF THE PARAMETERS FOR THE INDIVIDUAL GRAPHITE PAR-

TICLES OF DIFFERENT MORPHOLOGY

Individual graphite particles were described quantitatively regarding their basic characteristics
and shape. With the help of the advanced image analysis techniques the influence of the nuc-

leus and inclusions on the growth mechanism of the graphite was analyzed.

7.21.1 BAsIiC CHARACTERISTICS

The 3D analysis has shown that the particles of different morphology possess characteristic
values of 3D structure parameters, which are presented in the Table 7.2. For the description of
the individual 3D particles the basic structural parameters were used: volume (V), surface area
(S), integral of mean curvature (M), and integral of total curvature (K). The volume densities
of these parameters: volume fraction (Vy), specific surface area (Sy), density of the integral of
mean (My) and total (Ky) curvature serve as a basis for microstructure characterization. To
determine these values with good accuracy the relatively large volume, which contains a large
amount of discrete or connected particles, is required. Thus, these 3D field features were de-

termined exclusively for the cast iron samples with flake graphite.

Table 7.2 3D particle parameters of nodular (SG), vermicular (CG) and temper (TG) graphite calculated with MAVI soft-

ware.

Particle V, um? S, pm? M, pm K X XFill holes
SG1-1 8805 6558 -2898 -1445 -115 -284
SG1-2 10006 2987 -491 251 20 -35
SG1-3 11242 3595 -1046 666 53 -72
SG1-4 1926 1346 -540 427 34 -27
SG2 13412 7938 -4165 7691 612 -531
TG 78130 34885 102 -980 -78 -99
cac1 43420 28814 453 -603 -48 -92
CG2 81302 44652 2245 -364 -29 -57
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7.2 3D Analysis of Reconstructed 3D Models

V characterizes the particle volume; S indicates the value of the particle surface. The integral
of mean curvature M depicts the geometrical configuration (viz. the shape) of the inclusions.
It is calculated according to the equation 3.1. The surface curvature at the point P can be de-
scribed by its minimum r; and maximum r, radius. There are four different surface elements
which can occur (Table 7.3). The fraction of certain surface elements and the ratio between

two curvature radiuses determine the value of the integral of mean curvature M.

Table 7.3 Shape of the surface elements P and their local curvature Mp.

Convex Saddlel Saddle2 Concave
P ‘ k(
b \/ \
. \ \ N -

N\ Sl . . .
Iry| < rzl, Iy | < |ryl, [ry | < rzl, || < |rzl,
n>0rnr>0 1n>0nr<0 1n<0nr>0 1n<0,nr<o0
Mp >0 Mp >0 Mp <0 Mp <0

The first curvature integral M of the spheroidal graphite particles SG1-1 and SG2 is << 0. The
reason for this is the very rough contour, the large amount of saddle2 surface elements and the
large amount of pores, which corresponds to the existence of the concave surface elements.
The contour of the spheroidal particles SG1-2, SG1-3 and SG1-4 is considerably smoother
and more convex. A small amount of pores causes the negative value of M. Temper and ver-
micular graphite particles have a positive value of the integral of mean curvature as a conse-
quence of the high fraction of convex and saddlel surface elements.

The integral of total curvature K depends directly on the Euler number of the particles
(K = 4my). The Euler number is a topological characteristic, which describes the spatial con-

nectivity and is calculated in the three-dimensional space according to the following equation:

X=N—C=N+ Nyoies — Nrunneis: 7.1

where N is the particle number, C is the connectivity; Nyoes IS the amount of holes, which are
connected components of the matrix and correspond to concave surface elements, and Nrynnels
is the number of tunnels associated with saddle surface elements. For the convex particle
without pores and tunnels the connectivity is equal to 0. In general, the connectivity is always

equal to zero when particles, even if they are not convex, are simply connected with each oth-
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er. Hence the Euler number is equal to the particle number. On the other hand, for the com-
plete connected network (only one particle) Ny is much smaller than Cy, and the number of
tunnels (which is equivalent to the presence of saddle surface elements) corresponds to the
connectivity [76].

The Euler numbers of the smooth SG1-2, SG1-3 and SG1-4 particles are positive and not
equal to 1 due to the small amount of enclosed pores (correlated with concave surface ele-
ments) which number exceeds the amount of tunnels. The Euler numbers for SG1-1, TG, CG1
and CG2 (see Table 7.2) particles are negative, which means that the amount of saddle surface

elements exceeds the amount of convex and concave surface elements.

7.2.1.2 3D SHAPE DESCRIPTION
In addition to the basic characteristics, different shape factors have been determined (see
Table 7.4) for all graphite inclusions mentioned above. 3D shape factors fy, f, and f3

f1=6\/5\/% fa =48n2% fs =4n%

can be computed from the parameters V, S and M. They vary between 0 and 1 comparing the
object with a spherical object. While shape factor f; can be calculated for any types of com-
plex objects, reasonable estimation of factors f, and f; can be done only for the simply con-
nected objects (without holes and tunnels). Thus, this shape factors cannot be applied to de-
scribe complex particles as analyzed here. Shape parameter f; was determined for the particles
after filling all impurities (holes). The difference between resulting volume and particle vo-
lume represents the volume of impurities Vee. (see Table 7.4).

The shape factor 1 compares the particle volume to the volume of the sphere of the same sur-
face (S) and thus is similar to the 2D shape parameter sphericity (see Table 3.2). The complex
and rugged contour increases the surface of the particle, and thus reduces the value of the
shape factor 1. Hence the rugged nodular graphite particles SG1-1 and SG2 have the value of
f; closer to the values for vermicular (CG) and temper graphite (TG) particles rather than to
the smooth nodular particles SG1-2 and SG1-3.

3D shape parameters for “compactness” and “roundness” can be equally deviated from the

measured particle 3D characteristics:

/ 3 7.2
SConvex
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P
5 =
T[d?nax

7.3
They compare only the outer particle contour with the ideal sphere without taking particle
spatial connectivity into consideration. Shape factor 6 describes the external convexity of the
inclusions. The CG particles are least convex and the smooth SG1-2 and SG1-3 particles are
most convex.

Any of the suggested 3D shape parameters differentiates unambiguously the analyzed gra-
phite morphologies providing various information about their roundness, compactness and
convexity. 3D analysis permits the full description of the structure in three dimensional space
via different particle characteristics.

Table 7.4 Graphite particle shape parameters.

4

: _ V f4 = 6\/E— _ 6V _ v VFey VVFey VI’]UC|.!
PaI’tIC|e fl 6\/5\/—5—3 m fS TL’d;O’nax f6 ‘/Co‘n_y ums % um?:
SG1-1 0.21 0.43 0.40 0.46 107 122 05
SG1-2 0.72 0.65 0.75 0.69 26 026 0.2
SG1-3 0.65 0.66 0.70 0.69 45 040 0.1
SG1-4 050 0.57 0.60 0.60 20 1.04 -
SG2 0.23 0.51 0.39 0.57 153 1.14 339
TG 0.13 0.27 0.25 0.30 378 005 -
CG1 0.095 0.16 0.14 0.12 35 0.08 12
CG2 0.092 0.10 0.04 0.12 30 0.04 22

7.2.1.3  INFLUENCE OF NUCLEUS AND FE-INCLUSIONS ON THE GROWTH MECHANISMS

As it was already shown in the section 7.1.2, nuclei, pores and inclusions have an important
influence on the growth mechanisms of the graphite. Nuclei were found almost in every par-
ticle. They are composed mainly of MgS, and in the case of the smooth nodules partly en-
closed in the sulfides of La and Ce. The radially distributed inclusions in the nodular graphite
contain iron. Table 7.4 summarizes the measured volume of the nuclei and inclusions in dif-
ferent graphite particles.

The distribution of the amount of the graphite voxels in 3D with regard to the distance from
their nucleus was characterized with the help of the Euclidean distance transformation (EDT).
The transformation assigns each voxel the gray value, which is proportional to its distance
from the nucleus (or several nuclei) as it is shown on the Figure 7.22.
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Figure 7.22 Demonstration of the Euclidean distance transformation (EDT) on one 2D section (CG1). Each voxel obtains a
gray value, which is proportional to its distance from the nucleus. The lighter is the gray value; the further away is the voxel
from the nucleus.

Assuming that the nucleus is the origin of the particle, the growing process can be characte-
rized with the help of the EDT. Figure 7.23 depicts the distribution curves for three nodular
graphite (SG) and two vermicular graphite (CG) particles. With the exception of SG1-1 are
the curves for the nodular graphite particles SG1-2 and SG1-3 almost identical. Due to the
rough surface of the SG1-1 particle its distribution is somewhat lower to the right of the max-

imum than the curves for other nodular graphite particles.
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Figure 7.23 Normalized distribution of the intensity of the voxel grey values for different graphite particles. Each grey value
corresponds to the distance from the particle nucleus.

The distribution curves for both vermicular graphite particles in the Figure 7.23 follow at the
beginning the distribution for the nodular shape, which indicates its initial formation as gra-
phite nodules. Branching occurs due to the local variations of the chemical composition of the
melt as well as due to the inclusions, which inhibit the regular graphite growth. The eventual-
ly resulting shape is typical for vermicular graphite particles, coral-like. The vermicular gra-

phite particle 1 (CG1) has considerably higher fraction of the voxels belonging to branches
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and thus is considerably more complex than the particle CG2. The integration of this distribu-
tion curves provides the quantitative characterization of the 3D particle arrangement in regard
to their growth mechanisms. The fraction of the vermicular graphite particle 1 (CG1) grown
according to the mechanism for spherical particles was determined to be 13 %. 87 % of the
particle volume belongs to branches. For the vermicular graphite particle 2 (CG2) this propor-
tion is equal to 22 to 78 %. Thus, level of branching can be characterized by the quotient of
the fraction of branches to the fraction of initial nodule: 6.7 for CG1 and 3.5 for CG2.

3D quantitative characterization of the growth mechanisms supports the observation of crystal

structure of different graphite morphologies.

7.2.1.4  QUANTIFICATION OF THE SURFACE ROUGHNESS

It has been also shown with the help of distance transformation that the amount of the impuri-
ties influences the surface roughness of the nodular particles of about the same size. The vo-
lume fraction of impurities is clearly higher in the particle SG1-1 with a rough surface and

they are concentrated closer to the boarder of the nodule.
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Figure 7.24 The amount of to the particle and impurities (Fe-inclusions and pores) belonging voxels as a function of the
distance from the nucleus.

Table 7.5 Particle exterior surface (Skinoles) @nd the quotient of the surface after morphological operations to Sgijpoles USed as

quantitative characteristics of the surface roughness of the complex objects.

Particle SFiIIHoIesi umz SClose/SFH SOpen/SFH
SG1-1 5819 0.566 0.662
SG1-2 2790 0.967 1.036
SG1-3 3251 0.754 0.787
SG1-4 1191 0.759 0.873
SG2 7393 0.598 0.667
TG 34747 0.801 0.854
CG1 28635 0.862 0.884
CG2 44550 0.911 0.868
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The effect of the impurities on the resulting surface roughness of the complex particles was
analyzed with the help of the morphological operations. The surface of the particle measured
after conducting the operations “close” (Sciose) Or “open” (Sepen) IS cOmpared to the external
particle surface (Table 7.5). The lower the quotient the higher the roughness of the surface. It
was found that the surface roughness increases (see Figure 7.25) with increasing fraction of
the impurities (see Table 7.4)

Particle surface roughness
1.2

1 176 @ 5612
"ACG2
0.8 7461 @ 5613 ® SG14

0.4

Sclc'se/SFH

0.2

0 . T

0 0.5 1 1.5
Volume fraction of impurities, %

Figure 7.25 The influence of the impurities on the surface roughness of complex graphite particles characterized using mor-
phological operations.

7.2.2 ANALYSIS OF THE CONNECTED FLAKE GRAPHITE STRUCTURE WITH THE

HELP OF 2D AND 3D FIELD BASED PARAMETERS

Further aim of the study is to characterize the cast iron with flake graphite. The subjective
differentiation based on the comparison with standard series images from DIN EN I1SO 945
was found to be especially problematic for the following graphite arrangements: A- and C-
graphite, A- and E-graphite, D- and E-graphite, B- and D-graphite [155]. The distinction is
important as different graphite arrangements can coexist in the sample, e.g. regions of D-
graphite can form in the center of the eutectic cell of B-graphite, and thus influence the ma-
terial properties. In the work of K. Roberts [95] it was shown that the stereological parameters
play the main role for distinction between the flake graphite arrangements mentioned above.
Parameters found to be especially important were volume fraction (Vy) and quotient of the
integral of mean curvature (My) and the specific surface area (Sy). These values can be deter-
mined not only in 2D with the help of stereological equations [78], but also in 3D using

integral geometric methods integrated in MAVI software. Thus, in the following section the
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values obtained from 2D and 3D were compared and the discrepancies discussed. Additional-
ly, 3D analysis provides topological characteristics such as connectivity and integral of total
curvature (Ky), which can explicitly quantify different flake graphite arrangements. These
characteristics determined for the materials on the larger scale were found to influence the
mechanical properties of, for example, Fontainbleau sandstone [156].

The 3D analysis of the flake graphite (see section 7.1.1.4) has shown that all particles are spa-
tially interconnected with each other, although in a 2D section they may be located complete-
ly apart (see Figure 7.26). Hence particle based parameters cannot be used for their characte-
rization. The flake graphite network morphology was characterized with the help of field
based parameters (Table 7.6). The analysis was done on two complete flake graphite networks
FG1 — IB (Figure 7.10), and FG2 — ID (Figure 7.11). The substantial differences between
these two flake graphite arrangements (1B and ID) were determined. The results from 2D and
3D analysis were compared and the estimation of the statistical and systematical error was

performed.

a) b)

Figure 7.26 a) B-flake graphite particles FG1 in 2D section (xy-plane), b) reconstructed complex network in 3D.

The results acquired from 2D and 3D analysis are summarized in the Table 7.6.
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Table 7.6 Field based parameters for the flake graphite arrangements B (FG1) and D (FG2).

Parameter  Analysis Formula Flake graphite

FG1-1B FG2-1D
Ve, % 2D Aa 12.78 + 2.56 8.93 +0.79
Vi 3D Vy 12.6 +0.9 8.73+0.39
4
) 2D - 177 0. 39 +0.
Sy, um™ —Ly 0 0.033 0.39 +0.03
3D 0.188 + 0.016 0.39 + 0.09
ds 2.12 2.29
Mo um? 2D 21y a 0.0157 + 0.0045 0.142 £ 0.016
v H 3D 0.0161 + 0.0046 0.251 + 0.033
dm 1.00 1.02
Ky, pm® 3D -0.014 -0.319
Yv, Hm> 3D -1.14-10°° -2.5:10"

7.22.1 VOLUME FRACTION

The volume fraction of flake graphite ID is somewhat lower than that of graphite IB due to
the dendrite arrangement of the regions with and without graphite inclusions. Although the
determination of the volume fraction with the help of 2D and 3D analysis provides identical
results, is the precision of the determination of volume fraction (Vy) with the help of 3D
analysis significantly higher. Here only one representative spatial image has to be analyzed
whereas for 2D analysis large amounts of images have to be taken into consideration in order
to achieve accurate results and reduce the standard deviation. The statistical error for the vol-
ume fraction in 3D depends on the size and shape of the analyzed structure and is approxi-

mated according to the formula [74]:

3V 7.4

. \/51271-1/;*(1 _ V)t
Ostatist ~
The systematic error depends primarily on the lateral resolution of the characterization me-
thod and the image contrast. Due to the high resolution of FIB tomography and excellent con-
trast between the graphite inclusions and the matrix, the systematic error for the chosen reso-
lution 0.1 x 0.1 x 0.3 um® for the analyzed system can be neglected. Depending on the size of
the analyzed microstructures the effect of the chosen resolution on the measured microstruc-
tural characteristics can be considerable (see Figure 7.27).
In the next sections it will be shown how the chosen resolution can influence the results of

quantitative analysis and simulations of effective properties of composite materials.
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Figure 7.27 Effect of the resolution on the measurement of the volume fraction for FG1 and FG2. Size of the graphite flakes
in the sample FG2 is considerably smaller than in the sample FG1. Hence, the effect of resolution is observed earlier.

7.2.2.2  SURFACE AREA DENSITY AND INTEGRAL OF MEAN CURVATURE DENSITY
The inclusions of the flake graphite in cast iron posses the highest specific surface area
(Sv>0.1 pm2/um3) compared to other graphite types [84]. The surface area density of the
flake graphite arrangement ID is about twice as high as that of the graphite IB. Whereas, is the
difference between the values of the integral of the mean curvature of these two graphite ar-
rangements about 10 times. The statistical error of spatial values of Sy and My can be deter-
mined by analyzing parts of the volume of the characterized region, assuming that each of
these partial volumes is representative for the analyzed microstructure. Considering the high
complexity and interconnection of the flake graphite particles in the relatively small analyzed
volume the statistical error cannot be correctly estimated, as the parts of this volume are no
longer representative. In order to do so, considerably larger volume, consisting of several rep-
resentative sub volumes, have to be measured.
The 3D systematic errors were estimated on the images with artificially reduced resolution
and thus increased voxel size. The error values for the flake graphite arrangement FG2 — ID
are relatively high in comparison with the error values for graphite FG1 — IB and even with
the ones determined from 2D analysis. Considering that 2D analysis was performed on the
images with the highest resolution, it can be stated that for flake graphite ID the measured
microstructural values depend considerably on the chosen resolution. Figure 7.28 represents
the measured values of specific surface area (Sy) and the density of the integral of the mean
curvature (My) on the 3D images with artificially reduced resolution. The slope characterizes
the influence of the resolution, which is significantly higher for the graphite FG2 — ID as for
the graphite FG1 — IB.
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Figure 7.28 Dependence of the specific surface area (Sy) and density of the integral of the mean curvature (My) on the
resolution for the flake graphite microstructures FG1 and FG2 (see Figure 7.10 and Figure 7.11).

According to stereological equations My as well as Sy can be calculated from the 2D images
only for the isometric microstructure. From the Table 7.6 and Figure 7.28 it can be seen that
for the graphite arrangement FG1 — IB the 2D and 3D values of Sy and My correspond per-
fectly with each other. The 2D My value for graphite FG2 — ID is somewhat different from the
3D value. The 2D measurements can be falsified by the local variation of the anisotropy, thus
to assure correct results always sufficiently large data sets have to be analyzed. The 3D mea-
surements give directly the correct results. The anisotropy of the microstructure as well as the

influence of the resolution was examined here.

7.2.2.3  ANISOTROPY AND RESOLUTION EFFECTS

The quantities A; and L;, measured directly from the image, were used as the most stable
quantities to describe the anisotropy. A; is the area of projection and L; is the length of projec-
tion in i-direction (Figure 7.29). A slight anisotropy was observed, as seen in Figure 7.1. The
length of projection was found to be somewhat higher in directions [0y0], [xy0], and [-xyO0]
which correlates with the slices in different directions from Figure 7.1. For both graphite ar-
rangements, the area of orthogonal projection is homogeneously distributed except for the

minor deviation in the [OyQ] direction.
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Figure 7.29 Description of the anisotropy of the 3D image. The area of orthogonal projections Ai, and the length of projection
Li, i=1, ...13, for the graphite lamellas a) IB and b) ID.

As for the graphite 1B (Figure 7.10) a very good correlation of Sy and My values acquired
from 2D and 3D was determined, and the measured anisotropy of graphite ID (Figure 7.11) is
comparable to that of the graphite IB, we can deduce that the slight anisotropy detected with
the help of directional analysis can be neglected. Hence the stereological equations can still be
applied for the calculation of My from 2D images. The source of the discrepancy in the values
of My measured in 2D and 3D for graphite ID is in the discretization error as already shown in
Figure 7.28.

When the features of the structure elements are large with respect to the resolution, then the
field features are independent of the lattice distance. Otherwise, they depend on the current
resolution. The quantities ds and dy characterize the influence of the lateral resolution on the
measured values S and M, respectively, 2 < ds < 3,1 <d, < 2. If ds and dv reach their
minimum values, the surface is smooth enough and measured values of S and M respectively
can be assumed to be robust with respect to small changes of the lattice spacing.

The relatively small values for dg = 2.12 and d,, = 1 for the graphite IB indicate a low in-
fluence of the resolution on the measured values of S and M, respectively (see Table 7.6). The
higher values of these parameters dg¢ = 2.29 and d,, = 1.02 for the graphite ID are an evi-
dence of the possible deviation from the true microstructural characteristics.

Figure 7.30 shows the measured values of the fractal dimension for the parameters Sy and My
on the 3D images with reduced resolution. Only the dy value for the FG1 is equal to 1 and
just for the resolution lower than 1 um. Thus, the measurement of the My value for FG1 for
these resolutions can be considered robust. By the determination of all other Sy and My values
the influence of the resolution has to be taken into account.

Thus it was shown, that the deviation of the 3D field features from the values determined by

2D analysis could be due to the lack of resolution.
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Figure 7.30 Dependence of the fractal dimension ds and dy on the resolution for flake graphite microstructures FG1 and
FG2.

7.2.2.4  DENSITY OF THE EULER NUMBER

The density of the Euler number in ID graphite is about ten times higher than that of the 1B
graphite. Since in 2D, the sections of almost all graphite lamellas are separated from each
other (i.e. 2D connectivity equal to 0), the values of the object density (Na) and the density of
the 2D Euler number (ya) are in a good agreement for both graphite arrangements. For the
graphite 1B Na=0.0026 1/um®* and xa=0.00281/um* and for the graphite ID
Na = 0.0319 1/um? and ya = 0.0323 1/um?. These parameters do not give any information
about 3D particle distribution. All particles which are located separately in 2D sections appear
to form a complicated network in 3D as it is shown in Figure 7.26. As a result the object den-
sity in the volume (Ny) is very low. Volume density of the 3D Euler number (yv) is best suited
for the description of such structures.

Table 7.7 Measured Euler number for different neighborhoods.

Euler number for:

neighborhood neighborhood neighborhood 6-neighborhood

Graohite B -612 -1224 -469 -922

P v, Ume -1.26:10° -2.53-10°3 -9.69-10* -1.90-10°
Graohite D -827 -1635 -441 -1280

P Y, 1/m3  -2.02.10" -3.99:10 -1.08-10 -3.13-10°
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Table 7.7 shows that experimental values for yy can depend highly on the chosen neighbor-
hood. More details about this effect can be found in [128], [157], [158]. In this study the 14/1
neighborhood was used to calculate the Euler number and the integral of total curvature densi-
ty (Kv) (Table 7.6). Ohser et al. [128] has shown that it is not possible to choose an optimal
adjacency. For practical applications the Euler number should be measured with respect to
several neighborhoods. The bias of the measurements can then be judged by the difference
between those results.

All these 3D structural parameters build the basis for the characterization of different graphite
morphologies. They establish the first foundation for the quantitative understanding of mate-
rials properties.

7.3  ANALYSIS OF 2D SECTIONS THROUGH RECONSTRUCTED 3D MODELS

The graphite particles analyzed in 3D have very different 3D parameters which are specific
for the respective type: V, S, M, K, as well as the shape parameters; thus different graphite
morphologies can be clearly distinguished from each other. However, as for the classical po-
lished sample, only the 2D sections are available, identifying the respective graphite type
prospectively has to be possible by means of its 2D sections.
Statistically orientated and positioned numerous 2D planes (i.e. ,,virtual sample surface*) have
cut the reconstructed 3D particles. The frequency and shape of the thus obtained, virtual 2D
sections have been analyzed for the improvement of the graphite 2D classification.
It was found that the mean amount of intersections of one plane with the coarse nodular par-
ticle (4.0 = 2.1) exceeds the mean amount of intersections of the plane with the smooth nodu-
lar particle (1.3 £ 0.6). For the convex object this value is always equal to 1. Temper graphite
(TG) which looks like a compact agglomerate of the numerous smaller irregular particles and
has a large amount of relatively large pores from the intersection with a plane gives, in aver-
age, 5.3 + 4.1 individual 2D intersections. Each of them is considered to be a separate particle
in the 2D analysis, thus creating a significant bias which influences the interpretation of struc-
ture-property correlations. Vermicular graphite particles (CG) appear to be coral-like with
large, flat, rounded branches. Though less compact and convex than temper graphite they still
have the same value of mean interceptions with the plane (5.2 + 2.6).
Through the simulation of the virtual cuts through the 3D reconstructed particles of the D-
flake graphite (FG2) more than 4,000 2D objects were generated and analyzed in 2D. Most of
these 2D sections form two large and complex networks in 3D (Euler number equal to -315
and -390) (see Figure 7.11). The amount of the small separate 3D particles which, for exam-
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ple, have been cut by the border, is approximately 250. For B-graphite (FG1) 2,700 2D sec-
tions have been characterized, which in 3D form just one big object with high connectivity
(Euler number = -574) and about 50 much smaller inclusions (see Figure 7.10 and Figure
7.26). Due to the high interconnection of the flake graphite planes no correlation between
amount of the 2D sections per unit area and the particle volume density can be stated.

In the case of the not connected nodular, vermicular and temper graphite such correlation is
conceivable but requires the measurements of statistically large number of different graphite
particles. In this study the main goal was to describe the variety of shapes of 2D sections
through the 3D particle and thus to improve the graphite classification of the conventional 2D

polished sample.

7.3.1 Size-SHAPE DEPENDENCY AND COMPARISON WITH 2D ANALYSIS

These obtained 2D cross-sections have been analyzed with the help of the software package
adi. Using particle based methods all relevant 2D particle parameters have been acquired in-
cluding the shape parameters (roundness and compactness) which are used for automatic 2D
classification of graphite morphology (see section 6.1). The relative frequency distribution of
the roundness and compactness of 2D cross-sections derived from the 3D model is consistent
with the results from 2D images (Figure 7.31). The area weighted mean value of roundness
and compactness for flake graphite are 0.10 £ 0.03 and 0.19 + 0.05 respectively, for vermicu-
lar graphite — 0.32 + 0.07 and 0.47 £ 0.09, and 0.47 + 0.09 and 0.64 + 0.09 for the graphite in
malleable cast iron. For nodular graphite the shape parameters are larger and, depending on
the morphology, approach the value for the ideal circle (= 1). Obviously the values for the
rugged particle number 1 (SG1-1) and smooth particles 2 (SG1-2) and 3 (SG1-3) (see Figure
7.2a) are significantly different: roundness 0.55 + 0.15 vs. 0.79 £ 0.11 and compactness 0.71
+0.14 vs. 0.91 £ 0.07, respectively.

The relationship between the size of 2D particle cross-sections and the value of different
shape parameters (e.g. compactness) was investigated for each graphite morphology and
compared to the values from 2D cross-sections prepared by conventional metallographic me-
thods (Figure 6.6). In the analyzed particle size range from 0 to 80 um, results obtained from
3D reconstruction and from 2D image analysis are entirely consistent with each other (Figure
7.31a and b).
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Figure 7.31 a) Shape-size dependence for graphite cross-sections from 2D images; b) Compactness of the 2D cross sections
through the reconstructed 3D particles.

The existing classification scheme (see chapter 6) allows an easy distinction between flake
and vermicular graphite in 2D cross-sections. Sections through the graphite in malleable cast
iron, smaller than 30 um, exhibit a great scatter of the shape parameter values. This leads to a
relatively large overlap for different graphite morphologies as shown in Figure 7.31. As long
as nodular graphite particles have a smooth surface, the previously mentioned shape parame-
ters can be successfully used for graphite classification. The shape parameters of the 2D
cross-section through the nodular particles with a rugged surface are located between those
for nodular graphite and the temper graphite in malleable cast iron. From the diagram it is
clear that small cross-sections (< 15 um) for all graphite types cannot be unambiguously clas-
sified. For all graphite morphologies analyzed in this work, particles with cross-sections
smaller than 15 pm had volume fractions between 5 and 10 %. As demonstrated above, this

fact restricts the accuracy of the classification method suggested before.

7.3.2 IDENTIFICATION OF THE LIMITS OF 2D CLASSIFICATION

All 2D cross-sections through the investigated particles have been classified with the method
developed in chapter 6 in order to be able to estimate the precision. The results are summa-
rized in the Figure 7.32.

About 80 % of the 2D cross-sections through the flake (FG) and vermicular (CG) graphite
particles were classified correctly. Less than 20 % were assigned to other graphite morpholo-
gies due to their shape parameters. Area of the 2D sections through the temper graphite parti-
cle (TG) which were classified as graphite type V-V composed 71 % of the total graphite

area. Smaller sections near the border of the particle were often assigned to vermicular graph-
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ite type 111 (8 %) whereas sections through the middle of the particle were classified as nodu-
lar graphite type VI (21 %, Figure 7.33).
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Figure 7.32 Area fraction of the 2D cross-sections through the 3D graphite particles, classified as respective graphite type.
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Figure 7.33 Results of the classification of 2D sections through the 3D reconstructed temper graphite particle. The outer small
sections do not carry comprehensible shape information (comments in text).

The latter effect results from the compact shape of the middle part of the temper graphite.
However, this particle shows relatively large pores, and thus possesses a distinctive difference
from real nodular particles. Hence, the introduction of new parameters, e.g. the Euler number
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(which characterizes the amount of pores in 2D-sections), can significantly improve the clas-
sification. In addition, as shown above, an incorrect classification arises in the case of small
cross-sections (< 15 um, Figure 7.31b) near the rim of large particles.

Ninety-nine percent of the area of all cross-sections through the nodular particles No. 2 and
No. 3 (see Figure 7.2a) were classified as nodular graphite type VI. In the case of the more
irregular particles No. 1 and No. 4 the area fraction of nodular graphite is only 70-75 %. This
relatively large variation in the area fraction shows that the existing classification method is
very sensitive to even slight shape variations.

It can be clearly seen, that for the smaller 2D sections, which appear by the sectioning of the
3D graphite particle near their border, the values for the shape parameters strongly overlap for
different graphite types. It means that perceptively for the large amount of the 2D sections
(the ones that are smaller than about 20 % of the particle size) no clear assignment to the cer-
tain graphite morphology should be made. The area fraction of such sections is depending on
the graphite type 5-10 %. For the volume fraction of the graphite inclusions of 10 % it means
only 0.5-1 %. This error cannot be avoided during the classification of the 2D sections.

The 3D characterization of the complex graphite particles has also shown that the additional
parameters can considerably improve the existing 2D classification. They should take into
account not only the outer shape and the surface roughness, but also the internal particle struc-
ture as for example Euler number, which in 2D describes the connectivity of the particle and

the amount of “pores”.

74  SUMMARY AND APPLICATIONS OF THE 3D RESULTS

FIB nanotomography was successfully used for the analysis of different graphite morpholo-
gies in cast iron with high resolution (down to 0.1 um). With the help of 3D reconstruction
and analysis software it was possible to visualize and study complex graphite particle mor-
phologies and quantitatively characterize their geometry, shape, and connectivity. In addition
to the common parameters of volume and surface area, the integrals of mean and total curva-
ture and the 3D shape factors describe and unambiguously differentiate various graphite mor-

phologies as well as their subtypes:

- smooth spheroidal graphite particles possess a characteristic value of Euler number > 1,
the integral of mean curvature is generally M < 0, only due to the small amount of pores;
- ragged spheroidal particles have y << 0 and M << 0;

- complex temper graphite particles have y <0and M >0, and
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- complex vermicular particles possess y <0 and M >> 0.

Clear quantitative characterization of two flake graphite arrangements was done using the 3D
field features. The comparison of the 2D and 3D parameters has shown that the employed
algorithms (MAVI) for the calculation of the 3D field features can be successfully applied for
the spatial images with anisotropic voxels, which are characteristic for FIB tomography. The
interpretation of the image anisotropy in consideration of the existence of the resolution effect
is not obvious and continues to be the subject of further studies. Due to the high spatial con-
nectivity of flake lamellas, each 2D plane cutting the network generates a large number of
sections, which are considered individually in 2D and thus cause the high particle number per
area (Na). The Euler number (yv) considers the object connectivity and thus is best suited for
the description of highly connected microstructures such as flake graphite networks.

Particles integral of total curvature K (or y) is the independent characteristic of spatial connec-
tivity and has been acquired for the first time for graphite inclusions with the help of 3D re-
search. Being the fourth degree of freedom it provides together with V, S, and M, which can
be already acquired from the 2D analysis, unambiguous identification of different graphite
types. And thus contributes to the essential improvement of the classification of the complex
graphite particles.

The new knowledge acquired with the help of the three dimensional analysis is of particular
importance for materials science and can serve as the basis for modelling and simulation of
the materials properties such as e.g. thermal conductivity (1). Here, the strong increase of the
A for cast iron with flake graphite morphology in comparison to cast iron with nodular and
vermicular graphite cannot be explained only by the 2D shape of graphite inclusions. The
perfection of the crystal structure reasonably correlated with curvature values and the three-
dimensional interconnection of the highly conductive graphite phase is in all probability re-
sponsible for the considerable change in macro-properties. And as nowadays the foundries are
able to control quite precisely the graphite morphology and even produce the functional gra-
dient microstructures by the adjustment of local chemical composition of melt and processing,

the exact tailoring of cast iron properties can be achieved.

7.4.1 DEVELOPMENT OF ON-LINE POCA APPLICATION

The new knowledge about different graphite morphologies has served as the basis for the on-
line available characterization and classification system named Particle-Oriented Classifica-

tion and Analysis (POCA). Through the cooperation with Max-Planck-Institute fir Informa-
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tik, Saarbriicken the freeware was developed for the classification of complex graphite types
with the help of the support vector machine [159].

7.4.1.1  SuPPORT VECTOR MACHINE (SVM) AND CLASSIFICATION PARAMETERS

The support vector machine employs simultaneously the big amount (m) of the image analyti-
cal parameters for the automatic categorization of the graphite particles. In principle these m
parameters are used to position each particle in the m-dimensional space. The local accumula-
tion of the particles in this m-dimensional space due to their similarity is then the basis for the
categorization, even if the accumulations are not completely isolated and (partly) overlap. The
support vector machine calculates the optimal m-1-dimensional hyper plane, which separates

the individual local particle accumulation, so that

- on one side as much as possible particles belonging to the accumulation are included (in
Figure 7.34 the (+) particles — so-called “recall” in data mining) and

- on the other side as much as possible particles not belonging to the accumulation are ex-
cluded (in Figure 7.34 the (-) particles — so-called “precision” in data mining).

- Additionally, using so known soft separation (d) and thus measuring the distance from
each particle to the hyper plane the probability can be calculated to which each particle

belongs to the certain class (see also Figure 7.36).

The basis for this pure empirical classification strategy is next to the knowledge about the
presumably relevant image analysis parameters also the sufficiently large training data set,
which in our case was at disposal from the previously analyzed 2D sections through the real
3D particles acquired with the help of FIB-tomography.

wW-X+b=0

Figure 7.34 Positioning of the particles according to their m parameters in the m-dimensional space. Classification occurs
through the calculation of the separating hyper plane in the m-dimensional space from the training data (comments in text).
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Altogether 15 characteristic microstructure parameters (see Figure 7.35b under ,,Features®)
were used for the automatic classification of the graphite types. The individual shape parame-
ters were calculated from the basic characteristics and together with size class (particle size
according to DIN EN ISO 945) and magnification (pixel size, see section 6.2.3) were em-

ployed as the classification parameters.

7.4.1.2  SENSITIVITY ANALYSIS AND CLASSIFICATION ACCURACY

The prototype of the web-application, POCA (see www.materialography.net), was developed
during the work (Figure 7.35a). The microstructural images can be uploaded, analyzed and
classified with the web-interface. The classification occurs according to the models, i.e. al-
ready calculated hyper planes in our case in 15-dimensional space of the employed parameters
with the help of the training images [159].

Homogeneous training images were also used for the evaluation of the classification accuracy.
More than 1000 particles per graphite type were classified with different models and classifi-
cation parameters. Thus, it was possible to acquire quantitative evaluation of the classification
accuracy (Precision and Recall) for different already existing models. This work has shown
that the classification with the help of the support vector machine provides very good results.
High classification accuracy of 95 % was attained for the present test data.

The essential role of this work was next to precise classification also the estimation, which of
the 15 used particle parameters carries especially great weight for the graphite categorization.
The features, which with the help of sensitivity and factor analysis proved to be especially

important in respective models, are emphasized in bold (Figure 7.35b).

7.4.1.3 RESULTS OF THE ON-LINE CLASSIFICATION

The POCA web-interface offers next to the classification and training also the possibility for
the global analysis of all parameters and particles of the certain type. The properties of the
classification models and the employed features are described to the user on the overview
pages. More detailed information can be found in the user manual accessible over the website

www.materialography.net.
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Figure 7.35 a) POCA web-interface and an access to classification, training and overview of the existing models, b) a model
for the classification of the graphite morphology (Default model offered by web-interface).

The home page of POCA (Figure 7.35a) provides next to the links to classification and train-
ing in the bottom part the global feature analysis. Here one can perform the evaluation of the
individual parameters (minimum, maximum, mean value and standard deviation) for the par-
ticles of certain size class and the images of the certain magnification (certain pixel size). The
images uploaded by user will be classified according to the created models. The representa-
tion of the results can be chosen to be graphic or in detail for all particles (see Figure 7.36).
Otherwise the user obtains only the written information of how many percent of each graphite
type is present in the microstructure. Additionally, in both cases the overview over all par-
ticles and their parameters can be downloaded in the Excel-compatible format. In this sum-
mary it can be also seen, with which probability and according to which characteristic micro-

structural parameters are the particles assigned to respective graphite type (Figure 7.36).
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Figure 7.36 Results of the online classification with the help of support vector machine.

The developed prototype of the application, POCA, is designed so, that one can experiment
with it in an easy way. The classification parameters can be excluded by training and/or by

classification or the SVM adjustments can be modified.

7.4.2 SIMULATIONS OF PHYSICAL PROPERTIES AND COMPARISON WITH EXPERI-

MENTAL RESULTS

Knowing the considerable influence of the graphite morphology on the resulting cast iron
properties, and estimating the properties of the individual microstructure constituents (Table
9.3) from their chemical composition (see section 2.3.2.2 and appendix 9.1) and crystallo-
graphic structure (see section 7.1.2 and appendix 9.5) the attempt was done to find the simple
microstructural model and to conduct finite element simulations. If the results of the simula-
tion correlate well with the experimental results, the suggested microstructural model could be
used to estimate the variety of different properties of cast iron. The results of the simulations
were compared with experimental values of the electrical conductivity as well as with the

literature values for the thermal conductivity.

7.4.2.1 DEPENDENCY ON PARTICLE SHAPE AND SIZE

For the estimation of thermal and electrical properties of cast iron, it was presented as a com-
posite material with pearlite matrix and 100 graphite inclusion (representing 10 % of the total
surface fraction, Vy = Ax = 10 %). Different graphite morphologies were represented by ellip-

soids with different shape described by shape parameters: compactness between 0 (for flake
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7.4 Summary and Applications of the 3D Results

graphite) and 1 (for nodular graphite). Graphite particles were generated parallel and ortho-
gonal to the flux direction. Considering the isotropic distribution of the particles the resulting
effective properties can be approximated by the mean values. The results for thermal conduc-
tivity were compared with literature values [32] (see Table 2.2) as shown in the Figure 7.37a.
Figure 7.37b presents the results of the 2D simulation of electrical resistivity and comparison
with experimental results (see chapter 5).
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Figure 7.37 Comparison of a) thermal conductivities and b) electric resistivity obtained from 2D simulations with literature
values [32] and experimental results (see chapter 5).

The simulation considers not only volume fraction (Vy) of graphite but also its shape, which
correlates with the microstructure basic characteristic Sy, and variable properties of the gra-

phite inclusions in accordance with their crystallographic structure. Thus, the tendency of the
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Chapter 7: 3D Graphite Characterization

mean curve for both properties corresponds very well with the predictions in the literature
(see Figure 2.11, [35]) and the experimental results.

When graphite particles having considerably higher thermal conductivity are oriented parallel
to the flux, the heat transport occurs predominantly through the graphite along the a-
crystallographic direction. In the orthogonal case graphite particles have lower conductivity
(in c-crystallographic direction) in comparison to pearlite and thus reduce the effective ther-
mal conductivity of the composite.

The results of the simulation correspond good well with the thermal conductivity of cast iron
with randomly distributed graphite nodules. On the contrary, the literature values for cast iron
with vermicular and flake graphite are considerably higher than the mean simulation results,
approaching the parallel case.

In case of the electrical conductivity flake graphite inclusions oriented perpendicular to the
flux serve as a considerable obstacle on the way of the electrons and thus increase drastically
the electrical resistivity of the cast iron. The mean value of two simulated extreme cases again
underestimates the effect of the complex vermicular and flake graphite inclusions.

No decisive variations have been observed when performing simulations with varying number
of graphite particles and thus, for the constant volume fraction, varying graphite size for con-
stant particle shape. For this 2D model effective properties seem to be independent from par-
ticle density which correlates with the integral of the mean curvature (My). Although some-
what similar results have been observed for the experimental values of electrical conductivi-
ties (see Figure 5.1c and d) the statistically low amount of analyzed samples does not allow
drawing such conclusion and further analysis is required.

Thus, it was shown that the 2D model provides efficient approximation for the microstructure
composed of simple not interconnected particles (e.g. nodular graphite) and underestimates
the effective values of thermal conductivity and electrical resistivity for the microstructures
with complex interconnected phases (vermicular and flake graphite). The reason for this dis-
crepancy with the experimental values for cast iron is the consideration of only two-
dimensional information in the simulated model. As it was already shown in this section with
the help of three-dimensional analysis, each of the graphite morphologies is characterized not
only by particle shape and size but also by connectivity, which is specific for each type. Thus,
this fourth basic characteristic (Ky) which provides the information about the spatial arrange-
ment and interconnection of complex graphite particles has to be included in the estimation of

the effective properties of cast iron.
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7.4 Summary and Applications of the 3D Results

7.4.2.2  DEPENDENCY ON THE CONNECTIVITY OF THE STRUCTURE

The performed tomographic analysis on the cast iron made it possible to realize the 3D simu-
lations on the real data sets with the help of the GeoDict software (Fraunhofer ITWM). Two
3D images of cast iron with flake graphite (FG1 and FG2) acquired with the help of FIB-
tomography were used to estimate the effective properties.

The 3D simulation software does not allow the integration of the anisotropic properties of
phases. Thus, the approximation of the graphite conductivity was done. As it was shown be-
fore, flake graphite grows in the a-crystallographic direction and approaches the ideal hex-
agonal graphite structure more than any other graphite type. Knowing, that for the cast iron
with flake graphite morphology heat transport occurs mainly through the graphite flakes, the
highest graphite conductivity (Eg. 9.7) was chosen for simulation of thermal properties. On
the other hand, flake graphite having the lowest electrical conductivity of all microstructure
constituents serves basically as an obstacle for the electrical flux. Thus, the highest electrical
resistivity of the graphite (Eqg. 9.8) was chosen for the simulation of electrical properties. To
estimate the effective graphite properties the simulations were performed for three different
values calculated using C =0.2; 0.1; and 0.

The other parameter, which considerably influences not only the correct microstructure cha-
racterization, but also the simulation of the material properties, is the resolution of the spatial
images. If not a sufficiently large amount of voxels is used to describe a pore or object, the
object characterization can be wrong. There will be not enough voxels to generate the reliable
field of currents and thus to perform the correct simulation. Thus, the examinations are re-
quired, in order to determine the sufficient resolution for the simulation.

The influence of the resolution on the simulation of the effective properties was studied on
images with artificially reduced resolution, and thus the size of the analyzed volume. The re-
duction of the size of the simulated volume is often longed for, as the time required for simu-
lation reduces and thus the efficiency rises. The resampling was realized with the help of the
Amira software. Figure 7.38 shows that the reduction of the resolution influences though con-
siderably the quality of the image; discretization effect is clearly seen on the reconstructed
surfaces (Figure 7.38a and b). Starting from a certain point, where the fractal dimension of the
integral of the mean curvature exceeds its minimum value 1 (compare Figure 7.30), the reso-
lution is so low, that the thin flakes cannot be correctly represented any more (Figure 7.38c
and d), which leads to the loss of the microstructural information. The influence of the resolu-

tion on the measured microstructural characteristics was already shown in the section 7.2.2.
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Figure 7.38 Flake graphite particles FG1 a) original image, voxel size 0.18x0.24x0.5 um°, b) 5/4/2 resample, voxel size
0.96 pm®, c) 8/6/3 resample, voxel size 1.47 pm® and d) 11/9/4 resample, voxel size 2.06 pm®.

The results of the simulations of the effective conductivities are summarized in the Figure
7.39 and Table 7.8.

With the help of resampling it was possible to reduce the simulation time already between
original image and after one resampling step in more than ten times (from approx. 10 min to
approx. 1 min). After just one resampling step the simulation provides comparable results
with the results from the original image. Although every further reduce of the resolution (in-
crease of the voxel size) influences the results of the simulation considerably. This effect is
higher for the thermal properties as for the electrical, due to different role of the graphite in
the conducting system.

Hence in order to optimize the simulation time and accuracy the estimation of the effective
properties can be performed on the resampled images as long as all microstructural characte-
ristics do not change (compare with Figure 7.27 and Figure 7.28).
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Figure 7.39 3D simulation of a) thermal and b) electrical conductivity on original FIB-tomographic images FG1 and FG2
and images with artificially reduced resolution (e.g. see Figure 7.38). Simulations were performed for different graphite
conductivities calculated from the equation a) 9.7and b) 9.8 for compactness C=0.2; 0.1; 0.

Figure 7.39 also shows that the effect of the resolution is higher, if the difference between
properties of the matrix and inclusions is higher. Comparing the results of the simulation with
the literature and experimental values the suggestion for the thermal and electrical conductivi-
ty of the flake graphite can be done. Although one has to keep in mind that the simulation was
performed on only one limited zone in the middle of the eutectic cell, and is not representative
for the bulk volume of cast iron with flake graphite (Table 7.8). As the concentration and the
complexity of the graphite in the middle of the eutectic cell is the highest, the estimated prop-
erties of this local volume should be higher for the thermal and lower for the electrical con-
ductivities. For FG1 this would mean, that properties of the graphite approach 500 W/m-K
and 100 S/m (i.e. C =0). For FG2 the estimated values for thermal conductivity are signifi-
cantly lower than the literature values and electrical conductivity exceeds the experimental
values. This is due to the low volume fraction of the graphite and dendrite arrangement of the
regions with and without graphite inclusions.

The certain anisotropy observed on the 3D images of flake graphite and quantified using area
and length of projections in all spatial directions (see Figure 7.29) has also influenced the
physical properties. Graphite flakes are oriented to the certain extent parallel to the y-axis.
Hence, in this direction they provide the best heat transfer and delay least of all the electron
transport in the matrix.

Using the simulation program GeoDict it was possible with the help of FIB-tomographical
images to estimate the local properties of the cast iron with flake graphite. As the real 3D im-
ages were used for the simulation it was possible to implement all microstructural characteris-
tics: volume fraction, specific surface area, integrals of mean and total curvature. It was
shown that phase connectivity plays an important role for the estimation of the effective prop-

erties.
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Table 7.8: Results of 3D simulation of effective properties of cast iron with flake graphite with GeoDict.

Thermal conductivity, W/m-K Electrical conductivity, 10° S/m
X y z mean  Literature’ X y z mean  Experiment
FG1 0.2 509 614 471 531 155 183 141 1.60
0.1 519 630 479 543 142 176 124 147
0 529 646 486 554 123 165 094 127
- +
FG2 0.2 373 407 37.7 386 45-65 191 201 194 1.9 1.36:£0.05
0.1 377 412 381 39.0 185 197 189 190
0 380 417 384 394 176 191 183 183

Considering the hierarchical character of the microstructure for the estimation of the bulk
properties, it is important to know the spatial arrangement of phases and effective properties
at each characteristic scale. Cumulative implementation of the different tomographic tech-
niques with varying analyzed volume and resolution can provide complete information about
such microstructures and hence the material properties. For example FIB-tomography with
high resolution can provide the information about the microstructure at different positions in
the eutectic cell and computed tomography the arrangement of the eutectic cells in the bulk
volume. To simulate the bulk effective properties of the material one could use the properties
of the sub volumes which were precisely acquired from smaller regions with higher resolu-
tion. This procedure opens the way to study the influence of the microstructural changes
(which can be simply simulated in the computer models) on the effective physical and me-

chanical properties of such hierarchical structures.

® Source [6], [32].

140



8 CONCLUSIONS

In this study different graphite morphologies were thoroughly analyzed in order to understand
the correlation between properties and microstructure. Graphite morphology is one of the
main factors controlling the mechanical and physical properties of cast iron. Thus, the first
aim was to objectively classify different graphite types using an automatic image analysis
system. The developed method should present the reliable alternative to the currently used
subjective comparison of the real microstructure with the series of images from DIN EN 1SO
945.

The first realization of the classification procedure was performed on 2D micrographs using
particle based methods. After having characterized a statistically large amount of the 2D sec-
tions of different graphite morphologies, two shape factors (roundness and compactness), the
most sensitive to the microstructural changes, as well as the size parameter (MaxFeret) were
chosen for the classification. Their dependency on the magnification of the analyzed image
was determined for all different graphite types. Thus, it was possible to define classification
parameters independent from the individual imaging parameters (magnification, camera reso-
lution, etc.) and to perform an automatic reproducible and unambiguous graphite classifica-
tion with the help of conventional image analysis on the classical 2D sections. It was found
that a magnification of 200x (calibration factor approx. 0.7 um) provides the best compromise
between the precision of the determination of the graphite particle parameters and a sufficient-
ly large amount of analyzed inclusions for accurate statistical estimations. Thus, the newly
developed algorithm is a substantial improvement to the currently used subjective classifica-
tion based on the standards.

Nevertheless, the classification of the graphite morphology with the help of 2D image analy-
sis procedures is uncertain. This is caused by an unclear categorization of the two dimensional
sections of the non convex graphite types. It was shown that with these methods the classifi-
cation accuracy (averaged for all graphite types) cannot reach more than 90 %.

The first ever conducted research on the 3D shape of individual graphite variants with the
help of FIB microstructure tomography allowed analyzing the significant differences by
means of basic characteristics and also 3D particle based parameters.

Moreover, with the help of the simulation of random sections of the reconstructed 3D shapes
the limits of the 2D analysis were able to be demonstrated. In particular, it was found that the
sections of the diameter less than about 20 % of their 3D particle size almost cannot be unam-

biguously classified.
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Chapter 8: Conclusions

By the analysis of the relevant parameters, it was found that, next to the image characteristic
parameters roundness and compactness, the Euler number has an important effect for the non
convex graphite types, but in general, the combination of the number of parameters has to be
taken into consideration, in order to achieve optimum classification results for all graphite
morphologies.

Due to this fact, 15 relevant parameters were simultaneously integrated in the classification
strategy with the help of support vector machine. It was confirmed through analysis of the
sensitivity and classification accuracy that for different graphite morphologies different para-
meters play the decisive role. Thus, the support vector machine was chosen as the basis for
the new online application, which allows, through the application of the existing training data
or through the generation of individual training data, for a very reliable classification accuracy

of more than 95 % for most of the graphite types.

Tomographic characterization of the individual graphite inclusions combined with high reso-
lution analysis of chemical and structural composition of nodular, vermicular and flake gra-
phite provided valuable information about their nucleation, growth and spatial arrangement.
Quantitative characterization was done using advanced methods of 3D image analysis.

It was found that magnesium sulfides (if existent surrounded by sulfides of La and Ce) serve
as nuclei for the formation of nodular and vermicular graphite. Their growth occurs according
to the model proposed by [11] and refined by [13]. The further branching of the vermicular
graphite is caused by the heterogeneous defects in the nodule as well as the sufficient amount
of oxygen and sulfur in the residual melt. Level of branching can be characterized by a quo-
tient of the fraction of branches to the fraction of initial nodule in the vermicular graphite par-
ticle.

MnS is the nucleus for the flake graphite. They growth in the (110) or (100) crystallographic
direction and the correlation between orientation of MnS and surrounding matrix structure is

observed.

Considering the anisotropic properties of the hexagonal graphite structure and knowing the
growth mechanisms of graphite of different morphologies, the properties of the graphite in-
clusions were estimated. Cast iron microstructure was approximated with a simple 2D model
consisting of a pearlite matrix with graphite ellipsoids of different compactness and thus dif-
ferent conductivity. The simulations on this model underestimate the effective thermal con-

ductivity and electrical resistivity of the cast iron with vermicular and flake graphite. This is
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due to the fact that the 2D model does not consider important characteristic of these two gra-
phite morphologies — their connectivity. The use of the real tomographic data for the 3D si-
mulations of effective physical properties of the cast iron with flake graphite made it possible
to implement all important microstructural parameters including connectivity. It was shown
that phase connectivity is one of the determining factors for the material properties. Addition-
ally, the influence of the resolution of the tomographic images on the estimation of the ma-
terial properties was shown. The compromise between reasonable time and accuracy of the
simulation can be achieved by the choice of a suitable resolution. The images can be resam-
pled (the resolution decreased) as long as all of the microstructural characteristics do not
change.

The successful implementation of 3D data from FIB tomography in simulation procedures
offers a way to study the influence of microstructural changes, which can be readily simulated
with computer models, on the effective physical properties of such complex microstructures.
The ability to reproduce experimentally-determined values by computer simulation allows a
further interesting step. By modifying the microstructures via computer modelling one should
be able to define ideal searched structures through its optimization. These optimization proce-
dures could create tailored composite structures which would in turn maximize a specific

physical or mechanical property.
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9  APPENDIX

9.1 CALCULATION OF EFFECTIVE PROPERTIES OF MICROSTRUCTURAL CONSTITU-

ENTS

The calculation of thermal and electrical conductivities of alloyed ferrite from the chemical
composition for the samples analyzed in this work was performed according to Eqg. 2.11 and
2.12. For explanations see section 2.3.2.2.

The chemical composition in at. % of cast iron samples (Table 9.1) was calculated from
chemical composition in weight % (m;) (see Table 4.1) and atomic weights (A;) of the alloying

elements.

mi * NA
N, =—2
N:
¢ = at.%; = =——100% 9.2
%iN;

where Na = 6.02:10% at/mole is the Avogadro constant.

Table 9.1 Chemical composition (c;) of cast iron samples with flake (FG), vermicular (CG) and nodular (SG) graphite.

Alloying A, gimole  FG, FG, FG; CG, CG, CG; SG
elements, at. %

C 12 1341 1361 1341 1481 1482 1456  14.79
Si 28 362 378 355 381 366 370  3.84
P 31 008 / / 004 003 / /

S 32 017 014 016 002 001 001 001
Mn 55 058 |/ / 032 033 / /

Cr 52 047 |/ / 005 004 / /

Cu 63.5 1.00 / / 089 078 / /

Ti 47.9 003 / / 001 001 / /

Sn 118.7 004  / / 005 004 / /

Mg 24.3 0 / / 002 003 002 005
Ni 58.7 009 / / 003 002 / /

N 14 006  / / 004 003 / /

Fe 55.8 80.47 8247 8288  79.92 8019 8172 8131

Knowing all parameters (see section 2.3.2.2) the thermal and electrical conductivity of alloyed
ferrite can be calculated for each cast iron sample (Table 9.2). Mean values of ferrite conduc-
tivities were further used for the estimation of the pearlite conductivities with Hashin-
Shtrikman bounds (Eg. 2.5) and according to the Eq. 2.13. The volume fraction of cementite
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Chapter 9: Appendix
was calculated to be Vy(FesC) = 0.114, the conductivities of cementite can be seen in the Ta-

ble 2.4. Table 9.3 summarizes the values of conductivities used for analytical models and

FEM simulations.

Table 9.2 Calculated thermal and electrical conductivities for alloyed ferrite from the equations 2.11 and 2.12.

Properties of FG, FG, FGs CG, CG, CG; SG Mean value
alloyed ferrite

A, W/mK 2783 3052 3161 2885 2947 30.88 3023 29.91

p, tOm 041 036 035 039 038 036 037 037

Table 9.3 The thermal and electrical conductivities of phases used for simulations of the cast iron properties.

A, (W/mK) o, (10° S/m) p, (LQ'm)
Graphite Aa 500 2 0.5"
Graphite Ac 10 0.0001 10000%
Lamellar alloyed pearlite (4, oy, py) 26.7 243 0.412
Lamellar alloyed pearlite (1,, o,, p,) 25.6 2.37 0.422
Alloyed pearlite Eq. 2.13 26.34 241 0.415

10 Source [160]
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9.2 CLASSIFICATION LIMITS

Table 9.4 Classification limits (see section 6.2.1).

9.2 Classification Limits

Compactness  Roundness MaxFeret, um  Size class Class Graphite type
0-0.458 0-0.229 0-15 8 0 I
0.458 -0.717 0.205-0.44 0-15 8 1 Il
08-1 06-1 0-15 8 2 VI
0.4597 - 0.869 0.4 - 0.696 0-15 8 3 V-V
0-0.364 0-0.168 15-30 7 4 I
0.364-0.692 0.138-0.432 15-30 7 5 i
08-1 06-1 15-30 7 6 VI
0.411-0.847 0.4-0.636 15-30 7 7 V-V
0-0.282 0-0.138 30-60 6 8 I
0.244-0.611 0.065-0.391 30-60 6 9 "
08-1 06-1 30-60 6 10 VI
0.401-0.8 0.35-0.643 30-60 6 11 V-V
0-0.262 0-0.133 60 - 120 5 12 I
0.173-0.484 0.035-0.314 60-120 5 13 i
0.708 - 1 0.572-1 60 - 120 5 14 VI
0.413-0.707 0.3-0.572 60 - 120 5 15 V-V
0-0.185 0-0.104 120 - 250 4 16 I
0.142-0.38 0.037-0.248 120-250 4 17 i
0.623-1 0.486 - 1 120 - 250 4 18 VI
0.342-0.623 0.24-0.486 120 - 250 4 19 V-V
0-0.141 0-0.073 250 - 500 3 20 I
0.141-0.38 0.036-0.248 250 -500 3 21 i
0.623-1 0.486 - 1 250 - 500 3 22 VI
0.342-0.623 0.24-0.486 250 - 500 3 23 V-V
0-0.142 0-0.073 500 - 1000 2 24 I
0.142-0.38 0.036-0.248 500 - 1000 2 25 "
0.623-1 0.486 -1 500 - 1000 2 26 VI
0.342-0.623  0.24-0.486 500 - 1000 2 27 \VAY]

149



Chapter 9: Appendix

9.3

ROUNDNESS: DEPENDENCY ON THE MAXIMUM FERET DIAMETER
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Figure 9.1 Dependency of the parameter roundness on the particle size for different magnifications.
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9.4 Parameters of the Regression Analysis <[144]>

9.4  PARAMETERS OF THE REGRESSION ANALYSIS [144]

Table 9.5 Parameters of the regression analysis y = a + bx, flake graphite (FG), compactness.

Type Size class OM /SEM Zarameter )
RS OM 0.2939 0.2555
SEM 0.2966 0.0137
R7 OM 0.2211 0.1479
SEM 0.2337 0.0286
i R6 OM 0.1317 0.1040
Compactness SEM 0.1444 0.0123
R5 OM 0.0818 0.0684
SEM 0.0980 0.0139
R4 OM 0.0959 0.0533
SEM 0.1000 -0.0028

Table 9.6 Parameters of the regression analysis y = a + bx, flake graphite (FG), roundness.

Type Size class OM /SEM zarameter )
R8 OM 0.1189 01732
SEM 0.1306 0.0191
R7 OM 0.0941 0.0758
SEM 0.1012 0.0137
i R6 OM 0.0531 0.0495
Roundness SEM 0.0616 0.0071
R5 OM 0.0338 0.0374
SEM 0.0428 0.0068
R4 OM 0.0389 0.0236
SEM 0.0414 -0.0017
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Table 9.7 Parameters of the regression analysis y = a + bx, vermicular graphite (CG), compactness.

Type Size class OM/SEM sarameter b
RS oM 0.4399 0.2066
SEM 0.3805 0.0910
R7 oM 0.3464 0.1559
CG SEM 0.3279 0.0551
Compactness R6 OoM 0.2568 0.1185
SEM 0.2462 0.0220
RS oM 0.1980 0.0952
SEM 0.1867 0.0328

Table 9.8 Parameters of the regression analysis y = a + bx, vermicular graphite (CG), roundness.

Type Size class OM/SEM zarameter b
RS oM 0.2263 0.1412
SEM 0.1916 0.0401
R7 oM 0.1938 0.0894
CG SEM 0.1813 0.0279
Roundness R6 oM 0.1452 0.0717
SEM 0.1417 0.0058
RS oM 0.0962 0.0510
SEM 0.0905 0.0178
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Table 9.9 Parameters of the regression analysis y = a + bx, nodular graphite (SG), compactness.

9.4 Parameters of the Regression Analysis <[144]>

Type Size class OM/SEM ;’arameter b
RS OoM 0.8297 0.0683
SEM 0.8766 -0.0880
SG R7 OoM 0.9310 0.0114
Compactness SEM 0.9271 -0.0252
R6 oM 0.9487 0.0013
SEM 0.9421 -0.0272
Table 9.10 Parameters of the regression analysis y = a + bx, nodular graphite (SG), roundness.
Type Size class OM/SEM ;’arameter b
RS OoM 0.6611 0.0415
SEM 0.7235 -0.1185
SG R7 OoM 0.8247 -0.00064
Roundness SEM 0.8240 -0.0292
R6 oM 0.8495 0.0006
SEM 0.8488 -0.0302
Table 9.11 Parameters of the regression analysis y = a + bx, temper graphite (TG), compactness.
Type Size class OM /SEM ;’arameter b
R8 OoM 0.6322 0.1544
TG R7 oM 0.5346 0.1650
Compactness R6 oM 0.4936 0.1463
P R5 OoM 0.5200 0.1562
R4 OM 0.4440 0.1093
Table 9.12 Parameters of the regression analysis y = a + bx, temper graphite (TG), roundness.
e Size class OM / SEM Parameter X
R8 oM 0.4754 0.1193
R7 OoM 0.4261 0.0493
TG R6 OM 0.3380 0.1138
Roundness R5 oM 0.4312 0.0850
R4 OoM 0.3407 0.0599
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9.5 ESTIMATION OF THE EFFECTIVE CONDUCTIVITY OF GRAPHITE

The effective conductivity of nodular graphite has been estimated using Double and Hellawell
model [11], [13] from the radial and tangential conductivities of graphite. To do so a 2D
model of a single graphite nodule embedded in a pearlitic matrix with the already calculated
properties (see Table 9.3) was used for the simulation. The anisotropic properties of the single
nodule are calculated from the properties of graphite crystal in a- and c-direction.

Assigning the origin of the coordinate system to the centre of the spherulitic graphite particle
the first estimation of the conductivity of graphite nodule in each point (x, y) can be defined

with trigonometric functions as follow:

_ y
6 = abs [arctan (x)] 9.3
kc
o = abs [arctan (—)] 9.4
ka
kx = y'ka? + kc? - sin(0 — a) 9.5
ky = v/ ka? + kc? - cos(0 — a) 9.6

where x and y are the coordinates of the point for which the properties are calculated, ka and

kc the conductivities of the graphite in a- and c-direction respectively (see Figure 9.2).

A kx 510.
450.

390.

E 330.

270.

T 210.

i .l ~ 150.

b E 90.0
, > b) 0 ky 0.00

Figure 9.2 a) Scheme of the definition of the conductivities in the point (x,y) according to the Double and Hellawell model
[13]. Distribution of the value of the b) k, and c) k, thermal conductivities in the anisotropic graphite nodule.

The following figure (Figure 9.3) shows the propagation of heat in a single graphite nodule
whose properties are defined as explained before.
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Non-constant thermal conductivity in Graphite 18:14:00 1/20/08
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Figure 9.3 Propagation of heat in nodular graphite with real-like conductivities.

The propagation is alike the propagation proposed by Hasse [73] for the spheroidal graphite
(see Figure 2.12). However, as it is very time consuming to run the simulations, if the conduc-
tivity in the graphite is defined with two different conductivities in each point, the goal was to
acquire an effective conductivity for a graphite nodule.

To define both the thermal and electrical effective conductivities of nodular graphite, the heat
and tension flux for real nodular graphite conductivities has been compared with the flux for
nodular graphite with a unique homogeneous conductivity.

Knowing the measured flux integral and the type of the resulting temperature and tension
curve, it is possible to approximate the effective conductivity of the graphite nodule by a sin-
gle homogeneous conductivity. The effective conductivity of a single graphite nodule is for
thermal conductivity between 260 and 265 W/(m-K) and for electrical conductivity between
0.52 and 0.53-10° S/m. For the following simulations an effective thermal and electrical con-
ductivity of 265 W/(m-K) and 0.53-10° S/m respectively has been used for the ideal graphite
nodule.

Considering the crystallographic structure of the vermicular and flake graphite (see section
7.1.2) following estimation of the thermal and electrical properties of the graphite of different

morphology was proposed:

155



Chapter 9: Appendix

Agr = /ISphere : VSphere + Vg 9.7
Agr. = ASphere : VSphere + A Ve 9.8

where A, is the resulting thermal conductivity of the graphite particle, Agpp.re the estimated
thermal conductivity of the ideal graphite nodule (Asppere=265 W/(m-K)), 4, and A, are the
graphite conductivities in a- and c-crystallographic directions, respectively. Approximating
the shape of the graphite inclusions with 2D ellipsoids it should be considered that their con-
ductivity will be different for the case parallel (Eq. 9.7) and orthogonal (Eg. 9.8) to the flux.
The portion of corresponding conductivities was estimated from the shape of the ellipsoids

according to their compactness C (for definition see Table 3.2):

VSphere:CaVa:Vc:]-_C 9.9

It was assumed that the compactness of the ellipsoids corresponds to the compactness of the
real graphite particles, and thus describes the portion of the graphite grown as nodular gra-
phite and flake graphite respectively.

Table 9.13 Approximation of the effective thermal and electrical conductivity of graphite particles.

Thermal conductivity, W/m-K Electrical conductivity, 10° S/m

Compactness a-direction c-direction a-direction c-direction
1.0 265 265 0.530 0.530
0.9 288.5 239.5 0.677 0.477
0.8 312 214 0.824 0.424
0.7 3355 188.5 0.971 0.371
0.6 359 163 1.118 0.318
0.5 382.5 137.5 1.265 0.265
0.4 406 112 1.412 0.212
0.3 429.5 86.5 1.559 0.159
0.2 453 61 1.706 0.106
0.1 476.5 35.5 1.853 0.053
0 500 10 2 0.0001
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Reute, Austria

2001-2003 Studies in Materials Science and Technology in Freiberg Uni-
versity of Mining and Technology (TUBAF), Germany

1997-2001 Studies in Materials Science and Technology in Moscow State
Institute of Steel and Alloys (Technological University)
(MISA), Russia

1995-1996 San Gorgonio High School, San Bernardino, CA, USA
Graduate diploma, GPA 3.7

1996-1997 School Nr. 14 with advanced study of foreign language (Eng-

1986-1995 lish), Glazov, Russia

PROFESSIONAL EXPERIENCE

March 2003 — present Research and teaching assistant in Introduction of Materials
Science and 3D Analysis of Mirco- and Nanostructures at the
chair of Functional Materials, University of Saarland

March 2003 — present Member  of staff of the internet  platform
www.materialography.net, since 2005: deputy of the scientific
supervisor
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http://www.materialography.net/

Curriculum Vitae

August 2002— Nov. 2002

August 2000 — August 2001

Juli 1999

AWARDS
2007

2003

2001-2002

2000-2001

1995-1996
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Assistant in the Institute of Materials Science, TUBAF

Internship at the State Research Institute for Rare-Earth Indus-
try (GIREDMET), Moscow, Russia. Subject: Powder metal-
lurgical production of the Molybdenum oxide

Internship at Steel production plant “TulaCherMet”, Tula,
Russia

DGM-Nachwuchspreis

Diploma with honors from Moscow State Institute of Steel and
Alloys (Technological University)

DAAD (German Academic Exchange Service) scholarship
within the double diploma program between TUBAF and
MISA

Scholarship of the scientific council of the faculty of Physics
and Chemistry of MISA

Scholarship within the exchange program FSA FLEX of US
government



