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Abstract

Aluminum-silicon cast alloys, as those considered in this study (Al-7%Si and Al-7%Si-
0.3%Mg alloys), are widely used to manufacture technical cast products, e.g. in the
automotive industry. The mechanical properties of the castings depend on the eutectic
microstructure which, in turn, depends on the chemical composition and manufacturing
processes. A transition from a coarse eutectic structure to a finer one is called
modification. The modification can be induced, for instance, by increasing the
solidification cooling rate, by adding strontium and/or by increasing the alloy purity.
The assessment of the modification relies usually on visual comparison, thus being
ambiguous. This work suggests innovative tools to evaluate the microstructure based on
quantitative image data and it develops an objective method to assess the modification.
To ensure the representativeness of this method, it has been developed in collaboration
with thirteen experts from different research institutions and companies. The assessment
tools are applied to study the quantitative correlation between process settings,
microstructures and casting properties, which are of major importance for the research

and development of the studied alloys.
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Kurzfassung

Aluminium-Silizium-Gusslegierungen, wie Al-7%Si und Al-7%Si-0.3%Mg Legie-
rungen, die in dieser Arbeit untersucht werden, finden h&ufig Anwendung bei der
Herstellung von technischen Gussprodukten, z. B., fur die Automobilindustrie. Die
mechanischen Eigenschaften des Gussteils hdngen von der eutektischen Mikrostruktur
ab, die wiederum abhdngig von der chemischen Zusammensetzung und den
Herstellungsverfahren ist. Eine Gefligeverdnderung der eutektischen Struktur von einer
groben hin zu einer feineren, wird Veredelung gennant. Die Veredelung kann
hervorgerufen werden, z. B., durch die Erhéhung der Abkihlgeschwindigkeit bei der
Erstarrung, durch Zusatz von Strontium und/oder durch zunehmende Reinheit der
Legierung. Ublicherweise wird die Auswertung der Veredelung durch visuellen
Vergleich vorgenommen und ist dadurch subjektiv. Der vorliegende Beitrag schlagt
eine innovative Ldsung vor, um die Mikrostruktur auf der Grundlage quantitativer
Bilddaten auszuwerten, und somit die Veredelung objektiv zu beurteilen. Um
Reprasentanz gewadhrleisten zu koénnen, wurde die Studie unter Einbeziehung von
dreizehn Experten aus verschiedenen Forschungsinstitutionen und
Industrieunternehmen entwickelt. Die objektive Beurteilung wurde eingesetzt, um den
quantitativen Zusammenhang zwischen Prozesseinstellungen, Mikrostruktur und
mechanischen Eigenschaften zu studieren, welcher fur die Forschung und Entwicklung
der Legierungen von grolRer Bedeutung ist.

Vil
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Introduction

Aluminum-silicon (Al-Si) cast alloys have a wide range of applications, especially in
the automotive industry. They are diverse in their mechanical properties, which can be
tailored by managing their microstructure. The study of the geometrical characteristics
of the microstructure is not only important for the mechanical properties, but also for
the understanding of the Si crystal growth mechanisms during solidification. The term
“modification”, when related to the Al-Si system, is an established name for a particular
morphology change of the eutectic microstructure. Since its discovery, about 100 years
ago, the modification has been widely used in the industry to improve the mechanical

properties of the alloys, and intensively researched.

The subjective (visual) analysis has been the principal tool to study the microstructures
for a long time. Most of the works studying the modification in Al-Si alloys present
visual representation of the microstructures and their subjective analysis, without a
detailed, objective description of the microstructures. Because of the lack of a precise
and objective definition of what modification is, and how it can be measured, the
literature about modification is contradictory and confusing. Today it is required to
work in interdisciplinary problems, with a high degree of precision; hence, the objective

microstructure characterization has increasing importance.

This work include the development of innovative tools to quantify the homogeneity [1].
These tools are a fundamental contribution for the microstructure analysis in material
sciences. Within the scope of this research, these tools have been successfully applied to
characterize Al-Si alloys [2], as well as other materials [3]. This work applies these
tools and focuses on the development of an objective method to classify and evaluate
modified AI-Si alloys. To ensure representation of the method, the method was
developed with the cooperation of several laboratories, which are specialized in Al-Si

casting alloys.

An objective method to evaluate modification is the basis for further analyses. Within
this work, samples modified through different modification methods are compared.
Besides, the mechanical properties from structures displaying different modification

levels are analyzed.



Organization of this text

This text is composed of five chapters, as follows:

Chapter 1 introduces the topic and challenges this work addresses and presents the
used tools.

Chapter 2 defines the goal of this work.
Chapter 3 describes the methodology used.
Chapter 4 presents and discusses the results, and it is divided into four parts.

Section 4.1 analyzes how to quantify microstructure homogeneity disclosing

new tools to evaluate modification.

Section 4.2 applies the results from Section 4.1 to develop an objective method
to evaluate the modification.

Section 4.3 applies the results from Section 4.2 to analyze 3D structure
representations achieved via Focused lon Beam tomography (FIB-tomography).

Section 4.4 applies the results from Section 4.2 to study the relationship

between the modification, the process settings and the mechanical behavior of castings.

And Chapter 5 closes the text reviewing the main achievements and conclusions, and

outlining the future perspectives.



Nomenclature used in this work

When naming an alloy, as Al-7Si, the number before the element has units of wt.%. For
example: Al-7Si-0.3Mg (Al — 7 wt.% Si - 0.3 wt.% Mg). Amounts in ppm are wt. ppm.
Particle parameters including “],neqn”, @S for example Plpean (Where P stands for
perimeter), represents that the value is a mean value, considering all the particles within

the studied micrograph.

Symbols and abbreviations often used in this text are:

SCR “Solidification cooling rate”

ML “Modification level” = Details in Figure 1.12

DAS “Secondary dendrite arm spacing” -> Details in Figure 1.13
x “Euler number” - Details in Figure 1.16

A, P, Pconvexs Fm» Fmin Particle parameters - Details in Figure 1.17
R, C,FAR, AAR Particle parameters = Details in Table 1.3

SD “Standard deviation”
RSD “Relative standard deviation”
G “Gini coefficient” - Details in Figure 1.19

FIB-tomography  “Focused ion beam tomography” = Details in Figure 1.22

D, FAR, AAR DAS related parameters - Details in Table 3.2

PD, RGD Parameters for attribute assessment —> Details in Figure 3.2
SPT “Small punch test” = Details in Figure 3.4

H “Homogeneity” = Details in Figure 4.1

ho “Object homogeneity” = Details in page 57

PM “Percentage of modification” = Details in page 71

M “Degree of modification” = Details in Figure 4.17



1. STATE OF THE ART

This chapter introduces the studied alloys and makes focus on their modification, which
is the main matter of this work. Within this chapter, it will be discussed how the
modification can be induced, how it influences the alloy properties and which are the

available methods to evaluate it.

1.1. Aluminum-Silicon alloys

Aluminum alloys containing silicon as the major alloying element (Al-Si alloys)
combine good mechanical behavior, low density, good corrosion resistance, and good
casting ability. This characteristics make Al-Si alloys ideal for the manufacture of

lightweight and resistant castings, with complex geometries [4].

The Al-Si system has a binary eutectic phase diagram with an eutectic at 577°C and
12.5 wt.% of Si, and the solubility of Si in Al is 1.6 wt.% at the eutectic temperature [5].
Hypoeutectic alloys are constituted by primary Al dendrites surrounded by the eutectic
phase. The addition of Mg makes the alloy heat treatable, improving the strength of the
castings through precipitate hardening [6].

The structure of the Si in the eutectic phase plays a key role in the mechanical
properties of the casting. Alloys displaying, in two-dimensional (2D) analysis, a
homogeneous distribution of small and round Si particles have usually better
mechanical properties [7]. With the aim of obtaining such structure, a process so called

“modification” is carried out.

This work focuses on the modification in Al-7Si and Al-7Si-0.3Mg alloys, which are

important aluminum casting alloys.

1.2. Modification

1.2.1. Introduction to modification

The eutectic Si in Al-Si alloys can display different sizes and morphologies. As
illustrated in Figure 1.1, modification is a technique to obtain a eutectic structure

formed by an interconnected network of fine Si fibers [4].
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Figure 1.1: Conceptual illustration representing the modification of the eutectic Si (green).

The discovery of modification can be attributed to Frilley, who in 1911 described the
modified structure [8,9]. The application of the modification for commercial purpose
was introduced by Pacz, who in 1928 and in 1935 patented treatments applicable to
alloys containing Al and Si, which induced the modification of the microstructure
[10,11]. Pacz used the term “modification” to refer to the treatment of the alloys by
adding a substance, which changes the internal physical structure in a finely divided and

highly dispersed condition (considering 2D micrographs).

With the development of SEM micrography (and though a deep etching process), it was
possible to recognize that those observed “finely divided and highly dispersed" particles
in 2D micrographs were in fact an interconnected network in the three-dimensional
space (3D) [4]. With further advance of the technology, 3D reconstructions with nano-
scale resolution are today possible, which allows a precise 3D visualization of the
modified structure [12]. Because of its 3D shape, the modified structure is called “coral-
like” or “coralline-like” structure [12—14]. The eutectic structure of unmodified samples
is coarser, but it is also interconnected [15-17].

The modification was observed to occur with the addition of very small quantities of
particular chemical agents, so called modifiers. The most common modifiers are Sr, Na
and Sh, some other modifiers are: K, Rb, Ce, Ca, Ba, La, Yb, As, Se and Cd [18]. The
modification induced by chemical agents is called chemical-modification and if the
modification can be mainly attributed to one agent, it is used to specify which was the
modifier, e.g. Sr-modification [19,20].

It has been shown, that high cooling rates produce modification without addition of a
chemical modifying agent [21,22]. The terms chill-, thermal-, or quench-modification,

5



are used to describe the modification induced through high solidification cooling rate
(SCR). Beside of chemical- and quench-modification, modification can be achieved
increasing the alloy purity. The addition of a chemical modifier, the increment of the
alloy purity and the increment of the SCR assist each other to modify the structure as
illustrated in Figure 1.2 [23].

s
N
& L
& o %
S I 2
003 4/‘"
9 & (A

S Modification
&
Alloy purity

Figure 1.2: Conceptual illustration representing the principal influent parameters on the
modification: The SCR, the addition of modifier and the alloy purity.

Several parameters play an important role in the resulting shape and sizes of the eutectic
structure. The effects of the chemical composition interact with the effects of the
process settings. Depending on how a chemical modifier is added, it can oxidize and
fade, and chemical modifiers not necessarily assist each other [24,25]. Besides, there are
further methods to induce modification, as the application of magnetic and/or ultrasonic
fields [26].

Without addition of a chemical modifier, usually the structure is unmodified because the
Al-Si alloys have impurities (e.g. P), which lead to the growth of coarse and flaky Si
particles [25,27]. Besides, modification without chemical-modifier occurs under
relatively high SCR and high purity, which are in commercial applications not feasible.
The increase of the SCR usually scales the structure sizes down without modifying the
structure morphology [23,28]. Because of these practical reasons, the chemical
modification is long-established due to its effectiveness and simplicity, being the most

used treatment to modify the structure [29].

Description of the unmodified and modified structures

There is no standard method to evaluate if a structure is modified or not. In most cases,
the microstructure evaluation is carried out subjectively [30,31]. For microstructure
assessment, researchers have suggested model micrographs with a certain given

modification level or classification. These model micrographs can be used to, through
6



visual comparison, evaluate structures [31-34]. Particularly, the modification rating
suggested by Apelian, Sigworth and Whaler in 1984 [31] is well accepted in the
literature [4,28,35]. These rating classes are represented by six micrographs, as shown

in Figure 1.3.

Figure 1.3: Eutectic Si structures, classified into six classes: (a) Class 1, fully unmodified
structure. (b) Class 2, lamellar structure. (c) Class 3, partial modification. (d) Class 4, absence
of lamellar structure. (e) Class 5, fibrous silicon eutectic. (f) Class 6, very fine structure [28,31].

The same six micrographs are shown and subjectively described in several works
[4,28,30,35].

Table 1.1 summarizes typical descriptions of these six classes.

Table 1.1: Typical subjective classification and description of microstructures [18]

Class

Structure Description
number
e Si is present in the form of large plates as well as in acicular
1 Fully unmodified P gep
form.
A finer lamellar structure, though some acicular Si may be
2 Lamellar

present (but not large plates).

3 Partial modified The lamellar structure starts to break up into smaller pieces.

Complete disappearance of lamellar phase. Some acicular

4 Absence of lamellae .
phase still may be present.

Fibrous Si eutectic

5 (Fully modified) The acicular phase is completely absent.
6 Very fine eutectic The fibrous Si becomes so small, that individual particles
(Super modified) cannot be resolved under optical microscopy.




The fully unmodified structure (Class 1) displays large, acicular silicon flakes (in other
words, coarse plate-like particles) [30,31]. A treated structure (with the aim of
modifying the structure, e.g., by adding a chemical-modifier) will be considered
modified or not, depending on the size and shapes of the particles in the structure. If the
chemical modifier is added in relatively too low amounts, only the refinement of the
structure is caused, but not the modification [36,37]. A refined structure is composed by
finer plate-like particles (lamellar particles), which are not fiber-like shaped [38,39].
Class 2 is an example of a treated alloy, which can be considered to be refined, but not
modified. Structures resembling Class 1 are termed unmodified granular structures,
while structures resembling Class 2 are termed unmodified lamellar structures [30,34].

Figure 1.4 shows structures being identified as unmodified in the literature, in which the
3D structure can be visualized. The class of the shown structures was not indicated. For
further 3D reconstructions and 2D images of unmodified structures refer to, e.g.
[12,40,41].

Figure 1.4: Unmodified eutectic Si structures in Al-Si alloys. (a) optical and (c) scanning
electron microscopy (SEM) micrographs from the same sample [31]. (b) 3D reconstruction
[12].

Regarding the chemical-modification, the modification level increases with the
increasing level of added modifier [42]. A structure is modified, if it presents fine fiber-
like particles (modified particles) [43—46]. Modified structures resemble the classes 3 to
6.



Figure 1.5 shows structures being identified as modified in the literature, in which the
3D structure is observable. Compound field is a modification technique that involves
the combined application of power ultrasonic field and rotating electromagnetic field
while the solidification occurs [26]. Further 3D reconstructions and 2D images of

modified structures can be observed, e.g. in ref. [12,40,41].

Figure 1.5: Modified structures. (a) Sb-modified (at the left hand side is the 2D micrograph, at
the right hand side is the etched surface showing the 3D structure) [36], (b) Compound field
modified (etched) [26], (c) Sr-modified (etched) [47], (d) Na-modified (etched) [4].

Partially modified microstructures, containing a mixture of modified and unmodified
particles, are called under-modified [48,49]. In Classes 3 and 4, acicular phase and fine
fibrous phase are visualized, thus these classes are under-modified [30]. A fully-
modified structure is formed only by fine-fibrous, i.e. modified, particles [50-53]. The
Class 5 is fully-modified, displaying only modified particles. The Class 6 is the super-

modified structure, which is in rare occasions visualized [30].

An effect termed over-modification occurs, when a chemical modifier is added in an
excessive amount. The over-addition of modifier causes the coarsening of coral-like
9



particles [43,54,55]. The coarsening caused by over-modification is accompanied by an
increment of the inter-particle spacing, and in some cases segregation of compounds
containing the modifier element. For example, Sr over-modification is known to
segregate the Al,Si,Sr phase [47]. Figure 1.6 shows the under-modified-, fully-
modified- and over-modified structures.

SNV

W N, €38

Figure 1.6: Modified Al-Si eutectic structures. (a) Under-modified, (b) fully-modified, and (c)
over-modified [34].

Notice that the six classes shown in Figure 1.3 (page 7) do not have an over-modified
class. Since the classification into the six classes shown in Figure 1.3, or into under-,
fully-, and over-modified structures is carried out subjectively, the limits between

classes depend on the considerations from the observer.

Remarks of the section

The following points can be summarized:

The modification of the eutectic structure consists in an important reduction of
the Si particles sizes and the change of their shape, towards a fibrous-like
morphology.

- The shapes and sizes from the eutectic Si can be tailored by changing the
process settings and chemical composition. Especially, the addition of chemical
modifiers has important influence on the eutectic structure.

- To achieve a fully modified structure, an adequate amount of modifier should be
added. This adequate amount will depend on the SCR and alloy purity, among
other factors.

- The terms used to describe the structures are subjected to the considerations

from the observer.

10



1.2.2. Theories explaining the modification

Although the growth mechanism of the Si has been intensively studied in the last 90
years, on-going research and several reviews addressing this topic indicate that the

growth mechanisms are still not well understood [18,19].

The discussions about the growth mechanisms of the eutectic Si in Al-Si alloys have
accumulated a great amount of publications. The most important suggested mechanisms

are shortly introduced and discussed in this section.

“Twin plane re-entrant edge” (TPRE) theory explaining the unmodified plate-like
Si growth

The “twin plane re-entrant edge” (TPRE) theory was proposed by Hamilton and
Seidensticker in 1960 to explain the propagation mechanism of germanium (Ge)
crystals [56]. Since Ge has diamond lattice and forms plate-like crystals, as Si; the
TPRE theory was adapted to explain the growth of eutectic plate-like Si [57-59].

The TPRE theory [56] consist in the following: The equilibrium habit of a crystal is an
octahedron bounded by eight {111} planes (Figure 1.7-a), which are the planes of
closest packing and of lowest free energy in the diamond lattice. The octahedron is to be
twinned, as indicated by a dotted line in Figure 1.7-a. The reflection across the twin
plane derives a twinned crystal, as illustrated in Figure 1.7-b. The twinned crystal
emerges three reentrant corners with external angle of 141°, which alternate with “ridge
structures” (the planes with external angle 219°). The theory states that the nucleation
events occur likely in the reentrant corners but improvable elsewhere. Thus the crystal
propagates in the [211],[121] and [112] directions. A crystal with two twin planes
generates more re-entrant corners, as shown in Figure 1.7-c, leading to six equivalent

<211> preferred growth directions.

11



Twin Plane Twin Planes

Figure 1.7: Ilustration of the “twin plane re-entrant edge” (TPRE) theory. &) embryo bounded
by {111} planes, b) twinned crystal with three reentrant corners with external angle of 141°, c)
creation of extra re-entrant corners and propagation in the in the <211> directions [56].

However, the theory of the TPRE mechanism has been questioned as mechanism
explaining the growth of Si crystals [60]. It has not yet been shown, that the TPRE
mechanism is the mechanism responsible for the growth of Si [19]. On the other hand, a
recent work shows that the TPRE mechanism plays an important role in the growth of
Si [61].

It is possible to conclude that the TPRE theory is still being discussed regarding its
validity to explain the growth of plate-like (unmodified) Si particles.

Restricted Growth Theories explaining the modified fine-fibrous Si growth

Thall and Chalmers [62] suggested that Al grew at faster rate than Si, leading the
solidification of the eutectic, and that for higher cooling rates, the lead of Al over Si was
increased. They supported this theory with the fact that Al has a higher thermal
conductivity and a lower latent heat of fusion. They claimed that the modification
occurred because Al grew in front of the growing Si crystal, encasing the Si, and forcing
the Si to bend and form the coral-like structure (Figure 1.8). It was determined that Na
(a chemical modifier) reduces the interface energy of the interface Al/Si [63]. Because
of the lower interface energy, it make more sense that Al would grow in front of the Si
crystal (as illustrated in Figure 1.8-b), which is a fact towards confirming this theory.
However, as it was later shown, Si, not Al, is the faster growing phase [64], which

denies the theory from Thall and Chalmers.
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Figure 1.8: lllustration of the theory explaining the growth of the modified eutectic Si according
to Thall and Chalmers [62]. a, b and c are successive in time and represent that Al grows at
faster rate than Si, encasing the Si.

Tsumara [65] suggested a “diffusion theory” which states that the modifier segregate
ahead of the growing plate-like Si crystal, reducing the diffusion of Si from the melt,
which hinders the growth of the plate-like Si crystal. However, it has been shown that a
reduced diffusion rate of Si is not responsible for the chemical modification [66], which

denies the theory from Tsumara.

Lu and Hellawell theories explaining the unmodified and modified Si growth

Lu and Hellawell proposed an alternative mechanism to explain the growth of plate-like

particles and fibrous-like particles.

To explain the growth of plate-like particles, they suggested a layer mechanism, which
consist in the growth of atomic monolayer steps across the {111} planes, as illustrated
in Figure 1.9 [16]. To explain the growth of fibrous-like particles, they introduced the
“impurity induced twining” (IIT) theory [67]. The IIT states that modifiers poison the
growing monolayer step, as illustrated in Figure 1.9-a. 2 r. is a critical separation
between impurity atoms below which a step is prevented, by line tension, from growing
between them. Since the absorbed impurity atom (modifier atom) has a radius different
than the radius from the atoms in the matrix (i.e. than the radius of the Si), twinning is
induced “by altering the stacking sequence of atomic layers as the newly added layers
seek to grow around the adsorbed impurity atom” [19], as illustrated in Figure 1.9-b.
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Figure 1.9 Schematic representation layer mechanism and the “impurity induced twining” (IIT)
theory. a) layer mechanism in which the impurity atoms (in black) pin the steps of the growing
Si. b) plane projection of diamond cubic lattice to show how an impurity atom of certain size (in
black) could promote twinning by causing a growth step to assume the alternative {111}
stacking sequence [67].

The layer mechanism has been questioned, because there is strong evidence that the
unmodified flake-like particles grow longitudinally (as the TPRE suggests) and not
laterally on the {111} planes, as the layer growth suggests [68,69]. Since IIT
mechanism is based on the layer mechanism, also the IIT mechanism is questionable.
Moreover, according to the IIT, modifiers induce twining (and so modification) if the
atomic radius of the modifier is larger than 1.65 times the radius of a Si atom (rg;) [67].
Nogita et al. [42] showed that there are inconsistencies between the expected
modification effects of elements based on the theoretical best radius and the practical
results, e.g. Na has a smaller radius than the critical radius (ry,/rs; = 1.59) and is a
better modifier than Ca (1., /rs; = 1.68). Furthermore, since the HIT requires a modifier

to explain modification, it does not explain the quench-modification.

It can be concluded that 11T definitively does not explain every case of modification. To
the date, the theories from Lu and Hellawell are still under research since the
modification could be caused by different mechanisms, one of these involving IIT and

the other without involving it [70].
Remarks of the section

- There is on-going research and discussions regarding the mechanisms governing
the eutectic Si morphology.

- Some suggested theories have been proved to be wrong; others, as the TPRE and
the IIT, are still being discussed [71].
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1.2.3. The influence of modification on the mechanical properties

In industrial applications, Al-Si castings contain impurities and solidify at relatively low
cooling rates. Thus quench- or high purity modifications are unusual. The chemical
modification is the principal tool to change the unmodified structure towards a fine-
fibrous structure, which presents improved mechanical properties [49,72,73]. In this
section, the tensile and impact properties of Al-Si alloys, in unmodified and modified
states, are discussed.

Tensile properties

Fatahalla et al. [74] studied the dependency of the mechanical properties of Al-Si alloys
with modification, in which modification was induced by different chemical modifiers.
They reported that Na and Sr lead to a fine-fibrous structure, while Sb leads to a fine-
flake structure. Their results show that both modified morphologies (the fine-flake and
the fine-fibrous) improved the mechanical properties with respect to the unmodified
alloy. Particularly, the yield stress (o), ultimate tensile strength (UTS), elongation
percent (E%), and the toughness (Table 1.2 and Figure 1.10). They tested samples,
which were casted in metal and sand molds, promoting higher and lower cooling rates,

respectively.

Table 1.2: Effect of type of mould and Na, Sb and Sr-modification on the tensile properties of
non-modified and modified Al-5.5Si alloys. In the table: 0.2% proof- (g, or yield stress (a,),
ultimate tensile strength (UTS) and elongation percent (E%) [74].

Tensile properties

Alloy
condition Mould type Tpe(MPa) UTS (MPa) E% Toughness (MPa)
Non-modified Sand mould 37 74 1.4 0.95
Metal mould 48 96 25 2.0
Na-modified Sand mould 35 114 4.3 349
Metal mould 60 121 8.0 84
Sh-modified Sand mould 50 109 37 37
Metal mould 36 115 7.3 7.4
St-modified Sand mould 62 124 5.0 52
Metal mould T0 142 10.6 11.9

15



140 1 :
A e e e e — =t ———1 4
. |

1- Non-modified alloy (Sand_mounid) |

2- Non-medified alloy (metal mould) | 1

3- Sr modified alloy (sand mould) : i

4- Sr meodified alloy (metal mould) —
5- Sb modified alloy (sand mould) !

6- Sb modified alloy (Metal mould)

7= Ma modified alloy (Sand mofid)

8- Na modified alloy (Metal mould)

Stress (MPa)

e e . - ———

Plastic Strain %

Figure 1.10: Comparison among the stress/plastic strain curves of Na, Sb and Sr modified
alloys [74].

The results and analysis from Fatahalla et al. [74] indicate the following:

(1) Samples with higher solidification cooling rate (SCR) have smaller particles
and better mechanical properties (with and without modifier, independent to the used
modifier).

(2) Varying only the chemical composition, changes in the microstructure sizes
and in the ductility and strength can be observed. Smaller microstructures have better
mechanical properties. The tested samples can be ordered with increasing mechanical

properties as follows: Non-modified, Sb-modified, Na-modified and Sr-modified.

Besides of these two points, Fatahalla et al. indicated that the fracture mechanism
changes, from brittle to ductile, due to the change of the structure morphology, from
plate-like to fibrous morphology [74]. The results from Fatahalla et al. highlight also the

convenience of using Sr as modifier.
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It should be pointed out that not all the mechanical properties improve always with
modification. For example, Hafiz and Kobayashi [49] investigated also the tensile
properties in Sr-modified Al-Si alloys, and they found that the UTS and the elongation
improved with modification (equal to the work from Fatahalla et al.), while the o, was

virtually invariant to modification (different to the work from Fatahalla et al.).

Impact behavior

Besides investigating the tensile properties, Hafiz and Kobayashi [49] practiced also
Charpy tests on Sr-modified samples. The Charpy test, differing from the afore-
discussed standard tensile tests, evaluates the response of a material in an impact event.
The authors reported that the impact load and the impact deflection (and consequently
the impact thougness) increase with both modification and SCR. They obtained the
results from Figure 1.11 and concluded that the impact behavior is highly sensitive to
the eutectic Si morphology. They reported that the fibrous eutectic morphology
improves the crack initiation and crack propagation resistance, with a consequent
enhancement of the toughness. They stated that cracks propagate in a brittle manner in

unmodified samples, while they proceed ductile in modified samples.
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Figure 1.11: Impact toughness of eutectic alloy as a function of Sr-content for sampled casted
in steel and graphite moulds. Ei is the crack initiation energy. Ep is the crack propagation
energy. Et is the total absorbed energy [49].

Figure 1.11 shows that the absorbed energy is not linear with the Sr content.
Considering modified structures, the absorbed energy presents a maximum for fully

modified structures and decreases with under- and over-modification [75].
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Remarks of the section

Regarding the dependency of the mechanical properties of the castings with

modification, important remarks are:

- Modification improves the mechanical properties, as ductility, toughness,
elongation and absorbed energy before failure.

- Considering modified structures, there is an optimal modification level for
achieving the best mechanical properties.

- For better analysis of the relationship between the mechanical properties and the
modification, an objective analysis of the modification is required.

1.2.4. Available methods to assess the modification

Considering the afore-discussed findings regarding modification, it can be summarized
that the relationship between the process settings, the chemical composition, the
modification and the mechanical properties of the alloy is complex and it is still being
researched. One of the main challenges for researchers is the classification and
description of the microstructures morphologies. The present section describes the

available methods for classification of the concerning microstructures.

1.2.4.1.  Subjective methods of classification

Usually, researchers, who study modification, subjectively compare the structures they
work with, with each other. They simply term e.g. “modified” or “unmodified” the
structures they study, based on the experience on the topic they have, without referring
to a certain methodology for rating the structures or using quantitative characterization
methods. The problem of this methodology is that, because of the subjectivity,

interpretation issues arise.

Alternatively, researchers subjectively compare the structures they work with, with
structures that other researchers subjectively classified. As discussed, for this kind of
classification, the wall chart of microstructures for classification displayed in Figure 1.3
(page 7) is the most used one. [28]

Regarding the wall chart of microstructures from Figure 1.3, there are three important
limitations. Firstly, it is based on a subjective comparison of structures, thus

interpretation issues arise. Secondly, it is not applicable to classify over-modified
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structures, because it does not have any rating for over-modified structures. Thirdly, it is
difficult for the metallographer to carry out the classification if the structure is not
uniform, i.e. if the structure resembles more than one class from the wall chart. The
non-uniform modification, i.e. the inhomogeneous modification, is the most common

case of modified structures, especially in alloys treated with Sr [4].

Regarding the difficulty on rating non-uniform structures, using the classes from Figure
1.3, Gruzleski and Closset suggested a solution, as follows: The assessment of non-
uniform structures can be accomplished by examining a polished cross section of the
sample under the microscope and assigning (subjectively) to each class the proportion
of the sample surface. They illustrated the methodology with the following example:
Considering the classes in Figure 1.3, if the a given studied area contains 20 % class 3,
50 % class 4 and 30 % class 5, its modification rating (M.R.) would then be calculated
as M.R.=(0.2*3)+(0.5*4)+(0.3*5)=4.1 and the sample could be said to be reasonably
well, but not perfectly, modified. [4]

1.2.42.  Objective methods of classification

Djurdjevic et al. studied in 2000 the dependence of various microstructure parameters
with the modification. They found that the mean value of the eutectic Si particle
perimeter (Plyean) Was the fittest parameter to describe the modification. They
suggested a modification level (ML), which is a function of P],,.qn [76]. Heugenhauser
and Djurdjevic et al. studied in 2012 further parameters complementing the previous
work from 2000. They detailed the equations to calculate ML as a function of P],cqn,
as indicated in Figure 1.12-a. They also found out a linear and direct proportional
relationship between P],,.qn and the mean value of the eutectic Si particle maximum
Feret (F,;,,]mean), @S indicated in Figure 1.12-b, suggesting that ML could be quantified

using PJmean @and/or Fy | mean [77]-
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Remarks of the section
Regarding the assessment of the modification, the following can be summarized:

- To the date, the visual inspection is the main tool to analyze and classify
microstructures.

- Wall chart of microstructures for classification through visual comparison have
been suggested as a method to rate the modification.

- The modification rating (M.R.) quantifies the modification based on subjective
observations.

- The modification level (ML) quantifies objectively the modification based on

measurements of the perimeter or maximum Feret of the eutectic Si particles.

1.3. Quantitative Microstructure Parameters

The hypoeutectic Al-Si alloys, as studied in this work, are formed by dendrites and
eutectic phase. The modification alters the morphology of the eutectic phase, i.e. the
morphology and sizes of the eutectic Si structure. To fully describe the structure,
parameters describing the eutectic Si structure and parameters describing dendrites are

required.
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The objective of this section is to introduce quantitative parameters, which are used to
describe dendrites and microstructural objects. In this work, these parameters will be

applied to develop an improved method to characterize the modification.

1.3.1. Dendrite parameters

The dendrite arm spacing (DAS), the dendrite cell interval and the dendrite cell size are
parameters describing the dendrites. These parameters are defined as the “distance
between developed secondary dendrite arms”, the “distance between centerlines of
adjacent dendrite cells” and the “width of the individual dendrite cells”, respectively
[28]. The DAS is also called secondary dendrite arm spacing in the literature and the
dendrite cell interval is also called primary dendrite arm spacing. Figure 1.13 shows
dendrites and illustrates the measurement of the primary- and secondary dendrite arm

spacing.

50 pm
—
¢ 270 pm
A> (DAS)
270 pm
DAS =

Figure 1.13: (a) Primary dendrite arm spacing (4,), (b) secondary dendrite arm spacing (DAS
or 1,), (c) example of DAS estimation of a dendrite [78].

1.3.2. 3D Basic particle parameters

To study objects in 3D space, all features of one object regarding size, shape,

topography, etc., can be represented as linear combination of four basic parameters [79].
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These parameters are: The volume (V), the surface (S), the integral of mean curvature

(M.), and the integral of the total curvature (K). M. and K are detailed below:

The surface curvature of a particle can be described locally, at a point p, considering an
infinitesimal portion of the surface ds around p as shown in Figure 1.14-a. The radii r;
and r, are the radii of the largest and smallest circles which can be placed tangent to ds
on two orthogonal normal planes through p. The corresponding curvatures are defined
as k, =1/r; and k, = 1/r, [80]. A radius vector is positive if, from its origin to the
point p, it aims to the outside of the particle (and negative, if it aims in the opposite

direction).

ki =1/n
k, =1/r,

Figure 1.14: (a) The principle normal curvatures k; and k-, at a point p [80]. (b) Surface of
complex shapes, showing convex (A), concave (B) and saddle (C) points [81].

If , >0 and r, > 0, the surface is locally convex (Figure 1.14-b, A). If r, < 0 and
r, < 0, the surface is locally concave (Figure 1.14-b, B). If the signs of r; and r, are
opposite, the surface is locally saddle (Figure 1.14-b, C). If one radius is infinite, the

surface is locally cylindrical. And, if both radii are infinite, the surface is locally flat.

Two curvatures are defined: mean curvature, which is ky = (k; + k,)/2, and the total
(or Gaussian) curvature, which is kt = k; * k, [81]. The total curvature (kt) is positive
for convex and concave points and negative for saddle points. The mean curvature (ky)
Is positive for convex points, negative for concave points. Regarding the saddle shapes,
two saddle shapes are distinguished, which leads to positive or negative ky,, as follows:
if |[ry| <|ry|,7y, >0 and r, < O0; then, ky <0, and if |ry| < [r,],7; <0 and r, > 0;
then, k,, >0 (Figure 1.15).
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Figure 1.15: Shape of the surface elements and their local mean curvature k,, [82].

The integral of mean curvature is acquired through the integration of the mean curvature
over the entire object surface, i.e. M = [ ky ds. Similarly, the integral of the total
curvature is K = [ kg ds [80,83].

In the theory, with the four basic parameters, an object can be fully described. However,
the microstructure characterization is often carried out using also derivate parameters
(functions of basic parameters). For example, the so called shape parameters or shape
descriptors. These are derivate parameters, from which the shape of the object is easier
interpreted [84]. In the following sections, stereological methods and further parameters

used in the praxis are presented.

1.3.3. Density of the particle features and stereological equations

To analyze structures comparatively, the particle parameters of a given studied phase
are divided by the total sample volume. The volume fraction (V},) is the volume of the
studied phase divided by the total sample volume. V/;, can be estimated with 2D analysis
using stereological equations [85]. The specific surface (S,) and the specific integral of
mean curvature (M¢,) can be calculated through 2D analysis only for isotropic
geometries, while the specific integral of total curvature (K;) requires the 3D

information to be quantified [86].

The volume fraction (V},) can be estimated through 2D analysis using the area method,
the lineal analysis or the point count method: V,, = A4, = L, = Pp, Where A, is the area
fraction, L, is the lineal fraction and P, is the point fraction. A, is obtained dividing the

area of the studied phase by the total analyzed area. Similarly, the lineal fraction and the
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point fraction methods rely on tracing lines and marking points at the 2D image to

calculate L; and Py, respectively [87—90].

The specific surface (S,) can be estimated through 2D analysis using the area method
and the lineal analysis: S, = %LA = 2N, where L, is the length of the line per unit of

surface (area method) and N, is the point number per line length (lineal analysis) [91].

The specific integral of mean curvature (Mc,,) can be calculated with the area method as
M¢, =21 x,, , where y, is the Euler number in 2D analysis. The Euler number will

be introduced in the following section.

1.3.4. The Euler number

The total (or Gaussian) curvature (K) for any closed feature, such as a particle with no
holes or tunnels (e.g. a potato), integrates to 4 [81]. A hole in a particle is also a closed
feature, thus K evaluated for a closed particle with a hole gives K = 2 * 4m; with two
holes gives K = 3 = 41, and so on. The total curvature of a particle with a tunnel, i.e.
typologically equivalent to the torus, is K = 0. K of a particle with two tunnel is
K = —1 = 4m, and so on. The Euler number is a parameter with the same information as
K, defined as y = K/4m, and can be interpreted to characterize the topology of the
constituents of a structure. Thus, y = 1 indicates that the evaluated particle has no holes

or tunnels, y = 2 indicates that the evaluated particle has one hole, and so on.

In a 3D structure, the Euler number () has positive contribution from the concave and
convex points (curvatures with same sign, see Figure 1.14-b, A and B) and negative
contributions from saddle points (curvatures with opposite sign, see Figure 1.14-b, C).
The quantification of y is carried out using probe of the “sweeping tangent plane”. The
Euler number, as evaluated with the “sweeping tangent plane”, has a 2D version, using
the probe of the “sweeping tangent line”. These probes are conceptually equivalent and

are carried out as follows:

As conceptually illustrated in Figure 1.16, to evaluate the Euler number in 2D (z,,), a

line is visualized to sweep through the structure. The line, while sweeping through the
structure, defines tangents points at the structure, which can be concave or

conveX. Neoncave 1S the number of concave points; and Nggnvex, the number of convex
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points. The Euler number in 2D (y,,) is defined as y, = %(NConvex — Nconcave)-

Regarding the 3D version of the probe, illustrations can be found, e.g., in ref. [80]. In
3D, a pane is visualized to sweep through the 3D structure and the tangent points can be
concave, convex or saddle. Nconcaver Nconvex aNd Nsgaaie are the number of 3D

concave, convex and saddle tangent points at the structure surface, respectively. The

Euler number in 3D is defined as y = %(NConcave+NCom,ex—N5addle) [80,92].

%9””6\

A Convex
AConcave

Figure 1.16: Conceptual illustration representing the quantification of the Euler number in 2D
using the “sweeping tangent line” probe. Convex and concave indicate the corresponding

characteristics of the tangent points on the particle. In this drawing, z,, = %(Nc(m,,ex —
1
Neoncave) = Py (4—-4)=0.

An alternative interpretation of y, is y,, = N — Nygjes, Where N and Ny, e are the
number of 2D particles and holes in the studied 2D surface, respectively. Notice that,
for a closed feature without holes, , = 1; for a closed feature with one hole, », = 0
(as in the example in Figure 1.16), and so on. Analogously, an alternative interpretation
of the Euler number in 3D is y = N + Nyoies—Nrunnets » Where N, Nyoies and Nrynnets
define the number of particles, of holes and of tunnels in the studied volume,
respectively. Besides, y can be used to define “connectivity” through the equation
¥ =N —C, where C is the connectivity [82]. These equivalent equations help the
researcher, depending on the case, to interpret the Euler number. E.g. (1): For a phase
formed by particles with holes or tunnels, y = N + Nyo1es—Nrunnets N€IPs quantifying
the amount of holes or tunnels. E.g. (2): In the case of sintering, in which the formation
of necks (saddle shaped points) “connects” the particles, the equation y = N — C can be

employed to quantify the connectivity.
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1.3.5. Further size and shape parameters

The gathered 2D particle size parameters are (see Figure 1.17) the particle area (A), the
particle perimeter (P), the perimeter of the particle’s convex envelope (Pconvex), the

maximum Feret diameter (F,,) and the minimum Feret diameter (F,,,i)-

Fmin

PCO nvex

Figure 1.17: 2D size particle parameters

Shape parameters are combinations of size parameters arranged so that the dimensions
cancel out. They commonly compare the particle with a circle (in 2D) or a sphere (in
3D) and they are ranged between zero and one. They are constructed so that the higher

the shape parameter is, the more like a circle or sphere the particle is. [84,93,94]

In 2D analysis, the eutectic Si particles, characterized in this work, can be stretched
(lamellar or plate-like) or quite compact and circular, depending on the modification
level. The most relevant shape parameters to characterize these morphologies are
summarized in Table 1.3 [84,93,94].
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Table 1.3: Definition of 2D Shape parameters.

Shape parameter Definition Description
AT A Ratio between A and the area of a
Roundness (R) R=—— ) ) )
P2 circle with perimeter P
Ratio between the area of a circle
2
Convexity (C) C = (PC";‘)"”> with perimeter P,,,,e, and the area
of a circle with perimeter P
. Fmin . .
Feret aspect ratio (FAR) FAR = 5 Particle stretching
m
] 4-A Ratio between A and the area of a
Area aspect ratio (AAR) AAR = 5 ) o
- Fy circle with diameter F,,

In this work, the arithmetic mean of 2D particle parameters, from particles within a
micrograph, is indicated with “|,...,.”. Parameters representing characteristics of the
entire micrograph (e.9. AAR]pean) are called “microstructure parameters”, to

differentiate them from “particle parameters” (e.g. AAR).

In 3D analysis, shape parameters comparing particles with spheres were successfully
used; for example, to describe the graphite in cast iron [95]. In the case of this study, the
3D structures are too different from spheres (3D networks of fibers or plates), thus

shape parameters comparing the particles with a sphere are not applicable in this work.

1.4. Quantification of Homogeneity

The homogeneity is an important concept in material sciences. However, there is no
standard method to evaluate the homogeneity and consequently, the use of the term
varies. The Voronoi tessellation is often used in materials sciences to analyze the object
distribution homogeneity. The VVoronoi tessellation consist in partitioning the space into
mutually congruent polygons (in 2D) or polyhedrons (in 3D) [96]. The planar VVoronoi
diagrams, which are also known as Thiessen, or Dirichlet polygons or cells, are the most
common in material sciences. The planar VVoronoi tessellation consists in dividing the
space into cells. The boundaries of the cells are perpendicular bisectors between the

closest neighboring points. Each cell corresponding to a given point contains the closest
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regions of the plane to the point [97]. An example of the VVoronoi tessellation is given in
Figure 1.18, in which the cells in (b) help studying the distribution of the points in (a)
[98].
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Figure 1.18: lllustration of the Voronoi tessellation: (a) Points in the plane to be analyzed,
which in this example represent tetragonal zirconia (TZ) grains within a lead zirconate titanate
(PZT) ceramic matrix) and (b) and the Voronoi diagram representing the zirconia distribution
[98]

Still with tessellation methods, the homogeneity remains without being quantified. To
quantify the homogeneity, size parameters of the cells can be analyzed. In some works,
the homogeneity is quantified considering the ratio between the standard deviation (SD)
and the arithmetic mean (X) of a data set. This ratio (SD/X) is inconsistently named in
the literature. [97,99-101]

The Lorenz curve and the G can be interesting tools to analyze the homogeneity in
material sciences. The Lorenz curve and the G have been developed to study questions
related to Economy. In addition to their use in Economy, there are vast amount of works
that use these tools in diverse fields of study; e.g., Social Sciences, Agricultural and
Biological Sciences, Chemistry, Medicine, Pharmacology, Physics and Astronomy
[102-106]. However, in Materials Science, these tools are still not common. As part of
this work, it has been shown that these tools are convenient to quantify the homogeneity

in microstructures [1,3].

The Lorenz curve was introduced by Max Lorenz, in 1905, for the measurement of the
concentration of wealth in a society [107]. To obtain the Lorenz curve of income, one
proceeds as follows: A society of n persons is considered, where y; is the income of a

single person, with i = 1 to n, indexed so that y; < y;,, (ordered from lowest to
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highest income). The Lorenz curve is the function connecting the points (F;, L;), i = 0
to n, where Ff;, =0, L, =0, and for i = 1 to n: F; = i/n and L; =S;/S,, where
Si = §-=1yj. Thus, F; is the cumulative share of people, S, is the total income from the
whole society (S, = ¥7-;y;) and L; is the cumulative share of income up to the i-th

person. The Lorenz curve always contains the points (0,0) and (1,1). A hypothetical
example of a Lorenz curve of income is represented in Figure 4.1. The line of perfect
distribution (the line of equality) is the straight line. The Lorenz curve is always below
the line of equality or it is coincident with the line of equality. A Lorenz curve for
income being the line of equality would represent that each person in the society earns
the same. The more unequal the incomes from the individuals are, the farther the Lorenz

curve from the line of equality is.

L~ 80%
L~ 60%
P — 40%

: _ 20%

Cumulative share of income

0% 20% 40% 60% 80% 100%

Cumulative share of population

Figure 1.19: lllustration of the Lorenz curve for the income of a society and the Gini coefficient
(G). G increases as the Lorez curve gets further away from the line of equality.

The statistician Corrado Gini developed in 1912 a coefficient (today known as Gini
coefficient or Gini index) to measure inequality in the distribution of income in a given
society [108]. The Gini coefficient (G) can be interpreted and formulated in several
ways, including the graphical approach using the Lorenz curve [109-111]. Using the
Lorenz curve, the G is defined as G = Ag_;/(Ag_, + A;) where, as represented in
Figure 1.19; Ag_; is the area between the line of equality and the Lorenz curve, and A;

is the area below the Lorenz curve (shaded area). Besides, G = 24z_;, =1 — 24, due
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to the fact that (Az_, + A;) = 0.5. G ranges from 0 to 1 and the closer the G is to 1, the
farther the Lorenz curve is from the line of equality. G represents the “inequality”, i.e.
how much the measurements differ from each other. For example, considering the
distribution of wealth, G represent how dissimilar the incomes from the individuals are
[109].

An innovative idea of this work is to apply these tools from Economics (the Lorenz
curve and the Gini coefficient) in Materials Sciences. The conceptual illustration in the
Figure 1.20 represents the quantification of a given parameter, in different regions of a
microstructure. The idea is to measure the inequality, using the tools from Economics,
to study microstructure homogeneity. Further details are described in the section of
results.

Figure 1.20: Conceptual representation of “inequality” in a microstructure. The Gini
coefficient (G) can be used to analyze homogeneity in microstructures.
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1.5. Microstructure classification

In this work methodologies to classify structures will be implemented, which later will
be in detail described. The methodologies consist in carrying out of a round robin test
and applying computed processes to classify structures. In this section, the goal is to
introduce these tools and to show how they have been already successfully applied in

other works, which confronted similar problems.
The round robin test:

Smirnov et al. reviewed the designations used in several publications of different
structures in steels and they found over forty structural component names. They
concluded that the development of a classification method was required, to standardize
the terminology used to describe the structures. They indicate that a classification
method would facilitate the team work in research organizations and plant laboratories.
They remarked that a single classification should be carried out combining the work

from several researchers. [112]

Thewlis formulated a classification scheme providing guidelines and terminology for
identification of the principal structures of microstructures in steel. He suggested the use
of round robin tests to evaluate the subjective assessment from different operators. [113]

From the works from Smirnov et al. [112] and from Thewlis [113] two significant ideas
are pointed out. Firstly, the idea of combining the experience from several researchers
to develop a well accepted classification. Secondly, the idea of carrying out a round
robin test to evaluate the assessment from different operators. In this work, as later will
be detailed, these ideas are adapted to identify micrographs representing the different

structures in Al-Si alloys.
The computed processes:

Once micrographs representing well the different structures are identified, an objective
analysis can be carried out to classify the structures based on image data. To objectively
find out quantitative rules classifying the structures, computed processes and evaluating

parameters are applied in this work.

Regarding the computed processes to evaluate quantitative data, such as Artificial

neural networks (ANNSs), offer possibilities to study problems in Material Sciences.
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ANNSs are adaptive learning algorithms that can be used to build prediction models.
ANNSs are capable of extracting the relevant features from the input data and perform a
pattern recognition task by learning from examples [114]. There are several uses of
computed processes in Materials Sciences and Engineering [115-117]; for example, to
predict the mechanical behavior of materials [118]. Regarding the modification of Al-Si
alloys, Francis and Sokolowski used ANNSs to predict the Si level of modification
(SiLM) based on thermal analysis data [119]. Computed processes are proved to be
useful for classification of microstructures [120-122]. Computed processes can apply
different algorithms, so-called learner operators [123]. In this work, as it will be detailed
later, computed processes are used to analyze the microstructure data from Al-Si alloys

with different modification levels.

1.6. 3D microstructure representation

Techniques to capture the 3D nature of the material’s microstructure are of interest;
especially, for complex, non isotropic structures, such as the ones studied in this work.
3D visualization allows better understanding of the structure and the gathering of
quantitative microstructure characteristics, which cannot be estimated by means of 2D
analysis. The different methodologies achieve different combination of spatial coverage

and resolution, as represented in Figure 1.21 [124].

X-Ray tomography/microscopy
Mechanical serjal sectioning

FIB tomography

Volume of Analyzed Material

Electfon tomography

({onm?  (100nm)3 (1pm)3  (10pm)3  (100pm)3  (1mm)3 (10 mm)3

3D aTom probe/LEAP

- o

04nm 1nm  10nm 100nm 1um 10pym 100pm 1mm
Approximated Voxel Dimensions

Figure 1.21: Graphical representation of the resolution and typical volume analyzed per
experiment for tomographic characterization methods. LEAP is local electrode atom probe
tomography; FIB, focused ion beam [124].
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X-ray tomography is a nondestructive evaluation technique, which uses x-rays to
produce 3D images of the sample’s microstructure. A large series of 2D radiographic
images are taken around an axe of rotation of the sample [125]. The series of such
images allow the computed tomography (CT) of the material’s microstructure [126].
The signal noise together with the fact, that the X-ray attenuation depends on the atomic
numbers of the elements and the density of the materials, are important limitations of X-
ray tomography. These limitations lead to low resolution of the images [127] and
difficulties in interpreting the data [128]. Synchrotron based X-rays sources offer
continuous energy spectra with high photon flux and with the possibility of choosing a
convenient, monochromatic beam. The advantages of these sources, with respect to the
conventional x-ray tomography, are that a higher spatial resolution (down to 0.5 pum)
and a higher signal-noise ratio are achievable [129]. X-ray tomography has been applied
successfully to study AIl-Si alloys, e.g. to study the porosity in castings [130-133].
However, the eutectic structure in Al-Si alloys is too small and Al and Si have similar
atomic number, thus relatively low resolution and low contrast are achievable between
Al and Si using x-ray tomography. Therefore, the detailed characterization of the
eutectic structure of modified Al-Si alloys, as it is the aim of this work, is not possible

using these techniques.

Electron tomography employs the transmission electron microscope (TEM) to collect
projections of a sample that is tilted in multiple directions for later reconstruction,
similar as in x-ray tomography [134]. Atom probe tomography is a destructive
technique that provides a 3D analytical mapping of materials with atomic-scale
resolution. Atom probe uses needle-shaped specimens, which in the base have a
diameter of about 100 nm [135]. The specimen is subjected to a standing (DC)
electrostatic field combined either with high-voltage or laser pulses that trigger the
evaporation of individual ions. The electrostatic field causes the ions to accelerate
towards a detector. The positions of the impact and the time-of-flight, of the detected
ions, are used to generate a three-dimensional reconstruction [136,137]. Electron- and
Atom-probe tomography are useful to study local characteristics of the eutectic structure
in Al-Si alloys [138]. However, because of the small volume under study, the
characterization of the structure at the micro-scale, as it is the aim of this work, cannot

be achieved with these techniques.
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The serial sectioning technique and the FIB-tomography

The serial sectioning technique is a destructive technique, which consists in serially
removing a thin section from the sample parallel to the surface and imaging the
resulting surface [139]. This technique is usually coupled with computer-aided
reconstruction techniques to obtain visualizations of the 3D structure [140]. To remove
the material, there are different techniques including polishing (mechanical removal of
material) and ion milling (sputtering).

Regarding the polishing technique to remove material, to measure the material removal
during polishing/grinding, commonly fiducial marking by indentation (e.g. Vickers
indentation) is used. To image the surfaces, light microscopy is ordinarily used. To
control the material removal, variables in the polishing process, such as time of
polishing, applied load and wheel speed should be managed [140]. This technique was
successfully applied in Al alloys, e.g. to characterize large (of several pum in size)
particles in reinforced Al composites. [141,142]. However, the resolution is not high
enough to study the eutectic modification, because to control the material removal is

difficult and slices thinner than 1 um cannot be reliable achieved [143].

FIB-tomography is based on the serial sectioning technique, in which a focused ion
beam (FIB) is used to serially slice the material by milling, and the slices are imaged
with a SEM [128]. To perform FIB-tomography, dual-beam machines are used, which
have both a FIB and a SEM [95,144]. The precise control of the material removal
during milling allows the reconstruction of the spatial microstructure of materials, with

a resolution down to 10 nm [13,145].

FIB-tomography has been found useful for precise representation of the eutectic
morphologies in Al-Si alloys [12,40,41,144]. It can be concluded that FIB-tomography
is the technique that meets the requirements of this work, regarding the studied volume

and resolution achieved.

The geometrical configuration for FIB-Tomography procedure is represented in Figure
1.22. Firstly, the sample is placed with a polished surface perpendicular to the ion beam.
Secondly, a layer of Platinum (Pt) is deposited over the area of investigation. This layer
protects the sample and suppresses curtaining effects improving the ion polishing
[12,128]. Thirdly, about 10 um wide trenches are milled around the volume to be

studied, as shown in Figure 1.22. These trenches enable access of the electron beam
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(which has a tilt angle with respect to the ion beam) to the imaging plane and reduce
shadowing effects [146]. After these steps, the serial sectioning technique is carried out,
collecting the images for later reconstruction of the imaged structure. FIB-tomography

will be applied in this work and further details will be provided later.

Figure 1.22: Schematic illustration of the geometrical configuration for the serial sectioning
procedure in FIB-tomography (From ref. [146],in turn adapted from ref. [147]).
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2. ADDRESSED PROBLEM AND GOAL OF THIS WORK

The term “modification” is well established and widely used in the context of the Al-Si
casting alloys. However, the available definitions of “modification” are often imprecise
and based on subjective observations. Despite the effort shown by many researchers in
clarifying questions about the modification problem, several questions remain without a
widely accepted answer. Not fully clarified topics regarding the modification are: how
to control the modification, which are the mechanisms governing the modification and

how the modification affects the mechanical properties.

The evaluation of the microstructure morphology is of major importance to propose,
deny and justify hypotheses regarding the modification. Thus a precise method to
evaluate the modification is required.

This chapter presents a few results, to show the limitations of the available methods,
highlighting the growing concern for improvement in this regard.

2.1. Problem

The problem of the subjective methods is that these are irreproducible and lead to
misinterpretation and communication issues. It has been observed that the subjective
information about the phenomenon of modification is confusing and contradictory
[30,58,148].

With regard to objective characterization methods, the available method discussed in
page 20 (Figure 1.12) allows quantifying a modification level (ML). This method was

tested and limitations were faced, which are detailed below.

In this work, the mean value of the perimeter and the mean value of the maximum Feret
(Plmean @and Eylmean) Were quantified, from a total of 38 samples. The samples were
Al-7Si and Al-7Si-0.3Mg alloys with different modification states. The results of these
measurements (Measured Al-7Si) are represented in Figure 2.1 together with the linear
function from Figure 1.12-b (“Literature” in Figure 2.1). The line Pleqn = T *
E lmean (Circle) is displayed as reference. The measured data points differ from those
in the literature, especially for large values of P]J,,.qan- The relationship between
Plimean @and Fy ] mean SUggested by [77], which has been developed for Al-7Si-0.5Cu-
Mg and Al-8Si-3Cu alloys, was not applicable for the alloys studied in this work.
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Nevertheless, ML was estimable through FE,]mean, Using the obtained relationship

between Pl ean aNd By lmean (Measured Al-7Si).
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Figure 2.1: Mean values of the particle maximum Feret (F,, | mearn) @S a function of the mean
value of the particle perimeter (P]neqn)- Measured Al-7Si: Measured data points for samples
of Al-7Si and Al-7Si-0.3Mg alloys. Circle: Reference to a circle Pl ean = 7 * Fpnlmean-
Literature: Data points from Al-7Si-0.5Cu-Mg and Al-8Si-3Cu from ref. [77].

However; either if ML is quantified through Pl ean OF Fnlmean, the problem of this
methodology relies on that inhomogeneously modified structures are not reliable rated.
There are two arguments related to the use of the mean values of size parameters, such
as Eynlmean OF Plmean, t0 evaluate modification: One is that the SCR scales the
structure sizes, thus structures with equivalent modification states may present different
absolute sizes [28]. The other is that no information about the microstructure
homogeneity is considered, thus a smaller structure, but inhomogeneously modified, can
have a better rating than a larger, but well better modified structure. To illustrate this

problem, the following analysis is carried out:
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In this work, ML was quantified for the micrographs displayed in Figure 2.2, using
Plmean @S suggested by Heugenhauser et al. [77]. These micrographs correspond to
Micrograph No. 5 (Figure 2.2-a) and Micrograph No. 3 (Figure 2.2-b) from a round
robin test carried out in this work, which will be later introduced. These micrographs
were classified by experts as “homogeneously modified” and “inhomogeneously
modified”, respectively. The homogeneously modified state was understood to be the

better modification state.

Figure 2.2: (a) Homogeneousgly modified sample, ML = 2.8. (b) Inhomogeneously modified,
ML = 3.0. The problem is that the method of ML rates better micrograph (b) than (a), while
micrograph (a) is better modified than (b).

The micrograph in Figure 2.2-a has Pl,eqn = 14.3 pm and the micrograph in Figure
2.2-b has Plean = 13.3 um. Thus taking into account the method of ML, in Figure
2.2-a has a lower ML (ML = 2.8) than Figure 2.2-b (ML = 3.0). The relatively small
Plinean Tor Figure 2.2-b is attributable to the presence of a large amount of very small
particles, despite of the few coarse particles. As a result, the inhomogeneously modified
structure (Figure 2.2-b) has a better rating of ML than the homogeneously modified one
(Figure 2.2-a). Thus it can be concluded that ML does not give representative values for
inhomogeneous cases. This example shows clearly, that not the average sizes of a

micrograph, but also its homogeneity is the key to correctly assess the modification.

The advantage of this method is that it is very simple and straightforward. Its problem is
that it uses the mean values of size parameters, discarding the information from
individual particles. An objective assessment is needed, especially when complex,

inhomogeneous structures have to be assessed. And exactly for such cases, this method
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Is not reliable. Thus an improvement of the methodology to assess the modification is

required.

2.2. Objective

The objectives of this work are:

To develop an improved objective method to assess the modification in Al-
7Si and Al-7Si-0.3Mg alloys with different cooling rates.
To analyze objectively the correlation between the process settings, the

microstructure and the mechanical properties.

2.3. Strategy

To develop an improved objective method to assess the modification, it will be

preceded as follows:

Because of the disadvantages of using absolute size parameters, alternative
parameters will be analyzed. In addition to parameters from the literature,
new parameters will be suggested in this work.

Using the most adequate parameters to describe the microstructure, an
objective methodology to assess the modification will be developed.

To ensure that the method provides reliable results, it will be developed with
the feedback from thirteen specialized laboratories in Al-Si casting alloys.
After having developed a reliable assessment method, information regarding
the process settings and mechanical properties will be objectively studied

with relation to the modification.
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3. METHODOLOGY

In this chapter, the applied techniques and parameters to analyze the structure are
presented. In addition, further parameters are defined, which were developed to describe

concerning microstructure characteristics.

The terminology to describe the microstructures had to be defined. Figure 3.1 shows the
suggested classification of the microstructures. The adjectives selected to describe the
particle morphologies are: lamellar, plate-like, coral-like, and coarsened coral-like. One
class can have several morphologies; for example, under-modified microstructures can
present lamellar, plate-like and coral-like shaped particles. Subjective descriptions of
the microstructures using this terminology have been already carried out in the literature
[30,34]. In this work, firstly, representative micrographs for the classes are identified
with the help of the experts, and secondly, quantitative microstructure characteristics of

the classes are identified.

I

Lamellar

|

Granular

Eutectic Si

|

microstructure

Homogeneous P—
Undermodified

Inhomogeneous <,—
Overmodified

Figure 3.1: Proposed classification of the eutectic Si microstructures.

|

3.1. Description of samples

The castings are AI-7Si base alloys differing in the chemical composition and
solidification cooling rate (SCR). The chemical composition of the alloy was varied
with the addition of 0.3 wt.% of Mg and different, controlled amounts of P, Fe and Sr. P
and Fe are impurities commonly present in commercial casting, which were added to

analyze their effect. Sr was the chemical agent used to induce modification. The casting
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processes were non-directional gravity casting and the samples were studied in as-cast

condition.

The samples used are listed in Table 3.1. The samples were casted at the Institute of
Casting Technology (Institut fur GieRereitechnik, IfG) in Dusseldorf, Germany and the
Foundry Institute (GielRerei-Institut, GI), from the RWTH Aachen University
(Rheinisch-Westfalische Technische Hochschule Aachen, RWTH Aachen) in Aachen,
Germany. The sample preparation, which involves cutting, mounting and polishing, was
carried out at the IfG, at the Gl and at the Saarland University (UdS).

At the GI, Al with 99.9995 % purity and high purity Si and Mg were used. The addition
of P was performed through a SiP alloy (P amount: 940 wt. ppm); Fe, through Fe
powder; and Sr, through an Al-15 wt.% Sr alloy. To vary the cooling rate, the melt was
casted simultaneously into three cylindrical-shaped molds with 30 mm, 60 mm and 90
mm of diameter. The samples are called Triplex D30, -D60 and -D90, respectively

(larger specimens have lower SCR).

The samples from IfG were commercial alloys casted in metal and sand molds. The
metal mold causes the melt to solidify at higher rates, than the sand mold. “Ingot”
indicates that the sample was taken from an aluminum ingot; and “Technical”, that the
sample is from a technical casting.
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Table 3.1 List of used samples with detail of the chemical composition and process setting. Gl:
Foundry Institute, Aachen. IfG: Institute of Casting Technology, Dusseldorf. UdS: Saarland
University, Saarbriicken.

Chemical composition: Al 7 wt. % Si and controlled amounts of

Micrograph| Sample Pr.epared and Mg /wt .% Sr/wt. ppm P/wt. ppm Fe/wt.ppm |Casting process
Nr. from imaged by
1 Gl Gl - 50 2.5 - Triplex D30
2 Gl Gl - 50 2.5 - Triplex D60
3 Gl Gl - 50 2.5 - Triplex D90
4 Gl Gl - 50 5 - Triplex D30
5 Gl Gl - 100 2.5 - Triplex D90
6 Gl Gl 0.3 - 2.5 - Triplex D30
7 Gl Gl 0.3 50 - - Triplex D30
8 Gl Gl 0.3 50 5 800 Triplex D30
9 Gl Gl 0.3 250 5 - Triplex D30
10 Gl Gl 0.3 250 - 400 Triplex D90
11 IfG IfG - 250 4 290 Sand mould
12 IfG IfG 0.3 200 5 800 Technical
13 IfG IfG 0.3 300 8 1200 Ingot
14 IfG IfG 0.3 90 8 260 Metal mould
15 IfG IfG 0.3 90 8 260 Sand mould
16 IfG IfG - 100 6 290 Sand mould
17 Gl uds - 50 2.5 - Triplex D30
18 Gl uds - 50 - 400 Triplex D30
19 Gl uds - 100 2.5 - Triplex D30
20 Gl uds - 100 - 400 Triplex D30
21 Gl uds - 100 - 800 Triplex D30
22 Gl uds - 100 5 - Triplex D30
23 Gl uds - 250 2.5 800 Triplex D30
24 Gl uUds - 250 - - Triplex D30
25 Gl uds - 250 5 400 Triplex D30
26 Gl uds 0.3 - 5 - Triplex D30
27 Gl uds 0.3 - 2.5 - Triplex D30
28 Gl uds 0.3 - - 800 Triplex D30
29 Gl uds 0.3 50 - - Triplex D30
30 Gl uds 0.3 50 5 800 Triplex D30
31 Gl uds 0.3 100 - - Triplex D30
32 Gl uds 0.3 250 2.5 - Triplex D30
33 IfG uds - - - 300 Metal mould
34 IfG uds - - - 300 Sand mould
35 IfG uds 0.3 350 - 300 Sand mould
36 IfG uUds 0.3 350 - 300 Metal mould
37 IfG uds 0.3 55 - 300 Sand mould
38 IfG uds 0.3 55 - 300 Metal mould
39 IfG uds 0.3 - - 300 Sand mould
40 IfG uds 0.3 - - 300 Metal mould
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3.2. Microstructure imaging and image data

To image the structure in 2D, light microscopy was considered convenient because
images with adequate contrast and resolution are achievable. To properly characterize
the dendrites, commonly a lower magnification (about 200X) is required than the
required to characterize the eutectic structure (about 1000X).

For 2D analysis, light microscopes (from Leica and Olympus) equipped with cameras
for digital imaging were used. Using the image analysis system a4i Analysis of the
Aquino AG, the images were binarized (setting a threshold value of gray value to

segment the Si) and the quantitative image data gathered.

To image the structure in 3D, FIB-tomography was considered convenient because
relatively large studied volumes, with adequate resolution are achievable. The dual
beam platform used was the FEI Helios NanoLab, which employs Ga liquid metal as
ion source. The angle between the ion beam and the electron beam is 52°. The

methodology to carry out the FIB-tomography is as follows:

An ion current of 20 nA is utilized to deposit the Pt layer over the area of operation. The
layer of Pt deposited is about 1.5 um to 2um thick. Also using an ion current of 20 nA,
a trench around the volume to be investigated is milled. An ion current of 5 nA is
utilized to mill the slices. An electron beam with 5 kV of acceleration voltage is utilized
to take the (2D) SEM images. The serial sectioning procedure is performed using the
software Slice&View. The gap between images is 150 nm and the images pixels
measure 50 nm x 63 nm, thus the resolution (voxel size) of the achieved tomographies

is of 50 nm x 63 nm x 150 nm.

The collected SEM images are aligned, with the help of the software package Amira,
using as reference the Pt-layer and the trench borders, which are observable at the SEM
images. The imaged volume is cropped so that only the relevant study volume is visible,
i.e. the Pt-layer and the trench are cropped out. The cropped SEM image stack is
improved using shadow correction operations in the software a4i Analysis of the Aquino
AG. The improved and cropped SEM image stack is segmented, and the 3D structure
reconstructed, using the software package Amira. Quantitative parameters from the 3D
reconstruction are gathered using the Modular Algorithms for Volume Images (MAVI)

software system from the Fraunhofer ITWM, Kaiserslautern, Germany.
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Errors are involved throughout the image processing, segmentation and reconstruction.
These errors give rise to small isolated artifacts and inaccuracies on the particle
characteristics. To minimize the errors, isolated objects in the tomographies being

smaller than 1 um are discarded.

3.3. Subjective Assessment: The Round Robin Test

A round robin test was carried out to be taken by experts with experience in the
subjective assessment of AI-Si alloys microstructures. The round robin test was
developed with the aim of identifying micrographs representing the suggested classes

and their corresponding microstructure shapes (Figure 3.1).

A micrograph from each sample (Table 3.1) was taken. The round robin test consisted
in three questions related to the eutectic Si structure of each micrograph, to which the
participant replied independently and subjectively. The questions/tasks were defined in
collaboration with the project partners. The first and the second questions/tasks were
multiple-choice. The first question/task was to identify the modification state, marking
one option from the following options: unmodified granular, unmodified lamellar,
under-modified, homogeneously modified, and over-modified. The second
question/task was to identify the morphology, marking up to two options from the
following options: lamellar, plate-like, coral-like, and coarsened coral-like. In the third
question/task, the participant was asked to subjectively estimate the homogeneity with a

directly proportional number from 0 to 100 %.

The micrographs, together with the questions, were handed to the project partners. A
total of thirteen project partners gave feedback, which, because of privacy protection,

remain anonymous and are identified with a laboratory number.

Quantification of the feedback

To quantify the overall results from the round robin test, the “percentage agreement” is
defined in this work as the relative amount of marks in a given option. Considering the
replies for the first question, to group the micrograph in modified or unmodified, the
percentage of agreement for the option “unmodified” (Uq,) was calculated as the amount
of marks in the options “Unmodified granular” (UG) and “Unmodified lamellar” (UL)
divided by the total amount of marks in the first question (Ty), i.e. Uy, = (UG + UL)/

T;. Similarly, the percentage of agreement of the option “modified” (My,) IS
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My, = 1 — Uy, = (OM + UM + HM)/T;, where OM, UM and HM are the number of
marks in the options “Over-modified”, “Under-modified” and “Homogeneously
modified”, respectively. For the option “unmodified granular”, the percentage
agreement (UGe,) is UGy, = UG/T;. The percentage of agreement of the options, under-
modified lamellar, over-modified, under-modified and homogeneously modified, are
calculated analogously. The percentage of agreement for the option “Inhomogencously
modified” (IMy,) is IMg, = (OM + UM)/T;.

Analogously as for the first question, the percentage of agreement for each option of the

second question was calculated.
3.4. Quantitative microstructure parameters

The defined 2D microstructure parameters (page 21) were calculated using the data
obtained using the image analysis system a4i, with exception to the dendrite parameters.

Regarding the dendrite parameters, the DAS was quantified because the DAS is the
most remarkable characteristic to describe the dendrites in non-directional solidified
microstructures (as the ones studied in this work) [149]. In this work, the DAS of the

samples was estimated as suggested in ref. [78].

As discussed earlier (page 15), the particle sizes and the DAS decrease with increasing
cooling rate. With the aim of characterizing the particle sizes for a range of cooling
rates, the particle sizes relative to the DAS have been calculated. In addition to the
standard 2D microstructure parameters (page 21), further 2D parameters are defined in
this work, which describe how relatively large are the particles in a given structure, as
indicated in Table 3.2.

Table 3.2: Definition of DAS related parameters.

DAS related parameter Definition Meaning
n is the total number of particles in the
_nx DAS? considered imaged area (Ajmagea), thus
Density of objects (D) B Aimaged D is the average number of particles in a

square of sides equal to the DAS.

. Ratio between the particle’s F,,, and the
Feret-DAS ratio (FAR) FAR = Fm ' W parti m
DAS DAS
. A Ratio between A and the surface of a
Area-DAS ratio (AAR = — .
(AAR) AR DAS? square of sides equal to the DAS
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3.5. Quantitative data analysis

The analysis of the data is carried out to find out which are the most suitable parameters
describing a given structure. For example, if two different structures are studied which
have similar particles in shape, but one structure have larger particles than the other,
size parameters will help to comparatively study these structures. To find out
objectively which parameter is the most suitable, mathematical functions or computed

processes are used to analyze the data.

Evaluation of parameters

Particle- or microstructure parameters are evaluated to determine if they are capable of
differentiating particles or microstructures (“items”), respectively. The particle- or

microstructure parameters are quantitative “attributes” describing the items.

Let us suppose that it is desired to evaluate a positive attribute (x) differentiating items,
which are classified into two classes. A given number of items belongs to class A, and a
given number of other items belongs to class B. The value of x is quantified for all the
items and the minimum, the maximum and the mean for each class is calculated. The
variables xpmin A , Xmax a and X are the minimum, the maximum and arithmetic mean
of the items in class A. Similarly, xnin B » Xmax g @nd Xxg are the corresponding values
of the items in class B. Figure 3.2 represents graphically an attribute x quantified for

two classes.
The percentage difference is defined as PD = % and represents how relatively
B B

different are the mean values [150].

The intervals of values of x for class A and B are [xmin4,Xmaxa] and
[Xmin B,Xmax g), respectively. In this work, the relative gap size (RGS) is defined, in
Equation 3.1, which can be calculated if there is no interval intersection, i.e. if there is a

“gap” (a in Figure 3.2) between the intervals.
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_ Xmin. A~ Xmax_B

fOT' xmin_A > xmax_B

Xmax_A — Xmin_B

RGS X X
min_.B ~ “max_A
= - _ - fOT' Xmin_B > Xmax_A
k Xmax_B Xmin_A

Equation 3.1: Definition of the relative gap size (RGS).

The RGS represents, in the range of variation, how relatively large is the gap between
the intervals [X;in 4, Xmax 4] and [Xmin B,Xmax g]- PD and RGS are represented in

Figure 3.2.

a o Xmin_A - xmax_B

RGS = ==
X — Xmi
|27 _ ¥ | max_A min_B
= : [ B A B
g %7 T : (N C
_8 Xinin_A - Xmax_B B "B/
E Xmina ~~77 777 : B |14 _2
E 2-: : a \
max _Bé 2|,\7 _ )7 |
: = : Y PD = Y _ A B
B T T T77 - — —
. ) § (x ot X,)
X e m— == Y
min_B

Class A Class B

Figure 3.2: Definition of the relative gap size (RGS) and the percentage difference (PD) of a
given parameter x quantifying two classes (class A and class B).

PD and RGS are quantitative parameters evaluating the attributes, i.e. evaluating the
particle or microstructure parameters. The interpretation of PD and RGS is that they
quantify the discriminatory efficiency of the attribute x, differentiating two classes. The

higher these values are, the more suitable the attribute to differentiate the classes is.

Analysis of data using computed processes

In this work, computed processes were used to classify particles and microstructures
based on the microstructure data. The computed processes were carried out with the
data mining software Rapid Miner. In the computed processes, rules defining a
classification model are performed by a so called learner operator. The learner operator

used in this work was the “Decision Tree”. This operator needs as input a labeled data
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set, which is for example, a group of classified particles or microstructures (“labeled
items”). Each item is labeled, and described by means of attributes. The learner operator
“learns” from these examples how to classify the items. As a result, a classification
model is obtained, which is composed by rules applicable to the attributes. Figure 3.3
illustrates the process with a hypothetical example. The classification model can be used
to predict the label of unlabeled items.

[tem ID Descriptive Attributes Class Classification Model
[ I
Item Parameter A |Parameter B| ---- | Label
If Parameter A > 30
Micrograph No. 1 22 15 i C ted
Mi h No. 2 Modified ;’)rmolc);ls: —> the Item is Unmodified
icrograph No. 55 9 Unodified
Micrograph No. 3 25 6 Modified
: If Parameter A < 30
Micrograph No. n 59 5 Unodified = the Item is Modified

Figure 3.3: Conceptual illustration of the use of a computed process to generate a classification
model. A data set of described and labeled items is the input to the computed process. The result
is a classification model, which is applicable to label unclassified items.

The learner operator “Decision Tree” is an algorithm based on recursive partitioning. In
every recursion, the algorithm selects an attribute and split the data set into subsets,
which are formed by disjoint ranges of the selected attribute. In the hypothetical
example in Figure 3.3, the selected attribute is the “Parameter A” and the disjoint ranges
for the attribute are (—o0,30] and (30, ). For these subsets, the same algorithm is
recursively applied. The recursion stops at the latest when all the items of the subset
have the same label. As a results, a series of rules conforming a classification model is

obtained, which can be represented graphically in a tree-like graph (a decision tree).

To achieve a meaningful classification model, options in the software should be
adjusted, as the criterion to select the attribute and the minimal number of items in a
subset for splitting. If the classification model has too many rules, the rules may over-
fit the example data, increasing the risk of misclassification; and if it has insufficient

amount of rules, it will be robust but too generalized, thus not descriptive.

To evaluate the classification model, a validation system was built implementing the
cross-validation process in the software. This technique consists in splitting the input

data set into two sub-processes: a training sub-process and a testing sub-process. In the
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training sub-process, the learner operator generates the model; in the testing sub-
process, the performance of the model is measured. The “class recall” and “class
precision” are results from the validation, which will be later detailed. The computed
process has been run repeatedly using different settings. The classification models have
been optimized using the results from the validation, the parameters PD and RGS and

the physical interpretation.

3.6. Mechanical properties

Small Punch Test

Small punch test (SPT) [151,152] was carried out to evaluate the mechanical behavior
of AI-Si alloys. The tests were performed at the Metals Division, at the Bariloche

Atomic Centre, in Bariloche, Argentina (Centro Atomico Bariloche, CAB).

The SPT was conducted under constant displacement, at room temperature. A schematic
diagram of the experiment is shown in Figure 3.4-a. Disks specimens of 10 mm in
diameter were tested, with thicknesses t = 0.50 mm andt = 0.55mm. To control
the thickness, the samples were polished. A universal testing machine Instron 5567, was
used to apply a displacement rate of 0.1 mm/min. A hard steel puncher, pushing a
silicon nitride ball (with a diameter of 2.5 mm), was used to deform the clamped
specimen. During the test, the load and the displacement are measured until the
maximum load is reached. The displacement is measured at the bottom side of the
specimen by a linear variable differential transducer (LVDT) HBM W1T3 linked by a
silica push rod. SEM images from the specimens, after the test, were taken using the

electron microscope Philips SEM 515.
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Figure 3.4: (a) Schematic diagram of the Small Punch Test (SPT). (b) Typical punch load—
displacement curve generated from a SPT for a ductile material and the definition of Py and
Pmax [153]

The curve of punch load vs. displacement for ductile materials presents different stages
separated by changes in the slope of the curve, as illustrated in Figure 3.4-b. The stages
are: (1) initial elastic bending, (2) plastic bending, (3) membrane stretching, and (4)
appearance of the maximum load (B,,.)- Py is the load, where initial non-linearity is
observed. The maximum displacement is related to the ductility of the material and the
area below the curve, from zero displacement up to the displacement at B,,,,, is related
to the toughness of the material. P,/t2, where t is the initial thickness of the tested

specimen, is proportional to the yield stress of the material (oys), according to the

equation oyg = al:—;(. [154]

Charpy impact test

Instrumented Charpy impact test [155] was carried fout to evaluate the impact behavior
of Al-Si alloys. The tested samples through Charpy test are appart from the list of
samples shown in Table 3.1 (page 42). The samples for Charpy test were casted at the
IfG. Besides, the IfG provided the results from the Charpy tests and the micrograph

from the tested samples.

The results regarding impact properties present in this work were carried out using
computer-aided instrumented Charpy impact testing, at room temperature. The tests
were carried out on an impact pendulum tester, with pendulum energy of 300 J. To

conduct the tests, specimens of dimensions 55 = 10 * 10 mm3 were used, without
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notch, according to 1ISO 148-1. The force (load) as a function of the time is measured.
The force and the energy, as functions of the displacement during the impact event, are
computed according to DIN EN ISO 14556.
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4. RESULTS AND DISCUSSION

In this chapter, the results are shown and discussed, and it is divided into four sections.
The Section 4.1 studies how to quantify homogeneity. The Section 4.2 develops an
objective method for evaluation of the modification. Section 4.3 compares the
morphologies of quench- and Sr-modified microstructures, thereby using FIB-
Tomography. Section 4.4 is about the correlation between the modification, the process

settings and the mechanical behavior of castings.

4.1. Homogeneity

This work presents a new method to evaluate homogeneity, which is the result of

analyzing the homogeneity and how its quantification can be improved.

With the available tools in the literature, difficulties to describe accurately the
homogeneity were found. Tessellations, as the VVoronoi tessellations, results in a new
image, but the homogeneity still remains without being quantified. As mentioned (page
28), the ratio (SD/X) has been used in some works to quantify the homogeneity. This
ratio was developed in statistics to measure the dispersion of frequency distribution and
it is commonly called “relative standard deviation” (RSD), RSD = (SD/|x|) * 100 %
[156,157]. The following section explains why the Gini coefficient (G) is more
appropriated than the RSD, to describe the homogeneity. Afterwards, different kinds of
homogeneities are defined and it is pointed out, which is the most appropriate to study

the modification of Al-Si alloys.

4.1.1. Applying the Lorenz curve and the Gini coefficient to quantify the
homogeneity

In statistics, the relative standard deviation RSD is used to quantify the data dispersion
resulting from repeating the same experiment several times, as in the following

example:
e Example 1: The area of one particle is measured several times.

In the example 1, the area values are expected to be one “real value”, but they differ
because of measurement or statistical errors. In contrast, to evaluate the homogeneity,
measurements from physically different elements are considered, as in the following

example:
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e Example 2: The areas of different particles are measured (each particle is

measured once).

In the example 2, unlike to the example 1, the differing values come from physically
different particles and the data points are not expected to be equal. In statistics, there are
different tools to study dispersion of data points, depending on whether the data points

are expected to be equal or not.

e The question applicable in example 1 is “how much the measurements differ
from the real value” and the RSD is the appropriate tool to analyze this
question.

e The question applicable in example 2 is “how much the measurements differ
from each other” and the G is the appropriate tool to analyze this question
[109].

The homogeneity (H) can be evaluated applying the Lorenz curve, with an analogous
procedure to the described earlier using people and income (page 29). As illustrated in
Figure 4.1, instead of people from a society, items, such as particles or regions from a
microstructure, are considered. Instead of income, a given parameter x, as for instance
the maximum Feret (F,,), is considered. The values of the parameter x are indexed in
non-decreasing order. The Lorenz curve is obtained by plotting the cumulative share of
the x values versus the cumulative share of analyzed items. The H is defined as the area
below the Lorenz curve (A4;) divided by the area below the Line of equality (which is

0.5). Thismeans that H = 24; = 1 — G. H represents “how similar are the data points”
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Cumulative share of particles
Figure 4.1: lllustration of the Lorenz curve for the maximum Feret (F,,) of the particles in a

micrograph and the homogeneity (H). H increases as the Lorez curve gets closer the line of
equality.

It can be shown that H can be expressed as in Equation 4.1 [1]. The interpretation is: the
more similar are the data points are, the closer the Lorenz curve to the line of equality
is, and the more homogeneous the system is. A Lorenz curve coincident with the line of

equality (H = 100%) means that all the data points are equal.

n
2 _ 1
H(x) = _TI.Z 7 Z(Tl+ 1-— l) X(i) —;
i=1

Equation 4.1: Definition of the homogeneity. n is the number of studied items. The x values are
indexed in non-decreasing order, and x is their arithmetic mean value [1].

4.1.2. The region homogeneity

To quantify how homogeneous is the distribution of objects, different regions of an
analyzed area can be compared. These regions are micrographs from a given studied
area, which can be adjacent, taken with a regular periodicity or from random spots. We
termed this kind of homogeneity region homogeneity [1]. The example in Figure 4.2,
shows how analyzed areas are partitioned in four regions. The area fraction and/or the
amount of particles in each region can be used to evaluate the homogeneity. The
interpretation of the region homogeneity is: The more similar the regions are, the more

homogeneous the system is.
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Figure 4.2: lllustration of the region homogeneity: a and b represent different cases of object
distribution. The images at the bottom represent the partitioning of the images a and b into four
regions. Since the individual regions for case a are more similar than for b, the distribution of
objects in a is more homogeneous than in b [1].

Considering the Figure 4.2 and for illustration purpose, the region homogeneity of the

particle number is quantified. The studied items for each micrograph are the four

regions (n = 4), and the parameter x is the particle number. The Table 4.1 and the

Figure 4.3 show the results. The results indicate that the case a of Figure 4.2 is more

homogeneous than b.

Table 4.1: Quantitative data corresponding to Figure 4.2. The homogeneity results indicate that

case a is more homogeneous than b.

Parameter x; (in this Cumulative share of
example: the number of items F; (in this S; (cumulative |L; (cumulative u .
. . . . omogeneity
Index i particles in each example: the cumulative X) share of x)
region) share of regions)

Case a Caseb Casea Caseb Casea | Caseb | Casea|Caseb | Casea | Caseb
1 12.0 2.0 0.25 0.25 12.0 2.0 0.24| 0.04
2 12.0 2.0 0.50 0.50| 24.00f{ 4.00| 0.49| 0.08 099 | 0.47
3 12.5 12.0 0.75 0.75| 36.50( 16.00f 0.74| 0.33
4 12.5 33.0 1.00 1.00( 49.00| 49.00{ 1.00| 1.00
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Figure 4.3: Lorenz curve corresponding to Figure 4.2. Case a is closer to the line of equality
than b, thus a is more homogeneous than b.

4.1.3. The object homogeneity

Other kind of homogeneity can be defined, representing the similarity of particles,
regardless to their physical position in the structure. To quantify the similarity of
particles, the homogeneity of particle parameters is analyzed. We termed this kind of
homogeneity object homogeneity [1] and is illustrated in the Figure 4.4. The Figure 4.5
shows the Lorenz curves of the object area (4) and the maximum Feret (Fm). Since the
objects in case a are equal, the resulting Lorenz curves are lines of equality (straight
lines). In case b, different objects are observable, and the resulting Lorenz curves are

below the line of equality. The homogeneity results are: H,y = 100% and Hgpy) =
100% for case a, and H4y = 58% and Hgp,y = 75% for case b.

?...0 ™ ...:.b .. ...:.
e ® o o o o o o
.0. * .. .o .. .o
° °
.:.0 : : .. : ...
® ® ®
® e o L ® o
® o® ® .0 e | o e® ® .0 ®

Figure 4.4: lllustration of the object homogeneity. a presents equal objects and b presents
different objects, thus a is more homogeneous than b [1].
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Figure 4.5: Lorenz curves of the area and of the maximum Feret, corresponding to Figure 4.4.
Case a presents Lorenz curves coincident with lines of equality (all objects are equal) and b has
an inhomogeneous distribution.

4.1.4. Constructed homogeneities

Homogeneities H,, as defined in Equation 4.1 are “basic homogeneities”, because they
depend on only one parameter. Functions of basic homogeneities are called
“constructed homogeneities”. The object homogeneity ( hy), defined as hy = Hppy) *
H(4), is an example of a constructed homogeneity [1]. A raising question is why the
basic homogeneities are multiplied instead averaged. It is in fact a matter of definition

and a discussion follows.

Figure 4.6 shows the average and the product of variables between zero and one (x and
y). x and y represent basic homogeneities, thus the average ((x + y)/2) and the product
(x y) represent the results of averaging and multiplying basic homogeneities.
z = (x + y)/2 can have relatively high values, also if one variable is very low; instead,
z =xy has high values, only if both variables have high values. Therefore, the
meaning of hy = Hpmy * Hyy is that hy will have high values only if the studied

objects are similar (to each other) considering both, Fm and A.
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Figure 4.6: Graphical representation of the product (z = x y) and the average (z = (x + y)/2)
of two variables, xandy, 0 < x < 1,0 < y < 1. If either x or y is small, the product is small
(e.g. P(0.1,1,0.1)), while the average can take relatively large values (e.g. P(0.1,1,0.55)).

Going back to the example from Figure 4.4, the results of the object homogeneity are
ho = Hyyy *Hpmy =11 =100% for case a and hy = Hiy) * Hip) = 0.58 =
0.75 = 44% for case b. In real cases, the differences between basic homogeneities can
be slight. Thus the h,, is helpful, because it combines the results of H¢,) and Hgy,), and

it makes the differences between cases more explicit.

4.1.5. Remarks of the section

In 2D analysis, (see Figure 1.3 in page 7, and Figure 1.6 in page 10) the difference
between fully modified structures and other modified structures, is that fully modified
structures have only fine-fibrous particles, which are alike to each other. Instead, non-
fully modified structures (such us under- or overmodified) have a mixture of particles,
with different sizes and morphologies. Under-modified structures have fine fibrous and
coarse and stretched particles; and over-modified structures have fine fibrous and coarse
particles. Therefore, it makes sense to evaluate the object homogeneity to evaluate the
modification. Instead, the region homogeneity is not applicable to study hypoeutectic
Al-Si alloys, because the particles are concentrated in the eutectic regions. The region
homogeneity is relevant to study other materials, for example, the distribution of carbon

nanotubes (CNT) in reinforced composites [3].
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In Al-Si alloys, the object homogeneity h, represents how similar the eutectic Si
particles are. If a microstructure is fully modified, h, will be relatively large, because
the particles have similar A and Fm. If the structure is modified with most particles
being fine-fibrous, but it has coarse particles (particles with relatively large A, e.g.
granular or over-modified particles) or stretched particles (particles with relatively large
Fm, e.g. plate-like particles), h, will be relatively low. Thus it is expected that, among

modified samples, h, has a direct relationship with the modification level.

It is worth to point out, that also fully unmodified structures may present also high
homogeneity values. Thus the homogeneity is useful to evaluate modification among
modified samples, but not to distinguish modified from unmodified samples. Therefore,
further parameters, e.g. relative size parameters, will be required to fully characterize

the modification.

4.2. Quantitative classification and assessment of modification

The following section is focused on the discussion and analysis of 2D micrographs used

in the round robin test. These micrographs are listed in the Appendix.

4.2.1. Subjective assessment: The round robin test

In the Appendix, together with each micrograph, the graphical representation of the

results from the round robin test is displayed.

For better visualization of the results, a scale represented by color and symbols was
developed. Table 4.2 shows these scales and the results are summarized in Table 4.3.
Using this data, the list of samples (Table 3.1, page 42) was ordered from
homogeneously modified to unmodified. Taking into account the percentage of

agreement, model micrographs representing the classes were identified in Table 4.3.
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Table 4.2: Color and symbolic scale for classifying the microstructures based on the subjective
results from the round robin test. This scale is used in Table 4.3

Question % Symbol |Meaning: The microstructure...
_|90-100 ... belongs to this group
—
o S 75-89 &
g § 60 -74 @ |... belongs most likely to this group
S [50-59 @
0-49 3 |... does not belong to this group
-~ ~ [90-100 - is a good model for this shape
g % 60 - 89 @ |... presents mainly this shape
2% |a0-59 0 .
= ... may present this shape
§ & [20-39 o
0-19 8] ... does not present this shape
T 2 |e5-04 @
aga7 g 084 > .hatc, a subjective homogeneity
g within the corresponding range
s < 50- 69 L)
0-49 0
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Table 4.3: Results from the round robin test. Images ordered from homogeneously modified to

unmodified. The best models microstructures are considered to represent very well the

corresponding class.
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It can be observed that experts agree when they classify fully unmodified and

homogeneously modified micrographs. On the other hand, for those inhomogeneously



modified, ample variation among the replies is noticeable. Analyzing the assessment
from the experts (Table 4.3 and the Appendix), the following summary is made:

Modified microstructures have coral-like shapes as common characteristic. Most
micrographs (29 out of the 40) have over 90 % of agreement for the modified option

and therefore, they can be considered as good models for modified microstructures.

Unmodified microstructures are mostly plate-like shaped and they may present also
lamellar shaped particles. They may present homogeneous aspect and they do not
present coral-like shaped particles. Good models for unmodified granular and lamellar

are micrographs no. 26 and 28, respectively.

Modified microstructures can be homogeneous or inhomogeneous. Homogeneously
modified can be considered the first four micrographs of Table 4.3; especially, the
micrographs No. 20 and 24. Homogeneously modified structures have coral-like

particles and high subjective homogeneity.

Inhomogeneously modified microstructures present a mixture of coral-like and coarse
particles. In the list there are several samples displaying an inhomogeneously modified
microstructure. Micrographs No. 29 and 4 have an agreement of over 90 % in this class.

The micrograph No. 4 is considered a good model for an under-modified microstructure
with coral-like and plate-like eutectic regions. The micrograph No. 36 is the best model
of an over-modified microstructure, which has coral-like and coarsened coral-like

particles.

Figure 4.7 represents the arithmetic average of the subjective homogeneity for each
micrograph. The error bars (standard deviation (SD)) allow appreciating the remarkable
data variation. Figure 4.8 represents the SD and the relative standard deviation (RSD) of
the subjective homogeneities, as a function of the average subjective homogeneity. The

RSD, is quantified as the SD divided by the average subjective homogeneity (page 52).
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Figure 4.7: Subjective homogeneity reported by the experts for each micrograph. The data
variation is remarkable [2].
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Figure 4.8: Standard deviation (SD) and relative standard deviation (RSD) of the subjective
homogeneity, as a function of the average of the subjective homogeneity. The data variation is
especially important for inhomogeneous structures. [2]

Figure 4.9 shows the subjective homogeneity from the different laboratories for each
micrograph. Laboratory 12 and some other data points are not present because not all
laboratories replied all the questions for all micrographs, thus some data points were not

available.

63



Subjective homogeneity /%

100

90

80

70

60

50

40

30

20

10

0

:

4 !
o
o
448N Eu—aa A5 L o
i e
[ ] ‘ [ ] [ | [ ]
L A |
12 3 45 6 7 8 9 1011121314151617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
Micrograph No.
¢ Lab.1 HLab.2 ALab.3 X Lab.4
X Lab.5 ® Lab.6 -Lab.7 —Lab.8
¢ Lab.9 W Lab.10 Lab.11 M Lab.13

® Homogeneity average

Figure 4.9: Feedback from the round robin test. Subjectively rated homogeneity from each
laboratory (Lab.) and their average value (Homogeneity average), for each micrograph.

The difference between the reported homogeneity of the one laboratory and the average

value from all the laboratories was calculated. Those differences, being positive, are

called “overestimation”; those being negative, “underestimation”. Figure 4.10 shows the

average results for each laboratory.

Figure 4.9 and Figure 4.10 show that the variation on the subjective homogeneity is due

to an overall variation on the subjective ratings from all the laboratories. In general,
there are no laboratories always rating high values or always rating low values; hence,
the variation cannot be attributed to systematic differences in the individual ratings.
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Figure 4.10: Average over- and underestimation with respect to the average for each
laboratory.

Partial remarks

- Through visual evaluation, experts agree when classifying fully modified and
fully unmodified structures. However, the subjective evaluations of
inhomogeneously modified samples have important variation.

- It is important to emphasize that the Sr-modification results often in an
inhomogeneous structure, and Sr is the most important modifier in the industry.
This highlights the importance of developing an objective evaluation method,
especially for inhomogeneously modified samples.

4.2.2. Objective data from the micrographs

Micrographs No. 12 and 14 were appropriate for visual evaluation. However, because of
their low data resolution, the eutectic region could not be properly segmented. Thus the

objective data from these micrographs was no possible to be gathered.

With the particle area (A), maximum Feret (F,,) and roundness (R); the corresponding
homogeneities (H(4), H=m) and Hg)) were calculated using the Equation 4.1 (page 54).

The 2D microstructure parameters are summarized in Table 4.4.
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Table 4.4: 2D microstructure parameters, for each micrograph. Micrographs No. 12 and 14 are
missing because of low resolution issues.
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4.2.3. Analysis

The goal of this section is to find out the most adequate parameters, which describe the
best the different kinds of particles and microstructures. The analysis is carried out
combining the imaged data with results from the round robin test, i.e. with the results
from Table 4.3 (page 61). Groups of classified particles or micrographs were achieved
considering the results from the round robin test and these were analyzed with help of
the software Rapid Miner.

4.2.3.1.  Particle classification and Percentage of Modification (PM)

In this section, particles are analyzed. The goal is to find out which are the
characteristics from well modified particles. Particles from homogeneously modified
micrographs (Micrographs No. 24, 20, 2 and 33) were compared with those from fully
unmodified micrographs (Micrographs No. 6, 39, 26, 27 and 28). The former were
considered as true modified particles; the latter, as true unmodified. All these classified
particles (labeled items) are analyzed with help the computed processes in the software

Rapid Miner.

Particle classification

Since the absolute size parameters depend on the modification level but also on the

SCR, the first attempt was to use only particle shape parameters (R, C, y,,, FAR and

AAR) to build a classification model. Using only particle shape parameters as attributes,

the following classification model was obtained:

Classification rules: (Modified/Unmodified)

- if AAR > 0.233 then Modified (20861 /1342)

- ifAAR <£0.233 and AAR > 0.125 and FAR > 0.240 then Modified (1425 /558)

- ifAAR <0.233 and SAR > 0.125 and FAR < 0.240 and R > 0.385 then Modified (19/2)

- ifAAR <0.233 and AAR > 0.125 and FAR < 0.240 and R < 0.385 then Unmodified (113/179)
- IfAAR <£0.233 and AAR < 0.125 then Unmodified (102 /443)

Correct: 22927 out of 25044 training examples.

After the classification rules, the numbers between parentheses represent the results of
the validation. These are the number of particles satisfying the given rule, and being
modified or unmodified, respectively (Modified/Unmodified). A particle classified as

modified is correctly classified, if the particle is true modified, i.e. if it was from one of
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the homogeneously modified structures. Similarly, a particle classified as unmodified is
correctly classified, if the particle was from one of the fully unmodified structures.

In this case, a total of 25044 particles (training examples) were used to create this
classification model. The validation indicates that applying the model, 22927 out of the
25044 particles are correctly classified. To illustrate: the first rule is “if AAR > 0.233
then Modified” and 20861+1342=22203 particles satisfy “AAR > 0.233”. Thus these
particles are classified as “modified”. From these particle, 20861 are true modified (i.e.
from homogeneously modified microstructures) and 1342 are true unmodified (i.e. from
unmodified microstructures). This information is graphically represented in Figure 4.11.
The blue/white bar in the end-nodes represents the amount of particles satisfying the
rules for the corresponding end-node. The proportion of particles being true modified is

represented in blue color; and the proportion of true unmodified, in white color.

AAR
>0.23 =023
£~
Modified AAR

>0.12 <0.12
| 4 - —

FAR Unmodified

| ee——
>0.24 =024

>028 =028

| A |
Modified Unmodified
E— —-—

Figure 4.11: Obtained particle classification model considering only shape parameters. The
model represents that modified particles have higher shape parameters than unmodified ones.
In the end nodes, the blue/white bars represent the proportional amount of true
modified/unmodified particles, respectively.

The validation results are shown in Table 4.5. In this table, “class recall” represents the
percentage of particles correctly classified. To illustrate: the “class recall” of 99%, for
the true modified means, that 22300 particles, from a total of 22300+220=22520 true
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modified particles, were correctly (as modified) classified (notice that
22300/22520=99%). The “class precision” represents, from all the particles with a given
prediction class, the percentage being, in fact, from that class, e.g. the class precision of
the prediction modified is (22300/(22300+1920))=92%.

Table 4.5 Validation results of the model shown in Figure 4.11. Color scale red to green
indicates relatively low to high values, respectively.

true Modified true Unmodified class precision
pred. Modified 22300 1920 92%
pred. Unmodified 220 604 73%
class recall 99% 24%

The color scale red to green in Table 4.5 indicates lower to higher values, respectively.
This color scale will be often used in this work, when searching for relatively high or
low values. In this case, the colors help identifying where the model has good or bad

performance. Only 24 % of the unmodified particles are correctly classified.

To build the classification model of Figure 4.11, only shape parameters (and not size
parameters) were considered. Most of the unmodified particles (100 % - 24 % = 76 %)
cannot be differentiated, using shape parameters, from the modified ones. This fact
indicates that unmodified particles can have similar shapes to modified ones. Therefore,

a particle classification using only shape parameters is inadequate.

To improve the particle classification, size parameters should be involved. However, the
absolute size parameters depend on the modification but also on the solidification
cooling rate (SCR). Increasing the SCR, the eutectic particles and the dendrites decrease
in size. The developed relative size parameters describe the particle sizes, with respect
to the DAS. Thus these parameters are a good approach to characterize the particle sizes
with respect to the modification, and regardless to the SCR. In the following analysis,

shape parameters and the relative size parameters are considered.

Table 4.6 shows all the particle parameters, including the relative size parameters AAR
and FAR, quantified for the modified and the unmodified particles. In this case, the
evaluation parameter RGS could not be quantified because of interval intersection.
Based on the PD values, AAR and FAR are the fittest parameters to classify the

particles.
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Table 4.6: Results of comparing modified with unmodified particles. The percentage difference
(PD) evaluates the difference between the classes considering the corresponding parameter.

Class Value R C |Eulerno.| FAR | AAR | AAR/ 1073 FAR/ 1073
Min 0.03| 0.15 -3.00| 0.11| 0.05 0.03 8
. X Max 0.96] 1.00 1.00( 0.92 0.79 44.26 711
Modified particles
Average 0.66| 0.94 0.98| 0.58]| 0.45 1.68 67
SD 0.19( 0.12 0.16| 0.15] 0.14 2.31 51
Min 0.03| 0.18 -6.00| 0.06| 0.02 0.14 19
i X Max 0.94] 1.00 1.00( 0.90| 0.81 388 3125
Unmodified particles
Average 0.42| 0.85 0.84| 0.41| 0.28 26.03 373
SD 0.24| 0.20 0.57| 0.19] 0.16 38.37 365
Evaluating parameters [PD 22%| 5% 8%| 17%| 23% 88% 70%
(dimensionless) RGS Interval intersection

The relatively low PD values in the shape parameters indicate that modified and
unmodified 2D particles can have similar shapes. The results indicate that the most
pronounced differences between modified and unmodified particles are the sizes, and
not the shapes. This is because, on the one hand, well modified, fine and fiber-like
particles can be round (transversal intersected by the observation plane) or stretched
(longitudinal intersected). For example, the Micrograph no. 29 from the Appendix is
modified and presents several stretched particles. On the other hand, unmodified
particles can be plate-like (stretched) or quite compact and round. For example, the
Micrograph no. 40 from the Appendix is unmodified and presents several compact
particles. Thus through shape parameters, modified and unmodified particles are not

adequately differentiable.

The Euler number (7, ,), which indicates the amount of holes that a particle has, does
not help differentiating modified from unmodified particles. This is because most of the
particles, modified and unmodified, have Euler number equal to one (,, = 1), which
indicates that the particle have no holes. Only a few particles, usually unmodified, have

holes; however, this is not a remarkable characteristic.

The results from Rapid Miner (Figure 4.12 and Table 4.7) indicate that the size related
parameters are the most convenient to distinguish modified from unmodified particles.
Using these parameters, the amount of true unmodified particles correctly classified
improved (from 24 % to 44 %).
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Figure 4.12: Particle classification model. The model represents that modified particles are
relatively smaller than unmodified ones. In the end nodes, the blue/white bars represent the
proportional amount of true modified/unmodified particles, respectively.

Table 4.7: Validation results of the model shown in Figure 4.12.

true Modified true Unmodified class precision
pred. Modified 22450 1424 94%
pred. Unmodified 70 1100 94%
class recall 100% 44%

It can be concluded that the main difference between modified and unmodified particles
is the relative size. Implementing the developed relative size parameters, the results
improved. However, still most of the unmodified particles are misclassified (100 % - 44
% = 56 %). To improve the classification model, further models were tested, which
were obtained by changing settings in the software. More complex decision trees, which
include a higher number of decision nodes, presented over-fitting and did not improve
the classification results. Those unmodified particles, which are misclassified using the

model in Figure 4.12, are small and not distinguishable from modified particles.

The Percentage of modification (PM)

Making use of the particle classification model in Figure 4.12, a “percentage of
modification” (PM) is defined. For a micrograph with a number n of Si particles,
n=m+ u, where m is the number of modified particles and u the number of
unmodified particles, the PM (0 < PM < 1) is defined as PM =Y A i/ Y01 Ai,
where >, A, ; is the summation of the areas of modified particles (4,,) and Y/~ 4; is

the total area of Si particles.
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Table 4.8 shows the values of PM and the subjective classification from the round robin
test. Considering the results from the round robin test, for most cases, structures with
PM over 40 % are modified; and with PM under 40 %, unmodified. Figure 4.13
illustrates the result of applying the particle classification model from Figure 4.12 and
calculating PM. The original micrographs, the Micrographs No. 3, 4, 27 and 28, are in
the Appendix.
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Table 4.8: Quantitative percentage of modification (PM) compared with the subjective results
from the round robin test.
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Figure 4.13: Particle classification model (Figure 4.12) applied to the Micrographs No. 3 (a),
No. 4 (b), No. 27 (c) and No. 28 (d). Particles in red are modified; in blue, unmodified. The
percentages of modification (PM) are, respectively: (a) 87 %, (b) 54 %, (c) 13 % and (d) 21 %.

Partial remarks

To distinguish modified from unmodified particles, the most remarkable parameters are

the relative size parameters AAR and FAR (as defined in Table 3.2).

The particle classification method allows identifying which are the modified and the
unmodified particles in a structure. The method to evaluate the modification using the
PM, in comparison to the model based on ML (discussed in page 38), has the advantage
of considering relative parameters to the DAS values (though the particle classification
model of Figure 4.12). However, similarly to the model based on P],,cqn, the PM does
not involve the homogeneity. Hence, either ML or PM is recommendable to evaluate the

modification.

To assess the overall structure, the homogeneity and further microstructure parameters
should be considered. Following, a study of microstructure parameters to assess the

modification is carried out.
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4.2.3.2. Microstructure classification

In this section, the goal is to analyze micrographs and not individual particles (as in the
prior section). Considering the results from the round robin test, the microstructure
parameters for the different classes are calculated. A total of 38 micrographs are
available for the analysis, which is a relatively low amount of items for the use of
computed processes. Therefore, the physical interpretation and the parameters PD and

RGS (page 47) take importance for building a classification model.

Taking as reference the graph from Figure 3.1 (page 40), the first step is to find out the
difference between modified and unmodified structures. The data to be analyzed is
summarized in Table 4.9. The microstructure shape parameters and homogeneities are
shown graphically in Figure 4.14.

Table 4.9: Comparison between modified and unmodified microstructures. PD and RGS help

identifying the fittest parameters distinguishing the classes.

class | V) 1y (km) | HOA) | HR) Rl | Cloesn | E0" [ FART e [ AAR] g [M e/ | ARImen/ |,
Parameter Nno0.]mean 101n-3 1073

- Min 0.52| 0.33| 0.74| 0.52| 0.87 0.91 0.48 0.35 0.6 44 11.2

;% Max 0.71] 0.57| 0.88] 0.72| 0.97 1.00 0.62 0.51 10.1 193 303

é Average 0.63| 0.47| 0.82| 0.63] 0.93 0.97 0.55 0.42 3.1 91| 70.9
SD 0.05| 0.08| 0.03]|] 0.05| 0.02 0.02 0.03 0.03 2.2 36 72.0

° Min 0.51] 0.36| 0.67| 0.38| 0.77 0.67 0.39 0.27 10.2 225 2.2

% Max 0.57| 0.47| 0.70| 0.45| 0.87 0.88 0.43 0.30 36.6 422 9.5

§ Average 0.54| 0.41] 0.68| 0.41] 0.82 0.81 0.41 0.28 23.6 349 5.5

> SD 0.03] 0.04| 0.01] 0.03| 0.05 0.08 0.02 0.01 11.0 88 3.5
PD 8% 7%| 10%| 21% 6% 9% 15% 20% 77% 59%| 86%
RGS - - 21%| 20% - 8% 21% 24% 0% 8% 1%
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Figure 4.14: Comparison between modified and unmodified microstructures considering the
homogeneities and shape parameters.
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The results show that generally, although for some parameters the difference is
marginal, modified micrographs have higher shape parameters and homogeneities. This
indicates that modified structures have particles which are compact, round (relatively

high particle shape parameters), without holes (y,, = 1) and similar to each other

(relatively high homogeneities).

Modified micrographs, in comparison to unmodified micrographs, have relatively small
particles, presenting lower AAR]ean @Nd FAR]mean @nd a much higher density of
particles (higher D). This can be understood from the physical point of view as follows:
For alloys with the same content of Si and dendrite sizes (and eutectic region size), if
the Si particles are smaller, consequently, a larger amount of Si particles should be

present.

In the following analysis, only modified structures are considered and the homogeneous
and the inhomogeneous structures are compared. The results are summarized in Table
4.10. The homogeneities H4y and Hg,,) do not present interval intersection, thus the
calculation of the RGS is possible. The fact that H ) and Hgp,y do not present interval
intersection indicates, that they are the most suitable parameters to distinguish these

subgroups of microstructures (homogeneously- vs. inhomogeneously modified).

The homogeneously modified structures, which were identified by experts, have higher
quantitative homogeneity. Thus the developed quantitative homogeneity represents well

the subjective judgment from experts.

The large values of PD for the parameters AAR],,.qn @and D indicate that homogeneous
modified microstructures have smaller and more particles, than inhomogeneously
modified. However, the classes share large ranges of values of these parameters. For
example, for D, the interval for homogeneously modified structures is (28, 303) and for
inhomogeneously modified is (11, 116), thus the classes share the range (28, 116).
Because of the extensive intersection (despite of the relatively large PD) AAR]peqn @nd

D are not convenient for classification.
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Table 4.10: Comparison between homogeneous and inhomogeneous modified microstructures.

Modified | Value/ Euler AAR]mean / | FAR] mean /
subgroups | Parameter H(Fm) [ H(A) [ H(R) | Rlmean | Clmean 0] FAR]mean | AAR] mean 10n3 10n3 D
| Min 0.66 0.51| 0.83| 0.64] 0.92 0.98 0.56 0.43 0.73 44 28
§° § Max 0.69| 0.56] 0.86| 0.67] 0.96 0.99 0.60 0.48 3.85 106 303
g 2 Average 0.68| 0.54| 0.84| 0.66| 0.94 0.98 0.58 0.45 1.74 67 134
- SD 0.01| 0.02| 0.01] 0.01] 0.02 0.00 0.02 0.02 1.43 27 119
o Min 0.52| 0.33| 0.74] 0.52] 0.87 0.91 0.48 0.35 1.02 57 11
ugo § Max 0.65| 0.47| 0.88] 0.72] 0.96 0.99 0.62 0.51 10.05 193 116
2 2 Average 0.59| 0.40| 0.80] 0.60| 0.92 0.96 0.54 0.41 4.48 114 35
= SD 0.04| 0.05| 0.04] 0.06] 0.03 0.02 0.03 0.04 2.43 36 29
PD 0.07| 0.15| 0.03| 0.05| 0.01 0.01 0.03 0.05 0.44 0.26| 0.58
RGS 3%| 16% -

Considering the analyses carried out, the microstructure classification model shown in

Figure 4.15 is suggested. This tree-like graph represents that modified microstructures,

in comparison to unmodified microstructures, have more round and smaller particles.

Homogeneous modified microstructures have round particles, similar to each other.

Al7Si or Al7Si0.3Mg eutectic

microstructure

Satisfies FAR]

mean —

R]

mean =

<0.19 and AAR]

>0.36 and

mean —

>0.52and D>11?

Modified

Unmodified

Satisfies H(A) >0.49 and H(Fm) > 0.65 and

R] >0.637?

mean —

Figure 4.15: Micrograph classification model [2].

Yes

o]

Homogeneous

Inhomogeneous

The model shown in Figure 4.15 is applicable to Al-7Si and Al-7Si-0.3Mg base alloys

with a DAS of 20 um to 90 um. Micrographs with a number of 400 to 500 particles

should be analyzed to ensure representation of the result. Alloys with other alloying

elements or different quantities of Si or Mg, or other DASs, were not tested and these

may require adjustment of the classifying rules.
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Classification of unmodified lamellar vs. granular and over- vs. under-modified

Among the available classified samples based on the round robin test (Table 4.3, page
61), there are only a few microstructures classified in the remaining subclasses, namely
the unmodified lamellar, unmodified granular, over-modified and under-modified.
Because of the low amount of microstructures with these classes in the round robin test,

reliable rules for classification of these sub-classes were not possible to be defined.

4.2.3.3.  Objective- vs. subjective microstructure classification

In this section, the developed method for microstructure classification (Figure 4.15) is
applied, and the objective results are compared with the subjective classification from
the experts (Table 4.3, page 61).

Table 4.11 and Table 4.12 show the objective classification for the micrographs (in the
table, the columns with title “Objective”). Figure 4.16 exhibits examples of differently

classified structures.

In some cases, due to the variation in the results from the round robin test, the
assignment is too ambiguous. A subjective assignment is considered unambiguous if the
percentage of agreement for a class is above 50%, and the percentage of agreement for
the opposite class is, at least 25% lower. The objective classification is compared with
the unambiguous replies from experts and it is determined if the objective classification
match the replies (“fit”) or not (“not fit”). These results are also shown in Table 4.11
and Table 4.12.

For the case of modified vs. unmodified (Table 4.11), there is a correspondence of 94 %
between the subjective and the objective classification. The Micrographs No. 7 presents
a mismatch. For this micrograph, the subjective assessment indicates that it is
undermodified and the objective classification indicates that it is unmodified. In favor of
the objective classification, most experts indicate that the structure does not present the
coral like morphology. Micrographs 10 and 16 present also mismatches. It should be
pointed out that, for these two micrographs, the subjective opinions are particularly

wide spread (see Appendix).
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Table 4.11: Objective and subjective microstructure classification for the classes Modified and
Unmodified. The objective classification coincides, in 94 % of the cases, with the expert
unambiguous classification.

Objective Subjective (RRT)
o
c
£ <3 | 3 z 5
ol BE E 3 g =
2l €3 | 3| £ 3 3
5| BE | E| 3 :
= ) =) = < O
2 |Modified (] 0 Unambiguous |Fit &
3 |Modified (] 0 Unambiguous |Fit ]
5 [Modified 2 0 Unambiguous |[Fit ]
11 [Modified (] 0 Unambiguous |Fit &
13 [Modified (] 0 Unambiguous |Fit &
17 |Modified (] 0 Unambiguous |Fit &
18 |Modified ] 0 Unambiguous |Fit &
19 |Modified 0 Unambiguous | Fit &
20 |Modified (] 0 Unambiguous |Fit &
21 |Modified (] 0 Unambiguous |Fit &
22 |Modified (] 0 Unambiguous |Fit &
23 |Modified (] 0 Unambiguous [Fit &
24 |Modified [ 0 Unambiguous |Fit ]
29 |Modified (] 0 Unambiguous |Fit &
31 |Modified (] 0 Unambiguous |Fit &
32 |Modified (] 0 Unambiguous |Fit &
33 [Modified o0 Unambiguous |Fit ]
35 |Modified (] 0 Unambiguous |Fit &
36 |Modified (] 0 Unambiguous |Fit &
37 |Modified (] 0 Unambiguous |Fit &
38 |Modified ] 0 Unambiguous |Fit &
1 |Modified [#] 8 Unambiguous | Fit &
4 |Modified (] 8 Unambiguous |Fit &
8 |[Modified (] 8 Unambiguous |Fit &
9 [Modified [@] 8 Unambiguous [Fit ]
25 |Modified (] 8 Unambiguous [Fit &
30 [Modified [ 8 Unambiguous |Fit ]
15 [Modified ) 15|/d@ 85 Unambiguous |Fit &
34 |Modified ) 46|™ 54 Ambiguous |- [
10 |Modified » 620 38 Ambiguous |-
16 |Modified » 690 31 Unambiguous [Not fit |3
7 Unmodified [}  15[dl 85 Unambiguous [Not fit [%]
40 Unmodified [Wl 85| 15 Unambiguous |Fit &
6 | Unmodified I Unambiguous | Fit &
39 Unmodified ] 8 Unambiguous |Fit &
26 Unmodified [ 0 Unambiguous |Fit &
27 Unmodified [ 0 Unambiguous |Fit &
28 Unmodified [ 0 Unambiguous |Fit &
Fit/(Fit+Not fit)=94 %

Table 4.12 indicates that the objective classification “homogeneously modified” vs.
“inhomogeneously modified” matches, in 89 % of the cases, the unambiguous
subjective classification. As discussed before, the Micrographs No. 10 and 16 are
subjectively classified rather as unmodified, than as modified. Those experts, who

classified these structures as modified, classified these structures as inhomogeneously
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modified. The objective method classify these structures also as inhomogeneously
modified. The Micrographs No. 23 and 38 are objectively classified as
inhomogeneously modified, but is homogeneously modified when considering the
round robin test (not fit). Nevertheless, considering the displayed shapes in these
structures (see Appendix), they have coarsened particles; hence, the objective
classification (inhomogeneously modified) is also reasonable.

Table 4.12: Objective and subjective microstructure classification for the classes

homogeneously modified and inhomogeneously modified. The objective classification coincides,
in 89 % of the cases, with the expert unambiguous classification.

Objective Subjective (RRT)
—

£ R g |@ = 5

Sl 232 |g38|e3 g =

o E o E o E|Q & & Qo

S| 852 |EBIEE 5 E

o o o

= = T £ T E|E E < O
20 |Homogeneous i 0 Unambiguous Fit &
24 |Homogeneous () 0| Unambiguous |[Fit &
2 |Homogeneous ® 20 s Unambiguous Fit &
33 |Homogeneous [i 92/ 8 Unambiguous Fit &
5 [Homogeneous & 85| 15 Unambiguous Fit &
25 |Homogeneous & 77| 15 Unambiguous Fit &
17 |Homogeneous P} 69| 31 Unambiguous Fit &
22 |Homogeneous (B} 69| 31| Unambiguous |[Fit &
11 |Homogeneous » 620 38 Ambiguous -
18 |[Homogeneous » 620 38 Ambiguous
19 |Homogeneous i) 42| 53 Ambiguous -
23 Inhomogeneous [@ 77 23| Unambiguous |Not fit [%]
38 Inhomogeneous o 77| 23 Unambiguous Not fit [%]
21 Inhomogeneous [( 62|} 38 Ambiguous -
37 Inhomogeneous ™ 54|10 46 Ambiguous -
9 Inhomogeneous > 46| 46 Ambiguous -
32 Inhomogeneous () 46|(™ 54 Ambiguous
31 Inhomogeneous |} 38| 62 Ambiguous
35 Inhomogeneous ) 38|} 62 Ambiguous -
36 Inhomogeneous i 38[( 62 Ambiguous - ]
3 Inhomogeneous [} 31|} 69| Unambiguous |Fit &
13 Inhomogeneous [} 31|} 69| Unambiguous |Fit &
1 Inhomogeneous ) 23|} 69 Unambiguous |Fit &
30 Inhomogeneous  [() 23| 69| Unambiguous [Fit &
8 Inhomogeneous [)  g|al 85| Unambiguous [Fit ]
16 | Inhomogeneous [ 0[O0 31| - -
10 Inhomogeneous i ol 38 - - ]
34 Inhomogeneous [} O™ 54 Unambiguous |Fit &
15 Inhomogeneous [} O|al 85| Unambiguous |Fit &
4 Inhomogeneous ) ol 92 Unambiguous |Fit &
29 Inhomogeneous ) Unambiguous  |Fit &

Fit/(Fit+Not fit) =89 %
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Figure 4.16: Example of classified micrographs. (a) Micrograph No. 20: Homogeneous
modified. (b) Micrograph No. 36 and (c) Micrograph No. 29: Inhomogeneous modified. (d)
Micrograph No. 28: Unmodified.

4.2.3.4.  Degree of modification (M)

In this section, an alternative objective parameter is developed, that describes the
modification level. As discussed in the Chapter 1 (page 20), “modification level” (ML,
SIML) and “modification rating” (M.R.) were already used in the literature to define
other parameters. Besides, in this work a “percentage of modification” (PM) was
suggested. Thus now, this new alternative parameter is called “degree of modification”
(M). It should be said, that the terminology “degree of modification” has been already
used as synonym of the modification rating [28]. As a matter of fact, all these

parameters are different approaches describing the same characteristic.

To develop the degree of modification, four micrographs were selected, which represent
different levels of modification. For the selection, the results from the round robin test
and further assistance from the experts has been considered. Using these micrographs as

reference, a function of the object homogeneity (¢ = fn,)) Was created fitting the

reference values so that ¢ represents the modification level as shown in Figure 4.17.
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Figure 4.17: The degree of modification (M) as function of the object homogeneity h,. hy =
0.35 indicates very good modification; h, < 0.2 indicates poor modification.

M is the function ¢ in the representative interval, as defined in Equation 4.2, and is

applicable to modified microstructures.

=@ for0<ep <1
M<=0% fore <0
=100 % foro >1

Where ¢ = 54.5 hy> — 67,3 hy” + 27,8 hy — 2,85, and hy = Hay * Hm
Equation 4.2: Definition of the degree of modification (M) to evaluate modified microstructures.

Homogeneities are representative for any microstructure, whereas M was developed
only to evaluate modified microstructures. Hence, the evaluation of M is valid for
micrographs, that were previously classified as modified. M should be quantified in
micrographs with a number of 400 to 500 particles to ensure representative results. For
the assessment of a sample, it is recommended considering various calculations of M in

random spots of the sample.

4.2.3.5. Comparison of M with the subjective assessment

For those micrographs classified as modified by the experts and the quantitative method
(29 micrographs from the total of 40 analyzed micrographs), M is compared with the
subjective homogeneity. The results of M are displayed in Figure 4.18. M is always
between the minimum and maximum subjective homogeneities. In 23 micrographs out
of the 29 modified micrographs (79%), M is within the standard deviation interval of
the subjective homogeneity (error bars).
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Figure 4.18: Objective degree of modification and subjective homogeneity of modified
micrographs. Micrographs are ordered with increasing M. The lines connecting points are only
for visualization purpose.

4.2.3.6. Summary of results, including the Modification Level (ML)

The most important results are summarized in Table 4.13. Beside of the results from the
objective methods developed in this work (M and PM), the results of ML (objective
method from the literature detailed in ref [77], discussed in this work in page 20) are
shown. The corresponding micrographs, together with further information, are in the
Appendix.

The ML represents the six classes from Figure 1.3 (page 7). The problem with regards to
ML has been already discussed and illustrated in this work (page 38). Further examples
of misclassification through ML are, for instance, Micrographs No. 21 (ML = 3.3,
which is too low for such structure) and Micrographs No. 40 (ML = 2.7, which is too

high for such structure).
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It can be concluded that the method of the degree of modification (M) developed in this
work is robust, accurate and reliable. M considers the object homogeneity and it is the

recommended parameter to evaluate modification.
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Table 4.13: Summary of objective and subjective results. Objective results from Micrographs
No. 12 and 14 are missing because of low resolution issues. M is the degree of modification.
PM is the percentage of modification. ML is the modification level.

Objective method developed

Objective method

Subjective results from experts

in this work from the literature

£

g - [a]
s|35| $3 : 3 5
c|o = = c S g fy >
<|2 3 9 < k) 3 2 |2 |T¥|T
o= 9 T ) = 2L c c c | e
© o & T g 0 © &= T |g Tl oo Tlo
w|.2 T L an © 2 i D |gp ©|%0 O] Y| o
oO|E o| & o E = o | £ [0E|I2E|2Q 7|0
SISE| 858 2 || E|3 58585 ElE

c o = £ c o 2|¢ 2Q|e 5o
2= o] = £ = | a ] S| o | = |T E|lE E|IT &|x
1 [Mod Inhomogeneous| 88%| 96%|Modified Fibrous 5.0 [ 2 23| 69[B 75| 19
2 |Mod Homogeneous 97%| 100%| Modified Fibrous 4.7 |
3 |Mod Inhomogeneous| 93%| 87%|Partial modified 3.0 [O [@] ]
4 [Mod Inhomogeneous| 21%| 54%|Partial modified 2.8 [0 [@] [@]
5 [Mod Homogeneous 97%| 98%|Partial modified 2.8 |0 - [@] -
6 | Unmod |- - 13%| Fully unmodified 1.3 2 o|D
7 | Unmod |- - 43%|Lamellar 1.9 [0 0 ol ™ 58| 21
8 [Mod Inhomogeneous| 43%| 57%|Partial modified 27 | [ - % 60| 23
9 |Mod Inhomogeneous| 84%| 84%|Absence oflamellae| 3.6 [@] [ [ P 82| 12
10 |Mod Inhomogeneous| 13%| 51%|Lamellar 1.6 [ [@] [@] ™ sg 27
11 |Mod Homogeneous 99%| 96%|Absence oflamellae| 3.9 [ [ (@] & 39| 10
12 |- - - - - -2 B 62|00 38[( 78| 24
13 |Mod Inhomogeneous| 59%| 63%|Partial modified 29 [0 i ip (™ 69| 18
14 |- - - - - - o ™ 54|00 46/ 79| 19
15 [Mod Inhomogeneous| 58%| 64%|Lamellar 2.0 | (] - ™ 60| 14
16 |Mod Inhomogeneous| 81%| 81%Lamellar 23 | 69| 312 o] 31|W 93] s
17 [Mod Homogeneous 100%| 99%|Modified Fibrous 542 o i 69| 31|/ 89| 14
18 |Mod Homogeneous 99%| 96%|Absence oflamellael 4.3 [} 0 D 620 33 84| 14
19 |Mod Homogeneous 98%| 95%|Modified Fibrous [5.4 [ 0 () 42|™ 58| 75| 24
20 [Mod Homogeneous 98%| 99%|Modified Fibrous 520 o O o 7
21 [Mod Inhomogeneous| 95%| 86%|Partial modified 33[2 o » 620 33| 92| 7
22 |Mod Homogeneous 99%| 99%|Modified Fibrous [5.3 [} 0 i} 690 31 7
23 |Mod Inhomogeneous| 94%| 92%|Modified Fibrous [4.8 [ 0 & 77[0 23| 91| 7
24 [Mod Homogeneous 100%| 100%| Modified Fibrous 512 o ) 7
25 |Mod Homogeneous 100%| 98%|Modified Fibrous 5102 38 & 77(0 15 3
26 | Unmod |- - 8%| Fully unmodified 1.3 2 oD oD o 7
27 | Unmod |- - 13%|Fully unmodified  [1.2 2 o/O ofO o/ 93| s
28 | Unmod |- - 21%|Lamellar 1.7 O o0 o o™ 66| 13
29 |Mod Inhomogeneous| 79%| 74%|Partial modified 352 o i 0 ™ 69| 11
30 |Mod Inhomogeneous| 73%| 83%|Absence oflamellae| 4.0 i 8 i 23 69| 73| 13
31 [Mod Inhomogeneous| 39%| 49%|Lamellar 252 o > 38| 62[™ 62| 16
32 |Mod Inhomogeneous| 61%| 73%|Absence oflamellael 3.9 [ 0 i 46|™ 54 76| o
33 [Mod Homogeneous 100%| 93%|Modified Fibrous 500 o K 7
34 |Mod Inhomogeneous| 90%| 83%(Lamellar 23 [0 46|™ 54|00 o™ sS4 85| 12
35 [Mod Inhomogeneous| 74%| 68%|Lamellar 25| o > 38|y 62| 70| 12
36 [Mod Inhomogeneous| 90%| 73%|Absence oflamellae| 4.3 ) O 38| 62| 89| 6
37 |Mod Inhomogeneous| 86%| 85%|Partial modified 30| o ™ 54[0 s6/a 86
38 [Mod Inhomogeneous| 83%| 66%|Modified Fibrous 48|00 o @ 77|C 23| 93
39 | Unmod |- - 39%|Lamellar 1.6 O 8|0 ofC 8| 73] 13
40 | Unmod |- - 32%|Partial modified | 2.7 [@ 85|02 15| o 15[ 82| 11
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4.2.4. Remarks of the section

The broad variation in the subjective assessment indicates that the subjective evaluation
from one observer may not be representative for the others. Subjective evaluations give
rise to interpretation and communication issues, limiting the potential advantages of one
laboratory using the results from others. Thus it is important to rely on objective

methods to analyze microstructures.

An objective method for evaluation of the modification was achieved. The
homogeneities and the relative size parameters are remarkable characteristics of the
studied structures. Representative microstructural features were quantitatively defined.
The main characteristic of well-modified structures is their high homogeneity and small
particles. Inhomogeneously modified structures present coexistence of small and large
particles, thus lower quantitative homogeneities. Unmodified structures have large,
often stretched particles.

The advantages of the suggested method are that it gives objective, reasonable, precise
and descriptive results for a variety of structures in a wide range of DAS (i.e. wide
range of SCR). In comparison to the available objective methods (Figure 1.12, page 20),
important improvements were achieved. Notice that the Micrographs No. 5 and No. 3
from the round robin test, which were discussed in Figure 2.2 (page 38), are classified
matching the classification from the experts using the suggested method, i.e. the
Micrograph No. 5 is homogeneously modified with higher M and the No. 3 is
inhomogeneously modified with lower M.
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4.3. Comparison between Sr- and quench-modification

As discussed in page 5, there are different methods to achieve modification, including
the chemical- and the quench modification. There are contradictory statements in the
literature regarding the differences between quench- and chemical-modification.
Generally, it is considered that both kinds of modification can induce the transformation
towards the fine-fibrous structure [39]. If rapidly freezing the alloy modifies the
structure as the chemical-modification, both kinds of modifications could have the same
growth mechanisms. Consistently, a workable explanation of the modification should
deal with the fact that modification can be produced by adding chemical modifiers or by
very rapid solidification. In favor of this theory are, for instance, Gruzleski and Closset
[4]. However, if the chemical- and the quench-modification are different, they could be
studied as different phenomena. In favor of this theory are, for instance, Shamsuzzoha
and Hogan [50].

With help of the developed objective methods for evaluation and FIB tomography, this
section compares the quench- and the Sr-modification. Sr- and quench-modified
structures have been identified before, as shown in Table 4.11 (page 79) and Table 4.13
(page 85). The compared microstructures are the Micrograph No. 33 (quench-modified)
and the Micrograph No. 36 (Sr-modified).

4.3.1. Comparison in 2D

Considering the results from the round robin test (Table 4.3, page 61), the micrograph
No. 33 (quench-modified) is homogeneous modified, comparable to Sr modified
microstructures with the same classification. The subjective assessment from the experts
indicate that there is no difference between quench- and Sr- modified samples. An
analysis of the microstructure parameters is carried out, to disclose if there is an
observable difference considering the microstructure data. Figure 4.19 shows 2D
parameters from the micrograph No. 33 and Sr-modified structures. The objective
microstructure parameters from 2D analysis also indicate that there is no difference

between the chemical- and the quench- modified structures.
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Figure 4.19: 2D parameters comparing quench- and Sr-modified structures. There is no
difference between quench- and Sr- modified structures. “Model” refers to the model
microstructures as defined in Table 4.3 (page 61)

Figure 4.20 shows the Micrograph No. 33 (quench-modified) next to the Micrograph
No. 36 (Sr-modified). Further information and larger images of these structures can be

found in the Appendix. From these samples, the eutectic Si will be next analyzed in 3D

space.
8 AR LN o i 4,
s, BTy N e -~ = -.;
2 p b ‘."?"" . TS y")'lr.,!».
\' k:/ 1'501' f‘;_‘:{'fg"t‘
. PR o 2 :i
éi:‘:‘. o N2 \gﬁ‘& .S‘\JS@J" '5
RN
-
il
RIS
s -t
g
NGarh
‘.
g-‘-'-. ~ \ AL -
‘ | AT e -AP':,:'} ~’_5_mL

Figure 4.20: (a) Quench modified structure (Micrograph No. 33, Al-7Si) and (b), Sr-modified
structure (Micrograph No. 36, Al-7Si-0.3Mg-0.035Sr)

4.3.2. Comparison in 3D

Figure 4.21 shows 3D reconstruction of the modified structures obtained via FIB-
Tomography. Through subjective observations, a clear difference between the

morphologies was not identified; both are coral-like structures.
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Figure 4.21: (a), (b), (c) and (d): Quench modified structure (Micrograph No. 33, Al-7Si). (e),
(f) and (g): Sr-modified structure (Micrograph No. 36, Al-7Si-0.3Mg-0.035Sr). The observed
curved interfaces of the eutectic phase (e.g. in images b and €) are given by the a-Al dendrites.

Quantitative parameters of these tomographies, including the four basic parameters, are
listed in Table 4.14. The total studied volume of the quench modified sample is about
four times larger than the volume of the chemical modified sample. The quench
modified sample has less eutectic Si volume fraction (8.1%) than the chemical modified
sample (10.2%). A problem of the FIB-tomography is that the studied volumes are

relatively small so that the amount of eutectic Si depends on the particular portion of
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material studied. Notice that in fact, both samples contain the same percentage amount
of Si (7%). It is possible to subjectively analyze from the images, that the Sr modified
sample has finer particles more connected to each other. This can be noticed through the
quantitative analysis since the Sr modified particles have in average a higher ratio of
surface/volume (0.93/10.2 um™1) than the quench modified particles (0.40/8.1 um™1).

Both structure present negative Euler number indicating connectivity between particles.

Table 4.14: 3D parameters comparing quench- and Sr-modified structures.

Total studied Si volume Specific Specific integral Specific integral Euler
volume fraction surface of mean curvature | of total curvature | number

Sample

V/um? Vy /% Sy/um™* My /um=? Ky/um=3 X

AI7Si

40500 8.1 0.40 0.41 -0.22 -700
(Quench modified)
Al7Si0.3Mg0.035Sr

(Sr modified) 11000 10.2 0.93 2.44 -1.57 -1400

4.3.3. Remarks of the section

The 2D analysis indicates that the chemical- and the quench modification are similar.
Regarding the 3D analysis, an objective method for evaluation was neither developed in
this work nor found in the literature. The evaluation in 3D of the modification and of the
structure shapes, such as fine-fibrous or fine-flake, are subjected to the observer’s
opinion. Further studies of the 3D structures, involving larger volumes and more
samples, would be required to improve the 3D characterization of the modification. The
main limitation of 3D analysis is the small study volumes, which are achievable for the
required resolution. For industrial applications, 3D techniques have still poor

possibilities and 2D analysis is the main tool for characterization.

It is possible to conclude that chemical- and quench modified structures present similar
characteristics. Still, different growth mechanisms could result in similar morphologies.
Therefore, if the growth mechanisms from chemical- and quench-modification are the

same, remains as open question.

90



4.4. Correlation between microstructure, process settings and mechanical

properties

As discussed before, in the literature it has been shown, that the modification can
improve the mechanical properties. However, those microstructures identified as
modified in the literature, were subjectively evaluated, thus an objective correlation
between the modification and the mechanical properties has not been yet carried out. In
this section, the developed method for objective microstructure assessment is applied to
analyze the correlation between the microstructure, process settings and mechanical

properties.

Firstly, an analysis using SPT tests is carried out to compare the behavior of the two
extremes microstructures, namely the fully unmodified structure, with plate-like shapes,
and the fully modified, with coral-like shape. Secondly, an analysis using Charpy tests

is carried out to analyze several samples in different states of modification.

4.4.1. Small Punch Test (SPT)

SPT tests were carried out to evaluate comparatively the elastoplastic behavior of fully-
unmodified and fully-modified samples with same DAS. The studied specimens are the
Micrographs/Samples No. 24, 25, 26 and 28 from the round robin test. These
micrographs are in the Appendix, and listed in Table 3.1 (page 42).
Micrographs/Sample No. 24 and 25 are homogeneously modified (H.M.), with M =
100 %; and the No. 26 and 28 are unmodified (see Table 4.11, Table 4.12 and Table

4.13, in page 79). The results are summarized in Figure 4.22.
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Figure 4.22: (a) and (b) SPT curves for specimens of thickness (a) 0.50 mm and (b) 0.55 mm.
The row in (a) indicates the second change in the slope present in ductile materials. See the
micrographs (Mic.) in the Appendix. H.M. stands for homogeneously modified and M is the

degree of modification.

The H.M. samples present the membrane stretching stage, which is the stage after the
second change of slope in the punch load-displacement. Such change of slope is
indicated in Figure 4.22-b by an arrow. The unmodified samples, unalike, do not present
the membrane stretching regime, indicating that cracking occurs during plastic bending.
The load in which non-linearity of the curve load-displacement is initiated (Py) is
virtually unaffected with modification. For t = 0.50mm, Py ~ 30 and fort =

0.55 mm, Py = 40. This represents that a difference between the yield strength (oys) of
fully unmodified and fully modified samples is marginal (according to oys = a%). The

maximum load and the maximum displacement are about twice larger for H.M.

samples, as for the unmodified samples.

Figure 4.23 shows that the H.M. samples developed circumferential cracks at the
specimen surface after relative high plastic deformation. Unmodified samples
developed cracks in circumferential and radial directions at the specimen surface, and
showed a smaller deformed region than H.M.. The detail of the fracture shows a typical
ductile fracture for the modified sample, while for the unmodified sample, the fracture
mechanism is a mixture of ductile and brittle. In Figure 4.23, the imaged modified

sample is the Sample No. 25; and the imaged unmodified sample is the Sample No. 26.
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Figure 4.23: (a) and (b) Specimen surfaces after SPT. (c) and (d) Detail of the inner surfaces of
cracks. (a) and (c) Homogeneously modified specimen. (b) and (d) Unmodified specimen.

It can be concluded that the modified samples have higher ductility and toughness. They

can absorb more energy while deforming plastically, hindering the crack growth.

4.4.2. Impact properties

Charpy impact tests were carried out to estimate the impact properties of samples. The
tested samples were Al-7Si and Al-7Si-0.3Mg alloys with different content of Sr, casted
in metal and sand molds. The Fe and P contents are about 300 ppm and 5 ppm,
respectively. The samples are sorted in four groups according to the used mold and the
amount of Mg, as shown in Table 4.15. From each one of the twelve listed alloys, four
samples were obtained, i.e. a total of 48 specimens were tested. Table 4.15 summarizes
the mean values of the results. Samples casted in the metal mold have higher
solidification cooling rate (SCR) than those casted in sand molds. The DAS of samples

casted in metal mold is (21 + 3) um; and in sand mold, (58 = 4) pm.

The measurements corresponding to the mechanical properties are: Sy: Displacement at
general yield, Py: Load at general yield, Sm: Displacement at peak load, Pm: Peak load,
Wm: Energy at peak load, St: Displacement at fracture, Wt: Total impact energy.
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“Modified (H)” represents the homogeneously modified class; “Modified (I)”,

inhomogeneously modified.

Table 4.15: Analyzed samples. The casting process and the estimation of the mechanical

the

properties were carried out by the IfG. The quantification of the class and M (columns with title
“Microstructure”) was carried out as part of this work. *: IfG reported that the specimen slid
out of the specimen support without breaking through, but the fracture initiation was clearly

observable.
Composition Mechanical properties Microstructure
Group | Mold
Mg /| St/ |Sy/|Py/|Sm/|Pm/|Wm/|] St/ [Wt/ Class M/
wt.% |wtppm| mm [ kKN | mm | kN ] mm | ] %
Metal |0 0 0.26] 1.7 7| 5.3 29 12| 40|Unmodified |-
MOIT/;ZI Metal |0 250 0.30f 1.8 12| 5.3 55[* * Modified (I) | 86
Metal |0 100 0.25( 1.7 12| 5.3 56|* * Modified (H)| 98
Metal 0.3 0 0.18[ 2.1 2| 6.0 10 3| 12]Unmodified |-
X;ﬁ; Metal 03| 350 0.19( 2.3 5 71 31 7| 35|Modified (I) | 80
Metal 0.3 55 0.20{ 2.3 7! 7.3 40 9| 48|Modified (1) | 85
Sand|0 0 0.26[ 1.6 5| 49 21 9] 29|Unmodified |-
%;[12 Sand|0 100 0.26] 1.6 7] 4.7 29 17| 47|Modified (I) | 95
Sand|0 250 034 1.8 8| 4.8 33 19| 52|Modified (H)| 97
Sand| 0.3 0 0.20[ 2.2 2| 49 6 3 8|Unmodified |-
()Sgrl\l/?g Sand| 0.3 350 0.22] 21 2| 47 7 4| 10|Modified (I) | 67
' Sand|] 0.3 55 023 21 2| 49 8 4| 11|Modified (I) | 83

The next four figures (Figure 4.24, Figure 4.25, Figure 4.26 and Figure 4.27) present

two micrographs for each group; one unmodified, the other, modified. For the alloy

without Mg, the modified sample with 250 ppm Sr is displayed; for the alloy with
the modified sample with 55 ppm Sr.

Mg,

Figure 4.24: Micrographs from the group “Metal OMg”, (a) unmodified, (b) modified.
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Figure 4.27: Micrographs from the group “Sand 0.3Mg”, (a) unmodified, (b) modified.
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Relationship between Sr content, SCR and M

In Figure 4.28, M is plotted as a function of the Sr content. M, of samples with 55 ppm
of Sr, is close to or slightly above 80 %. M increases to close to 100 %, by 100 ppm Sr
and decreases with Sr content above 300 ppm. The lower values of M, for too low or
too high content of Sr, are attributable to under- and over-modification, respectively.
The results indicate that samples casted in metal mold have a maximum M close to 100
ppm Sr, while the samples casted in sand have their maximum displaced towards higher
content of Sr, between 100 ppm Sr and 250 ppm Sr. This effect can be related to the
assistance of the SCR in the modification process.

100 r 3 T
S X i
~
S 80 Q ¢ |
I L
= 60
= ¢ Metal 0Mg
=
é 40 B Metal 0.3Mg
5 Sand 0Mg
$ 20 ® Sand 0.3Mg
&0
[«5]
A 0 T T T T T T |

0 50 100 150 200 250 300 350

Sr amount / ppm

Figure 4.28: M as a function of the Sr content for modified alloys. Group of samples as
indicated in Table 4.15.

Mechanical properties as a function of M and SCR

As listed in Table 4.15, the samples in each group have different states: firstly the
unmodified; secondly, the modified one with the lower M available; and thirdly, the
modified one with the higher M available. The maximum displacement, load and
absorbed energy (Sm, Pm and Wm) are graphically represented in Figure 4.29, for each
group. The columns, for each represented quantity, represent comparatively the results
for each state: unmodified (left hand side column), modified with the lower M (middle
column) and modified with the higher M (right hand side column). For each displayed
quantity, the results are presented relatively to the unmodified state, i.e. 100 % represent

the unmodified state.
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® Unmodified @M=86% (250ppm Sr) #M=98 % (100ppm Sr) ®Unmodified OM=80% (350ppm Sr) ¥#M=85 % (55ppm Sr)

c) Sand 0Mg d) Sand 0.3Mg
400% 400%
300% 300%
200% 200%
100% - 100% -
0% - 0% -
Sm / mm Pm / kN Wm /] Sm / mm Pm / kN Wm /]

® Unmodified BOM=95% (100ppm Sr) #®M=97 % (250ppm Sr) ® Unmodified OM=67 % (350ppm Sr) #M=83 % (55ppm Sr)

Figure 4.29: Mechanical properties of modified alloys with respect to the unmodified state
(Unmodified state = 100 %). For each displayed quantity (Sm, Pm and Wm), the three columns
represent: unmodified (left hand side column), modified with the lower M (middle column), and

modified with the higher M (right hand side column). Group of samples as indicated in Table
4.15.

In general, if an increase in the mechanical properties was measured, modification and a
rise in M was quantified. However, modification or an increment in M does not imply
an improvement of the mechanical properties. A clear improvement of the mechanical
properties with modification is observed for the samples casted in metal molds. For the
samples casted in sand molds, an improvement can be observed; however, it is in some
cases marginal. In general, the deformation and the absorbed energy are the variables
that show the most remarkable response with modification. Pm improved with
modification, only for the group “Metal 0.3Mg”, in about 16 %. This group (Metal
0.3Mg) displayed also the maximum percentage improvement for the adsorbed energy
and deformation capability before rupture. For this group of samples, the values of Sm

and Wm improved about three to four times with modification.
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Analysis of 1% largest particles

Figure 4.29 shows that, among different samples, it is not possible only through
studying the modification to understand the change in the mechanical properties. A
hypothesis is that the largest objects, such as particles, defects or pores dominate the
behavior of the material if they are able to reach a given size. Relatively large objects
are more likely to be found in samples with lower SCR, since they have more time to
grow. In this way it could be explained why the modifications is not that effective in
samples with large DAS, as the results indicate. To study this hypothesis, an analysis of
the particle parameters of the 1% largest particles with regards to the particle area
(Largest 1%) was conducted. The arithmetic mean values of relevant particle
parameters, describing the “Largest 1 % and all the particles (All) in the micrograph,
are listed in Table 4.16. The listed samples correspond to the micrographs shown in
Figure 4.24 to Figure 4.27.

Table 4.16: Arithmetic mean value of the 1% largest particles with regard to the particle area
(Largest 1 %) and of all the particles (All) in a micrograph. Group of samples as indicated in
Table 4.15.

Group State Particles |A/um2| P/um | Fm/um R FAR | AAR
_|an 17 23 8 05| 05 04
Metal OMg Unmodified| st 19%| 163 157 41 01 04| 01
Modified AL 3.7 9 3.4 06| 06| 04
Largest 1 % 31 62 16 01 05 02
i 28 30 11 05 05 03
Metal 03Mg Unmodified = oo 236 192 45 01 o5 02
Vodified AL 3.6 9 33 06] 06| 04
Largest 1 % 37 64 16 0.1 0.5 0.2
_|an 13 19 8 06| 05 04
Sand Mg Unmodifiedr o o 16| 122 125 39 01 03] o1
Vodified AL 33 7 2.8 07] 06| 05
Largest 1 % 40 43 13 04 05 03
Unmodifiedl A 111 63 22 05| 05 03
Sand 03Mg Largest1%| 733 321 103 01 02] o1
Modified AL 3.7 8 3.0 07] 06| 05
Largest 1 % 77 70 19 02] 06| 03

Figure 4.30 summarizes graphically the information including mechanical properties, M
and the size parameters of the “Largest 1 % particles. In this figure, the graphs a, b
and ¢ compare the mechanical properties of modified and unmodified samples. The
graph d, e and f compare modified samples from the different alloy groups. The graph d

shows the degree of modification, and e and f, the size of the largest particles.
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In Figure 4.30, the graphs a, b and ¢ show that the sample “Sand 0.3Mg” shows
marginal change of the mechanical properties with modification. In the other hand, the
sample “Metal 0.3 Mg” shows strong change of the mechanical properties with
modification. The graphs d, e and f show that, the main difference between the modified

samples of the different alloys is the area of the largest particles.

Therefore it is possible to say that the modification signifies an improvement of the
mechanical properties only in absence of relatively large objects such as particles or
defects. The results indicate that, if there are particles with area of about 4 = 80 um?,

the modification does not cause any improvement.

Regarding the effects of Mg in as-cast samples, Mg acts declining the toughness and
slightly improving Pm. In both unmodified and modified samples, the increase in Pm
with Mg is the best in metal mould (see change in Figure 4.30-c, from “Metal OMg” to
“Metal 0.3Mg”).
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Figure 4.30: (a), (b) and (c) show the change on the impact behavior between unmodified and
modified samples. (d), (e) and (f) compare modified samples. (d): Degree of modification M. (e)
and (f): Average value of A and Fm of the 1 % largest particles (Largest 1%) of modified
samples. Group of samples as indicated in Table 4.15.

4.4.3. Remarks of the section

The method to assess modification is sensitive enough to quantify the contributions of
the chemical- and the thermal-modification so as to identify under- and over-
modification. Interpretations of the M, as a function of the Sr content, help identifying

the adequate amount of Sr to achieve an optimal modification.
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In the literature, it is reported that both load and deflection (and consequently the
toughness) are observed to improve with the modification. The objective analysis in this
work shows that the impact behavior can improve with modification, but not implicitly.
The mechanical properties can improve with the modification, especially the toughness.
The positive influence of the modification on the mechanical properties is more
appreciable in samples with higher solidification cooling rate (SCR). The modification
does not cause any improvement if the microstructure presents large particles or defects

such as particles with an area A > 80 pm?.

Regarding the small punch test (SPT), it was observed that homogeneously modified
Al-7Si samples are more ductile and have lower strength than unmodified Al-7Si-
0.3Mg samples. Further samples would be required to evaluate the effect of Mg

separately.

Regarding the Charpy test, the improvement in the mechanical properties cannot be
only adjudicate to M; then, for similar values of M, the improvement, in samples cast in

metal mold, was much better than in those cast in sand mold.

Although the modified and unmodified structures in Figure 4.27 are quite different, the
difference regarding the mechanical properties of the corresponding specimens is
marginal. An attempt, trying to explain this, was conducted with the analysis of the 1 %
largest particles. A possible explanation is that the absolute sizes of the largest particles
have a dominant effect on the impact behavior of modified samples.

For the alloy with Mg and high SCR (group “Metal 0.3Mg”), the improvement in the
impact behavior with the modification is remarkable. For this sample, the maximum
impact load and capability of deformation improved with modification. This was the
only group of alloys, which presented improvement of the maximum impact load with

modification.
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5. CONCLUSIONS AND OUTLOOK
Conclusions

It is of increasing importance to study objectively the modification in Al-Si alloys. Fully
modified structures are homogeneous whereas under- and over modified structures
displays a mixture of fine and coarse particles. To evaluate the modification level of Al-
Si alloys, the homogeneity of the eutectic Si should be considered. The innovative
application of the Gini coefficient (G) was the key to develop the microstructure
homogeneity characterization. The homogeneity is applicable to study different
problems in material sciences and required to objectively describe the modification in
Al-Si alloys.

The sizes of eutectic particles were described with respect to the secondary dendrite arm
spacing (DAS). These relative particle sizes are the most important characteristic to
distinguish modified particles from unmodified ones. A particle classification model
was obtained for Al-7Si and Al-7Si-0.3Mg alloys.

With the feedback from thirteen laboratories, specialized in aluminum casting alloys,
representative structures have been identified. A quantitative analysis was carried out
considering parameters from the literature and parameters developed in this work. A
microstructure classification model was obtained for Al-7Si and Al-7Si-0.3Mg alloys,
which objectively define the “modified”, “unmodified” and “homogeneous modified”
microstructures. Besides, an alternative parameter describing the modification for these
alloys was suggested, the “degree of modification” (M). With respect to other
evaluations methods available in the literature, M has advantages of being objective and

considering the homogeneity.

The study of the structure morphologies is important to build or deny theories
explaining the modification. A comparison of Sr- and quench-modified structures was
carried out, using 2D and 3D analysis. The observed differences between these
structures were marginal. It is still not clear if the chemical- and the quench-modified Si

have the same growth mechanism.

Through small punch tests (SPT) it was shown that fully modified samples have higher
ductility and toughness than the unmodified samples. Through Charpy tests, it was
found that the impact behavior of the castings can improve with modification, especially
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regarding the ductility and toughness; however, not implicitly. Besides of the degree of
modification, the DAS and the absolute sizes of the largest particles or defects play an

important role in the impact behavior of the castings.
Outlook

The tools developed in this work to evaluate homogeneity are a fundamental
contribution for the microstructure analysis in material sciences. For example, the
homogeneity of the reinforcement distribution in carbon nantube (CNT) composites has
influence on the mechanical properties. This effect can be studied applying the
developed tools. As shown in Figure 5.1, the region homogeneity was quantified for the
CNT composites, considering the number of objects and the phase amount of CNT

clusters (black objects in the images). [3]

Figure 5.1: (a), (b) and (c) are electron micrographs of CNT reinforced Ni composites and (d),
(e) and (f) are the corresponding binarized images, respectively. The region homogeneity ( hg),
values are (58 + 3)%, (73 + 3)% and (85 + 4)%, respectively[3].

The application of the homogeneity concepts can be used in other systems besides of
microstructures, for instance, to evaluate the topography of laser structured surfaces, as

shown in Figure 5.2.
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Figure 5.2: (a) and (b) are topography of laser structured surfaces. The homogeneity values
considering the height of the peaks are 82% and 72% for images (a) and (b), respectively [1].

Regarding the modification of Al-Si alloys, further activities of interest are:
(1) To automatize the classification models and the quantification of M

There are software products including built-in functions to calculate the Gini
coefficient, e.g. NumXL for Excel. To quantify the DAS, automatic methods could be
applied, e.g. ref. [158] and the software solution Leica Dendrite Expert. The optimal
solution would be to incorporate the classification, the DAS as well as the developed

parameters, including M, to an image software analysis.
(2) To further research the concerning structures in 3D space

It is required to define the “plate-like” and “coral-like” shapes in 3D space to improve
the characterization. This would allow distinguishing the microstructure refinement and

the modification.
(3) To extend the suggested method

It would be interesting to adapt the method for alloys with different compositions and to
add further classes, as the over- and under-modified classes. There are several

challenges, for example: In alloys with grain refinement, it is more difficult to measure
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the DAS. In alloys with several intermetallic phases, it is more difficult to segment the

eutectic Si particles.

(4) To further study the correlation between the structure and the mechanical

properties

This work gives useful, innovative tools to objectively analyze the microstructure. This
makes possible the quantitative correlation between the structure and the mechanical

properties.
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Appendix: List of micrographs
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Micrograph No. 1:
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Micrograph No. 2:
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Micrograph No. 3:
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Micrograph No. 4:
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Micrograph No. 5:
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Micrograph No. 6:
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Micrograph No. 7:
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Micrograph No. 8:
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Micrograph No. 9:
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Micrograph No. 10:
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Micrograph No. 11:
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B Unmodified,
lamellar

M Undermodified

B Homogeneously
modified

M Overmodified

Question 2: Morphology

M Lamellar
M Plate-like

[ Coral-like

like

M Coarsened coral-

Question 3: Distribution of the
subjective homogeneity

m0%-25%

W 25,1% - 50%
m50,1% - 70%
W 70,1%- 85%

W 85,1% - 95%

m95,1% - 100%

Chemical composition:

Al - 7 wt.% Si — 250 ppm Sr — 4 ppm P

-290 ppm Fe
Casting process: Sand mould

Subjective homogeneity: (89 + 10) %

Obijective classification, degree of mod. (M):

Modified, Homogeneous, M = 99 %
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Micrograph No. 12:
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M Coarsened coral-
like

Question 1: State Question 2: Morphology

B Unmodified,

granular M Lamellar
B Unmodified,

lamellar M Plate-like
1 Undermodified

1 Coral-like

B Homogeneously

modified
m Overmodified

. e Chemical composition:
Question 3: Distribution of the

subjective homogeneity Al - 7 Wt.% Si - 0.3wt.% Mg — 200 ppm Sr
—5ppm P - 800 ppm Fe

W0%-25%
W 25,1% - 50% Casting process: Technical
m50,1% - 70% . . .

Subjective homogeneity: (78 + 24) %
m70,1% - 85%
m85,1%- 95% Obijective classification, degree of mod. (M):
m95,1% - 100%

Resolution too low for quantitative analysis
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Micrograph No. 13:
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Question 1: State

B Unmodified,
granular

B Unmodified,
lamellar

m Undermodified

B Homogeneously
modified

M Overmodified

Question 2: Morphology

o Lamellar
M Plate-like
[ Coral-like

M Coarsened coral-
like

Question 3: Distribution of the
subjective homogeneity

m0%-25%

W 25,1% - 50%
®50,1% - 70%
W 70,1%- 85%

W 85,1% - 95%

m95,1% - 100%

Chemical composition:

Al - 7 wt.% Si - 0.3wt.% Mg — 300 ppm Sr
-8 ppm P —1200 ppm Fe

Casting process: Ingot
Subjective homogeneity: (69 + 18) %
Obijective classification, degree of mod. (M):

Modified, Inhomogeneous, M =59 %
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Micrograph No. 14:

Question 1: State Question 2: Morphology
B Unmodified,
granular = Lamellar
B Unmodified,
lamellar M Plate-like
1 Undermodified
[ Coral-like

B Homogeneously

modified H Coarsened coral-

like

M Overmodified

. L Chemical composition:
Question 3: Distribution of the

subjective homogeneity Al - 7 wt.% Si - 0.3wt.% Mg — 90 ppm Sr
-8 ppm P - 260 ppm Fe

m0%-25%
W 25,1% - 50% Casting process: Metal mould
®50,1% - 70% . . 3
Subjective homogeneity: (79 + 19) %
m70,1% - 85%

m85,1%- 95% Obijective classification, degree of mod. (M):
m95,1% - 100%

Resolution too low for quantitative analysis
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Micrograph No. 15:
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Question 1: State Question 2: Morphology
B Unmodified,
granular ® Lamellar
B Unmodified,
lamellar M Plate-like
m Undermodified
[ Coral-like
B Homogeneously
modified m Coarsened coral-
M Overmodified like

. L Chemical composition:
Question 3: Distribution of the

subjective homogeneity Al - 7 wt.% Si - 0.3wt.% Mg — 90 ppm Sr

-8 ppm P - 260 ppm Fe
m0%-25%
m25,1% - 50% Casting process: Sand mould
m50,1% - 70% L .
Subjective homogeneity: (60 + 14) %
m70,1% - 85%

W 85,1% - 95% Obijective classification, degree of mod. (M):
m95,1% - 100%

Modified, Inhomogeneous, M =58 %
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Micrograph No. 16:
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Question 1: State Question 2: Morphology
B Unmodified,
granular ® Lamellar
B Unmodified,
lamellar M Plate-like
m Undermodified
[ Coral-like
B Homogeneously
modified m Coarsened coral-
M Overmodified like
. . Chemical composition:
Question 3: Distribution of the
subjective homogeneity Al - 7 wt.% Si — 100 ppm Sr — 6 ppm P
—290 ppm Fe
0% -25%
m25,1% - 50% Casting process: Sand mould

®50,1% - 70% . . .
Subjective homogeneity: (93 + 5) %
W 70,1% - 85%

m85,1%- 95% Obijective classification, degree of mod. (M):
m95,1% - 100%

Modified, Inhomogeneous, M =81 %
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Micrograph No. 17:

Question 1: State

B Unmodified,
granular

B Unmodified,
lamellar

® Undermodified

® Homogeneously
modified

 Overmodified

Question 2: Morphology

m Lamellar
M Plate-like
[ Coral-like

M Coarsened coral-
like

Question 3: Distribution of the
subjective homogeneity

WO0%-25%

M 25,1% - 50%
m50,1% - 70%
W 70,1% - 85%
W 85,1%-95%

m95,1% - 100%

Chemical composition:

Al - 7wt.% Si—50 ppm Sr - 2.5 ppm P
Casting process: Triplex D30

Subjective homogeneity: (89 + 14) %
Obijective classification, degree of mod. (M):

Modified, Homogeneous, M = 100 %
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Micrograph No. 18:

Question 1: State

B Unmodified,
granular

B Unmodified,
lamellar

® Undermodified

® Homogeneously
modified

 Overmodified

Question 2: Morphology

o Lamellar
M Plate-like
[ Coral-like

M Coarsened coral-
like

Question 3: Distribution of the
subjective homogeneity

WO0%-25%

W 25,1% - 50%
H50,1% - 70%
W 70,1% - 85%
W 85,1%-95%

m95,1% - 100%

Chemical composition:

Al - 7 wt.% Si — 50 ppm Sr — 400 ppm Fe
Casting process: Triplex D30

Subjective homogeneity: (84 + 14) %
Obijective classification, degree of mod. (M):

Modified, Homogeneous, M = 99 %
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Micrograph No. 19:

Question 1: State

B Unmodified,
granular

B Unmodified,
lamellar

m Undermodified

B Homogeneously
modified

M Overmodified

Question 2: Morphology

o Lamellar
M Plate-like
[ Coral-like

M Coarsened coral-
like

Question 3: Distribution of the
subjective homogeneity

m0%-25%

W 25,1% - 50%
H50,1% - 70%
W 70,1%- 85%
W 85,1% - 95%

m95,1% - 100%

Chemical composition:

Al - 7 wt.% Si — 100 ppm Sr - 2.5 ppm P
Casting process: Triplex D30

Subjective homogeneity: (75 + 24) %
Obijective classification, degree of mod. (M):

Modified, Homogeneous, M = 98 %
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Micrograph No. 20:

Question 1: State

B Unmodified,
granular

B Unmodified,
lamellar

M Undermodified

B Homogeneously
modified

m Overmodified

Question 2: Morphology

M Lamellar
M Plate-like
[ Coral-like

M Coarsened coral-
like

Question 3: Distribution of the
subjective homogeneity

m0%-25%

M 25,1% - 50%
m50,1% - 70%
W 70,1% - 85%
W 85,1%-95%

95,1% - 100%

Chemical composition:

Al - 7wt.% Si — 100 ppm Sr — 400 ppm Fe
Casting process: Triplex D30

Subjective homogeneity: (95 + 7) %
Obijective classification, degree of mod. (M):

Modified, Homogeneous, M = 98 %
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Micrograph No. 21:

Question 1: State

B Unmodified,

granular

lamellar

modified

B Unmodified,

M Undermodified

B Homogeneously

B Overmodified

Question 2: Morphology

M Lamellar
M Plate-like
[ Coral-like

M Coarsened coral-
like

Question 3: Distribution of the
subjective homogeneity

W 25,1% -
m50,1% -
m70,1%-
m85,1%-
m95,1% -

WO0%-25%

50%
70%
85%
95%
100%

Chemical composition:

Al - 7 wt.% Si — 100 ppm Sr — 800 ppm Fe
Casting process: Triplex D30

Subjective homogeneity: (92 + 7) %
Objective classification, degree of mod. (M):

Modified, Inhomogeneous, M = 95 %
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Micrograph No. 22:

Question 1: State Question 2: Morphology
B Unmodified,
granular M Lamellar
B Unmodified,
lamellar W Plate-like
M Undermodified
[ Coral-like
B Homogeneously
modified W Coarsened coral-
® Overmodified like
. o Chemical composition:
Question 3: Distribution of the
subjective homogeneity Al - 7 wt.% Si — 100 ppm Sr —5 ppm P

m0%- 25% Casting process: Triplex D30

W 25,1% - 50% L .
Subjective homogeneity: (95 + 7) %
W 50,1% - 70%
70,1% - 85% Objective classification, degree of mod. (M):

m85,1% - 95%
Modified, Homogeneous, M =99 %

m95,1% - 100%
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Micrograph No. 23:

Question 1: State Question 2: Morphology
B Unmodified,
granular ® Lamellar
B Unmodified,
lamellar W Plate-like
M Undermodified
[ Coral-like
B Homogeneously
modified H Coarsened coral-
® Overmodified like
. o Chemical composition:
Question 3: Distribution of the
subjective homogeneity Al - 7 wt.% Si — 250 ppm Sr - 2.5 ppm P

— 800 ppm Fe

m0%-25%
25,1% - 50% Casting process: Triplex D30
50,176 70% Subjective homogeneity: (91 + 7) %
m70,1% - 85%
= 85,1% - 95% Obijective classification, degree of mod. (M):
m95,1% - 100%

Modified, Inhomogeneous, M = 94 %
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Micrograph No. 24:

Question 1: State Question 2: Morphology
B Unmodified,
granular m Lamellar
B Unmodified,
lamellar M Plate-like
M Undermodified
[ Coral-like

B Homogeneously

modified M Coarsened coral-

like

m Overmodified

. . Chemical composition:
Question 3: Distribution of the

subjective homogeneity Al - 7Wt.% Si — 250 ppm Sr

0% - 25% Casting process: Triplex D30
W 25,1% - 50%

— . 0
o 50,1%- 70% Subjective homogeneity: (96 £ 7) %

m70,1%- 85% Obijective classification, degree of mod. (M):

m85,1% - 95%
Modified, Homogeneous, M = 100 %

m95,1% - 100%
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Micrograph No. 25:

Question 1: State Question 2: Morphology
B Unmodified,
granular M Lamellar
B Unmodified,
lamellar W Plate-like
M Undermodified
[ Coral-like
M Homogeneously
modified W Coarsened coral-
® Overmodified like
. o Chemical composition:
Question 3: Distribution of the
subjective homogeneity Al - 7 wt.% Si — 250 ppm Sr — 5 ppm P

- 400 ppm Fe
m0%-25%

m25,1% - 50% Casting process: Triplex D30

50,1% - 70% . . .
. Subjective homogeneity: (97 + 3) %
m70,1% - 85%
= 85,1% - 95% Obijective classification, degree of mod. (M):
m95,1% - 100%

Modified, Homogeneous, M = 100 %
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Micrograph No. 26:

Question 1: State Question 2: Morphology
B Unmodified,
granular M Lamellar
B Unmodified,
lamellar M Plate-like
1 Undermodified
1 Coral-like

M Homogeneously

modified m Coarsened coral-
m Overmodified like
. o Chemical composition:
Question 3: Distribution of the
subjective homogeneity Al - 7 wt.% Si - 0.3wt.% Mg — 5 ppm P

m0%- 25% Casting process: Triplex D30

W 25,1% - 50% . .
Subjective homogeneity: (96 + 7) %
®50,1% - 70%
W 70,1% - 85% Obijective classification, degree of mod. (M):
m85,1% - 95%
Unmodified, M = n.a.

m95,1% - 100%
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Micrograph No. 27:

Question 1: State

B Unmodified,
granular

B Unmodified,
lamellar

M Undermodified

M Homogeneously
modified

m Overmodified

Question 2: Morphology

M Lamellar
M Plate-like
[ Coral-like

M Coarsened coral-
like

Question 3: Distribution of the
subjective homogeneity

W0%-25%

W 25,1% - 50%
m50,1% - 70%
W 70,1%- 85%

m85,1%-95%

m95,1% - 100%

Chemical composition:

Al - 7wt.% Si - 0.3wt.% Mg - 2.5 ppm P
Casting process: Triplex D30

Subjective homogeneity: (93 + 8) %
Objective classification, degree of mod. (M):

Unmodified, M = n.a.
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Micrograph No. 28:

Question 1: State

B Unmodified,
granular

B Unmodified,
lamellar

M Undermodified

B Homogeneously
modified

m Overmodified

Question 2: Morphology

M Lamellar
M Plate-like
[ Coral-like

M Coarsened coral-
like

Question 3: Distribution of the
subjective homogeneity

m0%-25%

W 25,1% - 50%
m50,1% - 70%
W 70,1%- 85%

m85,1% - 95%

m95,1% - 100%

Chemical composition:

Al - 7wt.% Si - 0.3wt.% Mg - 800 ppm Fe
Casting process: Triplex D30

Subjective homogeneity: (66 + 13) %
Objective classification, degree of mod. (M):

Unmodified, M = n.a.
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Micrograph No. 29:

Question 1: State

B Unmodified,
granular

B Unmodified,
lamellar

M Undermodified

M Homogeneously
modified

m Overmodified

Question 2: Morphology

M Lamellar
M Plate-like
[ Coral-like

M Coarsened coral-
like

Question 3: Distribution of the
subjective homogeneity

W0%-25%

W 25,1% - 50%
m50,1% - 70%
W 70,1%- 85%

m85,1%-95%

m95,1% - 100%

Chemical composition:

Al - 7 wt.% Si - 0.3wt.% Mg — 50 ppm Sr
Casting process: Triplex D30

Subjective homogeneity: (69 + 11) %
Objective classification, degree of mod. (M):

Modified, Inhomogeneous, M =79 %
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Micrograph No. 30:

Question 1: State

B Unmodified,
granular

B Unmodified,
lamellar

M Undermodified

M Homogeneously
modified

m Overmodified

Question 2: Morphology

M Lamellar
M Plate-like
[ Coral-like

M Coarsened coral-
like

Question 3: Distribution of the
subjective homogeneity

W0%-25%

W 25,1% - 50%
m50,1% - 70%
W 70,1%- 85%

m85,1% - 95%

m95,1% - 100%

Chemical composition:

Al - 7 wt.% Si - 0.3wt.% Mg — 50 ppm Sr
—5ppm P —-800 ppm Fe

Casting process: Triplex D30
Subjective homogeneity: (73 + 13) %
Obijective classification, degree of mod. (M):

Modified, Inhomogeneous, M =73 %
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Micrograph No. 31:

Question 1: State

B Unmodified,
granular

B Unmodified,
lamellar

M Undermodified

M Homogeneously
modified

m Overmodified

Question 2: Morphology

M Lamellar
M Plate-like
[ Coral-like

M Coarsened coral-
like

Question 3: Distribution of the
subjective homogeneity

W0%-25%

W 25,1% - 50%
m50,1% - 70%
W 70,1%- 85%

m85,1%-95%

m95,1% - 100%

Chemical composition:

Al - 7 wt.% Si - 0.3wt.% Mg — 100 ppm Sr
Casting process: Triplex D30

Subjective homogeneity: (62 + 16) %
Objective classification, degree of mod. (M):

Modified, Inhomogeneous, M = 39 %
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Micrograph No. 32:

Question 1: State

B Unmodified,
granular

B Unmodified,
lamellar

M Undermodified

B Homogeneously
modified

m Overmodified

Question 2: Morphology

M Lamellar
M Plate-like
[ Coral-like

M Coarsened coral-
like

Question 3: Distribution of the
subjective homogeneity

m0%-25%

M 25,1% - 50%
m50,1% - 70%
m70,1% - 85%
W 85,1%-95%

m95,1% - 100%

Chemical composition:

Al - 7 wt.% Si - 0.3wt.% Mg — 250 ppm Sr
-2.5ppmP

Casting process: Triplex D30
Subjective homogeneity: (76 + 9) %
Objective classification, degree of mod. (M):

Modified, Inhomogeneous, M = 61 %
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Micrograph No. 33:

Question 1: State Question 2: Morphology
B Unmodified,
granular = Lamellar
B Unmodified,
lamellar W Plate-like
M Undermodified
m Coral-like

® Homogeneously

modified H Coarsened coral-

like

 Overmodified

. . Chemical composition:
Question 3: Distribution of the

subjective homogeneity Al - 7Wt.% Si

m0% - 25% Casting process: Ingot mould
W 25,1% - 50%

— . 0
50,15 70% Subjective homogeneity: (95 £ 7) %

m70,1%- 85% Obijective classification, degree of mod. (M):

m85,1% - 95%
Modified, Homogeneous, M = 100 %

95,1% - 100%
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Micrograph No. 34:

Question 1: State Question 2: Morphology
B Unmodified,
granular M Lamellar
B Unmodified,
lamellar M Plate-like
1 Undermodified
1 Coral-like

M Homogeneously

modified m Coarsened coral-

like

m Overmodified

. . Chemical composition:
Question 3: Distribution of the

subjective homogeneity Al - 7Wt.% Si

m0%- 25% Casting process: Sand mould

W 25,1% - 50% . .
Subjective homogeneity: (85 + 12) %
®50,1% - 70%
W 70,1% - 85% Obijective classification, degree of mod. (M):
m85,1% - 95%
Modified, Inhomogeneous, M =90 %

m95,1% - 100%
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Micrograph No. 35:

Question 1: State

B Unmodified,
granular

B Unmodified,
lamellar

M Undermodified

M Homogeneously
modified

m Overmodified

Question 2: Morphology

M Lamellar
M Plate-like
[ Coral-like

M Coarsened coral-
like

Question 3: Distribution of the
subjective homogeneity

W0%-25%

W 25,1% - 50%
m50,1% - 70%
W 70,1%- 85%

m85,1%-95%

m95,1% - 100%

Chemical composition:

Al - 7 wt.% Si - 0.3wt.% Mg — 350 ppm Sr
Casting process: Sand mould

Subjective homogeneity: (70 + 12) %
Objective classification, degree of mod. (M):

Modified, Inhomogeneous, M = 74 %
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Micrograph No. 36:

Question 1: State

B Unmodified,
granular

B Unmodified,
lamellar

M Undermodified

B Homogeneously
modified

m Overmodified

Question 2: Morphology

M Lamellar
M Plate-like
[ Coral-like

M Coarsened coral-
like

Question 3: Distribution of the
subjective homogeneity

m0%-25%

W 25,1%-50%
M 50,1% - 70%
m70,1% - 85%
m85,1%-95%

m95,1% - 100%

Chemical composition:

Al - 7wt.% Si - 0.3wt.% Mg — 350 ppm Sr
Casting process: Ingot mould

Subjective homogeneity: (89 + 6) %
Obijective classification, degree of mod. (M):

Modified, Inhomogeneous, M =90 %
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Micrograph No. 37:

Question 1: State

B Unmodified,

granular

lamellar

modified

B Unmodified,

M Undermodified

B Homogeneously

m Overmodified

Question 2: Morphology

M Lamellar
M Plate-like
[ Coral-like

M Coarsened coral-
like

Question 3: Distribution of the
subjective homogeneity

W 25,1%-
m50,1%-
m70,1% -
m85,1%-
m95,1%-

m0%-25%

50%
70%
85%
95%
100%

Chemical composition:

Al - 7 wt.% Si - 0.3wt.% Mg — 55 ppm Sr
Casting process: Sand mould

Subjective homogeneity: (86 + 7) %
Obijective classification, degree of mod. (M):

Modified, Inhomogeneous, M = 86 %
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Micrograph No. 38:

Question 1: State

B Unmodified,

granular

lamellar

modified

B Unmodified,

M Undermodified

M Homogeneously

m Overmodified

Question 2: Morphology

M Lamellar
M Plate-like
[ Coral-like

M Coarsened coral-
like

Question 3: Distribution of the
subjective homogeneity

m25,1%-
m50,1% -
m70,1%-
m85,1%-

m95,1% -

W0%-25%

50%
70%
85%
95%
100%

Chemical composition:

Al - 7 wt.% Si - 0.3wt.% Mg — 55 ppm Sr
Casting process: Ingot mould

Subjective homogeneity: (93 + 6) %
Objective classification, degree of mod. (M):

Modified, Inhomogeneous, M =83 %
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Micrograph No. 39:

Question 1: State Question 2: Morphology
B Unmodified,
granular M Lamellar
B Unmodified,
lamellar M Plate-like
1 Undermodified
1 Coral-like

M Homogeneously

modified m Coarsened coral-

like

m Overmodified

. . Chemical composition:
Question 3: Distribution of the

subjective homogeneity Al - 7 Wt.% Si - 0.3wt.% Mg

m0%- 25% Casting process: Sand mould

W 25,1% - 50% . .
Subjective homogeneity: (73 + 13) %
®50,1% - 70%
W 70,1% - 85% Obijective classification, degree of mod. (M):
m85,1% - 95%
Unmodified, M = n.a.

m95,1% - 100%
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Micrograph No. 40:

Question 1: State

B Unmodified,

granular

lamellar

modified

B Unmodified,

M Undermodified

M Homogeneously

m Overmodified

Question 2: Morphology

M Lamellar
M Plate-like
[ Coral-like

M Coarsened coral-
like

Question 3: Distribution of the
subjective homogeneity

m25,1%-
m50,1% -
m70,1%-
m85,1% -

m95,1% -

W0%-25%

50%
70%
85%
95%
100%

Chemical composition:

Al - 7 wt.% Si - 0.3wt.% Mg

Casting process: Ingot mould

Subjective homogeneity: (82 + 11) %
Objective classification, degree of mod. (M):

Unmodified, M = n.a.
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