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Abstract

The use of cast aluminum alloys in automotive structural applications is growing rapidly
because of the need to reduce weight. The service life of a aluminum cast component is
determined by the size, form and distribution of microstructure features throughout the
casting, especially in those regions that are critically stressed. Grain size, secondary dendrite
arm spacing (SDAS), distribution of phases, the presence of secondary phases or intermetallic
compounds, the morphology of silicon particles (size, shape and distribution) and finally,
defects (firstly, porosity) play a key role in the behavior of aluminum alloys under statical and
dynamical loads. Basically, finer microstructure features (lower SDAS values) leads to better
mechanical properties.

Although the SDAS is not only factor affecting the mechanical properties of Al-Si alloys, in
recent years the researchers have turn special attention to this mictrostructure feature. Unlike
the other microstructure features, SDAS values is quite well correlated the statical properties
(Rm, A%) as well as fatigue life time of casting components, i.d. lower SDAS higher Rm and
A% and longer fatigue life time. In addition to, it was found that SDAS decrease leads to the
reduction of porosity in the sample and the quantity of detrimental intermetallic phases,
AlsFeSi (the phase is considered as one of stress concentration factors in aluminum alloy).
Because of the evident importance of SDAS, more and more automotive companies have
defined a SDAS limit in their engineering specifications for aluminium castings, engine parts
such as cylinder head. Concerning to demand of SDAS automotive companies have defined
their own but very stringent demands for SDAS in the area of combustion chamber surface
which is thermally and mechanically stressed parts in cylinder heads.

The majority of this PhD thesis is focused on the parameters controlling the value of SDAS in
Al-Si7-Cu3 hypoeutectic alloys which is used for production of cylinder heads. The cooling
rate/solidification time is certainly a parameter that strongly affects the SDAS. In this work
the solidification time has been varied through the variation of the mold temperature and
cooling condition. The effect of pouring temperature on SDAS in Al-Si7-Cu3 melt has been
also examined.

Although the cooling rate has a leading role as a parameter, mostly the experimental work in
this PhD Thesis has been focused on the examination of the chemical composition variation in
on the SDAS value in AlSi7Cu3 alloy. This effect is not easy recognized due to the leading

effect of the cooling rate, but it has been shown in this work that effect of chemical



composition couldn’t be neglected. The thermal analysis and microstructure analysis was
used. Since, the effect of the chemistry on the SDAS and other solidification features such as
a Al- dendrite nucleation (liquidus) temperature, Dendrite Coherency Point (DCP), Al-Si
eutectic nucleation temperature, Al-Cu eutectic temperature and solidus temperature has not
been extensively investigated in the literature, this PhD thesis deals particularly with that
problematic. The obtained results reveal that decrease of pouring temperature from 750 to 650
°C reduces the SDAS value in Al-Si7-Cu3 alloy about 6 pum. The variation of mold
temperature as 250, 300, 350°C with and without water cooling of the mold show that
decrease of mold temperature from 350 to 250 °C without water cooling of mold reduce the
SDAS value in AlSi7Cu3 alloy from 25.9 to 19.2 um. In the presence of water cooling, the
SDAS values are lowered from 22.2 to 19 um, that indicates the pure effect of mold
temperature is diminished in the presence of water cooling although the results are related to
the finer SDAS. The alloying elements investigated has ranged as: Si (7-9 wt%), Cu (1-4
wt%), Mg (0.2-3.0 wt%), Ti (0.08-0.14 wt%), Zn (0.8-3.0 wt%) and Sr (0-210 ppm). It was
found that major alloying elements, Si and Cu strongly shift the SDAS to lower values, but
surprising effect of Ti, Mg and Zn on SDAS has been observed. The similar trend has been
found in the case of DCP point which lowered as the content of Si, Cu, Mg, Zn and Ti
increases, while the addition of Sr did not influence the SDAS and DCP. Additionally, the
kinetic parameter defined as time difference between time corresponding to the DCP point
and Al-Si eutectic nucleation point is highly correlated to the SDAS. On the contrary, such
trend was not been noticed by total solidification time as a function of chemistry. In that
event, one novel kinetic parameter of controlling dendritic growth could be taken into

consideration when the effect of chemistry is analysed.



Kurzfassung

Die Verwendung von Aluminium-Legierungen in der Automobileindustrie wéchst rapide,
Ziel ist es, Bauteile mit geringerem Gewicht zu produzieren. Die Lebensdauer eines
Aluminium-Gussteiles wird durch die Gréfe, Form und Verteilung der mikrostrukturellen
Merkale im gesamten Bereich des Gussteiles ermittelt, insbesondere in jenen Regionen, die
kritisch beansprucht werden. Korngrofle, sekundédrer Dendritenarmabstand (SDAS), die
Verteilung der Phasen, das Vorhandensein von sekunddren Phasen oder intermetallischen
Verbindungen, die Morphologie der Silizium-Partikel (GroBe, Form und Verteilung) und
schlieBlich Mingel (Porositét) spielen eine wichtige Rolle beim Verhalten von Aluminium-
Legierungen unter statischen und dynamischen Beanspruchungen. Grundsitzlich fiihren
feinere Mikrostrukturmerkmale (SDAS niedrigeren Werte) zu besseren mechanischen
Eigenschaften.

Obwohl der SDAS nicht der einzige Parameter ist, der die mechanischen Eigenschaften von
Al-Si Legierungen beeinflusst, fokussieren Forscher ihre Aufmerksamkeit besonders in den
letzten Jahren zunehmend auf diese Mikrostrukturmerkmale. Im Gegensatz zu anderen
Mikrostrukturmerkmalen werden durch SDAS Werte die mechanischen Eigenschaften
(Zugfestigkeit, Rm und Bruchdehnung, A%) sowie Lebensdauer von Gussteilen stark
beeinflusst. Es gilt deshalb bei niedriger SDAS hoéheren Rm und A% und léngere
Lebensdauer des Bauteils. Zusétzlich dazu wurde festgestellt, dass die Reduzierung des SDAS
zur Verringerung der Porositdt in und der Menge der schidlichen intermetallischen Phasen,
AlsFeSi in der Probe fiihrt.

Wegen der offensichtlichen Bedeutung des SDAS haben immer mehr Unternechmen der
Automobilindustrie eine SDAS-Obergrenze in ihrer technischen Spezifikationen fiir
Aluminium-Gussteile, = Motorenteile = wie  z.B. der  Zylinderkopf  festgelegt.
Automobilunternehmen haben ihre individuellen und sehr strikten Anforderungen an den
SDAS im Brennraumberiech. Diese ist mit der thermischen und mechanischen
Beanspruchung in diesem Bereich der Zylinderkdpfe zu begriinden.

Der grofite Teil der vorliegenden Doktorarbeit konzentriert sich auf die SDAS Werte der
untereutektischen AlSi7Cu3 Legierungen, die fiir die Produktion von Zylinderkdpfen genutzt
wird. Die Abkiihlgeschwindigkeit bzw. Erstarrungszeit ist der mal3gebende Parameter, welche
die SDAS-Bildung stark beeinflusst. In dieser Arbeit wurde die Erstarrungszeit untersucht,

das Hauptaugenmerk lag hierbei auf die Variation der Werkzeugwandtemperatur und den



Abkiihlungsbedingungen. Zu anderem wurde der Effekt der GieBtemperatur auf den SDAS in
der AlSi7Cu3 Schmelze untersucht.

Bei Untersuchungen im Bereich der Abkiihlgeschwindigkeit wurde folgende Ergebnisse
festgestellt: Es zeigt sich, dass die Abnahme der Giefltemperatur von 750 bis 650 ° C die
SDAS Wert in AlSi7Cu3 Legierung ca. 6 pum reduziert. Es wurde eine Variation der
Werkzeugwandtemperatur von 250, 300, 350 °C mit und ohne Wasserkiihlung des Werkzeugs
zeigen, dass die Abnahme der Werkzeugwandtemperatur von 350 bis 250 °C ohne
Wasserkiihlung  durchgefiihrt. Es zeigte sich, dass bei einer Abnahme der
Werkzeugwandtemperatur von 350 auf 250 °C ohne Wasserkiihlung zu Verringerung des
SDAS Wert von 25,9 bis 19,2 um fihrte. Mit Einsatz der Wasserkiihlung lieBen sich die
SDAS Werte nochmals von 22,2 auf 19 pm reduzieren.

Obwohl die Abkiihlgeschwindigkeit eine wichtige Rolle spielt, wurde vor allem in den
experimentellen Arbeiten dieser Dissertation das Augenmerk  auf die chemische
Zusammensetzung der AlSi7Cu3 Legierung gelegt. Dieser Punkt ist noch nicht tiefgriindig
untersucht. Es wird deshalb in dieser Arbeit gezeigt, dass der Effekt der chemischen
Zusammensetzung nicht vernachlissigt werden darf.

Da die Wirkung der chemische Zusammensetzung auf den SDAS wund andere
Erstarrungsmerkmale ~ wie  Al-a-Dendriten =~ Keimbildung  (Liquidus)-Temperatur,
Dendritenkohdrenzpunkt  (DCP),  Al-Si-Eutektikum-Keimbildungstemperatur,  Al-Cu-
Eutektischen-Temperatur und Solidustemperatur nicht in der Literatur ausfiihrlich untersucht
wurden, befasst sich die vorliegende Dissertation insbesondere mit dieser Problematik.

Die Legierungselemente der untersuchten Legierung befinden sich im Bereich von: Si (7-9
Gew.%), Cu (1-4 Gew.%), Mg (0,2-3,0 Gew.%), Ti (0,08-0,14 Gew.%), Zn (0,8-3,0 Gew. %)
und Sr (0-210 ppm). Es wurde festgestellt, dass die Hauptlegierungselemente, Si und Cu,
einen entscheidenden Einfluss auf die Bildung geringerer SDAS-Werte hat. Des weiteren
wurde beobachtet, dass Zn, Mg und besonders Ti einen Einfluss auf die SDAS-Bildung
haben. Weiterhin ist zu erkennen, dass Si, Cu, Mg, Zn und Ti den DCP-Wert senken. Die
Zugabe von Sr hat jedoch keinen Einfluss auf die SDAS und DCP-Werte. Im Fall der
chemischen Zusammensetzung konnte ein neuartiger kinetischer Parameter zur
Kontrollierung des dendritischen Wachstums in Betracht gezogen werden. Dieser Parameter
ist definiert aus der Zeitdifferenz zwischen DCP-Punkt und dem Al-Si-Eutektikum-

Keimbildungspunkt, welcher mit dem SDAS besser als die lokale Erstarrungszeit korreliert.



Content

Preface
Abstract

Kurzfassung

1. Introduction

2. Objectives and Motivation

3. Literature review

3.1. Aluminum and aluminum alloys
3.1.1. Casting alloy designation
3.1.2. Aluminum-Silicon-Copper (3xx) system

3.1.3. Casting of aluminium alloys

3.2. Cylinder head

3.2.1. Casting processes for production of aluminum cylinder heads
3.2.2. Function of cylinder head in car engine
3.2.3. Materials/alloys selection for car engine cylinder head

3.2.4. Requested metallurgical and mechanical characteristics

3.3. Solidification features of aluminum and aluminum alloys
3.3.1. Nucleation and growth of a-aluminum phase
3.3.2. Morphological instability of solid-liquid interface — constitutional
undercooling
3.3.3. Primary and secondary dendrite arm spacing
3.3.4. Solidification features of Al-Si-Cu alloys with the emphasis on dendrite

coherency

11

13

13
15
17
18

21
22

25
32

36



3.3.5. Modelling of microstructure parameters

4. Experimental part

4.1. Design of laboratory experiments

4.2. Experimental procedure
4.2.1. Materials
4.2.2. Industrial tests - tilt pouring die casting process
4.2.3. Laboratory tests in permanent metal mold

4.2.4. Laboratory tests in ceramic mold

4.3. Experimental methods and techniques
4.3.1. Thermal analysis
4.3.2. Chemical analysis
4.3.3. Metallographic analysis
4.3.3.1. Light optical microscopy and Image analysis
4.3.3.2. Scanning electron microscopy — Energy Dispersive X-ray analysis
4.3.4. Computer tomography (CT) method
4.3.5. Simulation method

5. Results and discussion

5.1. Microstructure characterization of the basic AISi7Cu3 alloy-

LOM, SEM-EDX and CT results

5.2. Results of tilt pouring die casting process

5.2.1. Computer-aided cooling curves in cylinder head

5.2.2. Secondary dendrite arm spacing in cylinder head

5.3. Results of laboratory tests in permanent mold

5.3.1. The effect of mold temperature and cooling conditions on secondary

dendrite arm pacing

42

44

44

46
46
47
50
53

54

54
57
59
59
61
63
66

68

68

76

76

77

79

79

II



5.4. Results of laboratory tests in ceramic mold - effect of pouring

temperature on SDAS 84

5.5. Results of laboratory tests in ceramic crucible - effect of chemical

composition on the solidification features 85
5.5.1. The effect of silicon and copper 86
5.5.2. The effect of titanium 95
5.5.3. The effect of zinc 104
5.5.4. The effect of magnesium 111
5.5.5. The effect of strontium 117
5.6. Comparative effect of different parameters 122
6. Conclusions 127
7. Literature 129
8. List of figures and tables 142
APPENDICES 146
NOMENCLATURE 148
LEBENSLAUF 151

III



Chapter 1. Introduction

1. Introduction

The importance of improved energy efficiency in recent decades reflects the effects of
increased gasoline and oil costs to the consumer and graduated government-mandated fuel-
efficiency standards for automobile and truck manufacturers. Environmental concerns, global
competitiveness and raw material concerns reinforce the incentives to reduce fuel
consumption while preserving product performance and cost objectives.

The most cost-effective means of addressing these challenges has been the submission of
lightweight materials in existing and projected automotive design [1].

The use of cast aluminum alloys in automotive structural applications is growing rapidly
because of the need to reduce weight. The service life of a cast component is determined by
the microstructural distribution throughout the casting, especially in those regions that are
critically stressed. For that reason it is of crucial importance to understand the phenomena that
occur during the solidification of alloys as well the effect of different process parameters
affecting the microstructure and consequently mechanical properties of the alloys. When Al-
Si alloys are cooling down from the liquid state the initial formation of stable a-Al crystals
generates a large enough constitutional undercooling effect that drives the dendrite formation
over other morphologies that exhibit normal growth modes. Microstructural evolution then
continues with the formation of primary dendrite arms, then secondary and tertiary dendrite
arms. As dendrites grow in the liquid the rejected solute is displaced at the dendrite tips and
by lateral diffusion in the spaces between adjacent dendrite arms. The concentration gradients
in solute and solvent atoms between neighbouring dendrites drive the eventual dissolution of
smaller dendrites while larger dendrites continually grow, leading to a gradual increase in
measured secondary dendrite arm spacing (SDAS), the average spacing between the centres
of adjacent dendrites. In hypoeutectic Al-Si alloy systems the enrichment of solute in
interdendritic regions eventually drives Al-Si eutectic growth within the interdendrtic regions.
As solidification of dendrites and the Al-Si eutectic continues further solute enrichment (e.g.
Si, Fe, Mn, Mg, Cu and Cr) drives more complex secondary phase constituent formation such
as the p-AlsFeSi, oa-AlgFe2Si, a-Al;FesSi;, a-Aljs(Fe,Cr,Mn);Si,, 6-AlsFeSig, p-
AlsMgsFeSiq, Q-AlsMggCusSis, Al,Cu and Mg, Si.

Mechanical properties of Al-Si cast alloys depend on several microstructural parameters.
Grain size, secondary dendrite arm spacing (SDAS), the shape, size and distribution of

secondary phases or intermetallic compounds, the morphology of silicon particles (size, shape
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and distribution) and finally, defects (porosity) play a key role in the behavior of aluminum
alloys under statical and dynamical loads. Basically, finer microstructure features (lower
SDAS values) leads to the better mechanical properties.

Although the SDAS is not only factor affecting the mechanical properties of as-cast Al-Si-Cu
alloys, SDAS determines the casting quality. Unlike the other microstructure features, SDAS
correlates quite well with the tensile properties (ultimate tensile strength and elongation) as
well as fatigue life time of casting components, i.d. lower SDAS higher ultimate tensile
strength and elongation and longer fatigue life time. In addition to, it was shown that SDAS
decrease leads to the reduction of porosity level (especially shrinkage porosity) and the
quantity of detrimental intermetallic phases, AlsFeSi (the phase is considered as one of stress
concentration factors in aluminum alloy).

The majority of this study is focused on the SDAS in Al-Si-Cu hypoeutectic alloys and the

parameters controlling the solidification behavior of Al-Si-Cu alloy.
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2. Motivation and objectives

Because of the evident importance of SDAS, more and more automotive companies have
defined so far a SDAS limit in their engineering specifications for aluminium castings (engine
parts such as cylinder head and engine block). The automotive companies have defined the
demands for SDAS in the area of combustion chamber surface which is the most thermally
and mechanically stressed parts in cylinder heads. Generally, the requested value of SDAS
depends on the model of cylinder heads (BMW, Porsche, VW, Fiat etc.). The value of SDAS
ranges from 20 to 40 um and that is measured at the distance of 3 — 5 mm from the
combustion chamber surface. It is worth mentioning that, in some cylinder heads more
rigorous demands must be met where SDAS at 4 mm from the combustion chamber surface
must be less than 20 um. On industrial production, the control of solidification rate (and
therefore the SDAS values) is quite difficult to achieve, because of the complex casting
geometry including the presence of many cavities and different wall thickness as well.

For that reason, reference castings are frequently employed when the solidification rate has to
be accurately controlled and different microstructures have to be achieved. Therefore, in these
castings, the solidification conditions can be set up by varying the thickness and the material
of the mold, as well as the sample size. In this way, the factors affecting SDAS, the
relationship between SDAS and mechanical properties of as-cast aluminum alloys can be
easily better assessed and the information can be subsequently transferred to real-shaped
casting.

Of the many phenomena that occur during the solidification of castings, there are four that
control structure and consequently mechanical properties: chemical composition, liquid metal
treatment, cooling rate and temperature gradient. Among them the cooling rate plays the most
significant role. The effect of cooling rate on the structural features of aluminium alloys such
as grain size, secondary dendrite arm spacing (SDAS), eutectic silicon structure and the
morphology of iron and manganese phases has been investigated in the literature. However,
the chemical composition of the alloys has also some effect on this structural characteristic.
The effect of chemical composition has becomes more important in the recent years since the
majority of the permanent mold and die castings are produced from the secondary alloys.

The secondary alloys inherently contains a higher percentage of some alloying elements (Mg,

Zn, Cu, Fe etc.), it becomes a heavy burden on the part of secondary smelters to remove the
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excess of the alloying elements. Therefore, there has been an active campaign to change the
allowable level of the alloying elements.

Unfortunately, effect of the chemical composition on solidification behaviour and SDAS
value of Al-Si-Cu alloy have not been extensively investigated in the literature since this
effect has not been easy recognized due to the leading effect of the cooling rate.

The purpose of this study was to evaluate the individual effect of varying alloying elements
on the solidification behaviour and microstructure features such as SDAS of AlSi7Cu3 alloy.
In order to assess the effect of alloying elements on the solidification behaviour of AlISi7Cu3
alloy, i.d. the liquidus temperature, dendrite coherency point (DCP), Al-Si precipitation
temperature, Al-Cu precipitation temperature and Tsol as well SDAS value, the method of
computer aided cooling curves supplemented by subsequent metallographic analysis have
been used in present study. The Si, Cu and Ti contents have been ranged from 7-9 wt%, 1-4
w%, 0.08-0.14 wt% respectively, according to the specification of the basic alloy. On the
contrary, Mg and Zn contents were varied in the range of 0.2-3.0 wt% which was the common
concentration range of these elements in the secondary alloys. The impact of solidification
time on the SDAS value of AlISi7Cu3 alloy has been proven through the variation of mold
temperature (250-350 °C) with and without the water cooling of the mold wall. The variation
of the casting parameter such as pouring temperature (650-750°C) on SDAS of the basic alloy
AlSi7Cu3 has been also examined in the present study.
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3. Literature review

3.1. Aluminum and aluminum alloys

Aluminum alloys are characterized by their low relative density which can vary slightly above
and below the density of pure aluminum depending on the major alloying elements. In
addition to their light weight, other advantages of aluminum casting alloys include relatively
low melting temperatures, negligible gas solubility with the exception of hydrogen, excellent
castability especially near the eutectic composition of 11.7% related to Al-Si alloys, good
machinability and surface finishing, good corrosion resistance and good electrical and thermal
conductivity. A volumetric shrinkage of between 3.5% and 8.5% occurring during
solidification constitutes the major drawback of aluminum castings. The shrinkage coefficient
should be taken into account during mold design in order to obtain dimensional accuracy and
to avoid hot tearing and shrinkage porosity.

Aluminum alloys constitute a group of cast materials which, in tonnage terms, is second only
to ferrous castings. World-wide, approximately 20% of total aluminum production is, on

average, converted into cast parts.

The physical and mechanical properties of aluminium castings may be altered through:

o Alloying composition: The composition of alloys determines the potential for
achieving special physical and mechanical properties. Alloy content is designed to
produce characteristics that include castability as well as desired performance
capabilities. The interaction of alloying elements is recognized in promoting desired
microstructural phases and solid-solution effects for the development of these
properties. A wide range of metals can be added to aluminium [2]. Among those
regularely added and controlled as alloying elements are zinc, magnesium, copper,
silicon, iron, lithium, manganese, nickel, silver, tin and titanium. The solid solubilities
of these elements in aluminum vary considerably (Table 3-1.). Some are used as solid
solution strengtheners, while others are added because they form various desirable
intermetallic compounds.

e Cooling rate during and after solidification: The conditions under which
solidification takes place determine the structural features that affect the physical and

mechanical properties of an alloy.
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e Casting process: There are a large number of casting processes and each imposes
different rates of heat extraction and solidification rates
e Heat treatment. Mechanical properties can be altered by post-solidification heat

treatment, including annealing, solution process and precipitation aging.

Table 3-1 Solid solubility of elements in aluminum [2]

Element Temperature, Maximum solid
°C solubility, wt %
Cadmium 649 0.4
Cobalt 657 <0.02
Copper 548 5.65
Chromium 661 0.77
Germanium 424 7.2
Iron 655 0.05
Lithium 600 4.2
Magnesium 450 17.4
Manganese 658 1.82
Nickel 640 0.04
Silicon 577 1.65
Silver 566 55.6
Tin 228 0.06
Titanium 665 1.3
Vanadium 661 0.4
Zinc 443 70.0
Zirconium 660.5 0.28

The selection of an alloy composition for a particular application is based on three
parameters:

* castability (a complex property depending on feeding tendency, mold geometry and alloy
solidification characteristics);

» mechanical properties and usage properties;

* costs.
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3.1.1. Casting alloy designation

Specifications for casting alloys are clearly distinguished from those of wrought alloys and
are defined by their chemical compositions [3].
Each country has developed its own aluminum casting alloy nomenclature and designation
and so far no internationally accepted system has been adopted for identification. Alloy
systems are classified by a number system (ANSI) or by names indicating their main alloying
constituents (DIN and ISO). As a major step towards alignment of Aluminium and
Aluminium Alloy compositions on an international basis, most countries have agreed to adopt
the 4 digit classification for wrought alloy composition designation. The European reference
for the alloys will be identified with the preface EN and AW which indicated European
Normative and Aluminium Wrought alloys, respectively. In all other respects the alloy
numbers and composition limits are identical to those registered by the Aluminium
Association [1, 4].
Wrought aluminum is identified with a four digit number which identifies the alloying
elements, followed by a dash, a letter identifying the type of heat treatment and 1 to 4 digit
number identifying the specific temper (e.g. 6061-T6, the most common free-machining
aluminum alloy). The Aluminum Association (AA) has adopted a nomenclature of cast
aluminum alloys similar to that of wrought alloys. Cast aluminum alloys use a four to five
digit number with a decimal point. The main alloying elements in the AA system are as in the
Table 3-2 can be seen.
The meaning of the four designation digits are as following:

- First digit: Principal alloying element(s)

- Second and third digits: Specific alloy designation (number has no significance but is

unique)

- Fourth digit: Casting (0) or ingot (1, 2) designation

In all casting alloy designations, this fourth digit, that to right of the decimal point indicates
product form. In that case, 0 denotes castings; 1 denotes standard ingot and 2 denotes ingot
having composition range narrower than but within those of standard ingot.

In designation of the 1xx.x type, the second and third digits indicate minimum aluminium
content (99.00% or greater). For example, alloy 170.0 contains a minimum of 99.70% Al

In 2xx.x through 8xx.x designations for aluminium alloys, the second and third digits have no

numerical significance, but only arbitrarily identify individual alloys in the group.
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Table 3-2 Classification of Casting Aluminum Alloys (Aluminum Association)

AA Major Atoms | Precipitation
alloying in hardening
elements solution
CASTING Ixxx Min 99% Al Non-heat
ALLOYS 4xxx | Si v treatable
EN AB Sxx.x | Mg (<7%) alloys
ENAC 2xx.x | Cu
L0 A1 3xx.x | Si+Cu/Mg Heat
7xx.x | Zn v v treatable
8xx.x | Sn alloys
9xx.x | miscellaneous

*letters preceding the alloy numbers have the following meaning
EN = European Norm
A = Aluminium, B = Ingot, C = Cast Alloy, M = Master Alloy

The new European reference for alloys will be identified with the preface EN followed by a
blank space followed by A which indicates aluminium then B,C, or M which indicate
respectively ingots for re-melting, casting or master alloys.

Casting aluminium alloys based on those to which silicon is added as the main alloying
element are probably the most important for engineering applications. This is because of the
high fluidity provided by alloys with near eutectic composition. The castings have high
corrosion resistance, combined with a low coefficient of thermal expansion and good

weldability [5].

3.1.2. Aluminum-Silicon-Copper (3xx.x) system of alloys

Among the most widely used aluminium casting alloys are those that beside silicon (Si)
contain copper (Cu) as well. The amounts of both additions vary widely, so that copper
predominates in some alloys and silicon in other. Alloys containing higher hypoeutectic
concentrations of silicon are normally better suited for more complex castings and for

permanent mold and die casting processes.
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Aluminum-silicon-copper alloys with less than 5.6 wt% Cu are heat treatable, but the more
important alloys of this family are those also containing magnesium.

A small number of other elements are added to aluminium in order to modify its basic
properties. The most important are iron, magnesium, manganese, silicon, titanium, chromium
and zinc. These can be grouped into those with high solid solubility and those with low solid
solubility (see Table 3-1).

Specifications for aluminium alloy chemical compositions include the effects of major, minor
and impurities elements. Major alloying elements define the ranges of elements that control
castability and property development. Minor alloying elements control solidification
behavior, modify eutectic structure, refine primary phases, promote or suppress phase
transformation and reduce oxidation. Impurity elements influence castability and the form of
suitable phases that at times limit or promote desired properties.

Prefered major, minor and impurity element concentrations and relationships may not be
defined by alloy specifications. Stoichiometric ratios for favoured phase formation can be
specified, but also may not be controlled or defined. Concentration limits allow biasing of
composition or castability and solidification property development. For maximum strength,
the concentration of elements that form hardening phase can be maximized. Improved
ductility results from finer structure restricting insoluble-elements concentrations and by
controlling the concentrations of impurities in ratios that favour the formation of the least

specified detrimental intermetallic constituents [5, 6].

Effect of alloying elements

Silicon

The outstanding effect of silicon in aluminium alloys is the improvement of casting
characteristics. Additions of silicon dramatically improve fluidity, hot tear resistance and
feeding characteristics. The most prominently used compositions in all aluminium casting
processes are those which silicon plays a major role. Commercial alloys include the
hypoeutectic and hyper eutectic ranges up to about 30% Si. Aluminium-silicon alloys are
typically resistant to solidification cracking and display excellent castability and feeding
characteristics.

Silicon combines with magnesium to form Mg,Si in heat treatable alloys. It combines with
iron and other elements to form complex insoluble phases. Silicon also reduces relative

density and coefficient of thermal expansion.
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Increasing silicon content improves fluidity for filling thin walls and for reproducing more
intricate designs and details. The fraction of liquid in the solidification range is dictated by the
initial composition and by the degree of non-equilibrium cooling. For higher-solidification
rate processes such as pressure die and permanent mold casting and for thinner sections in
which more rapid solidification takes place, shrinkage porosity is strongly affected by the
temperature at which mass feeding from liquid to partially solidified structures no longer
occurs (dendrite coherency point). Feeding to minimize shrinkage porosity improves as the
volume fraction solid is increased at the temperature at which mass feeding ceases. For this
reason, the most desirable silicon content of aluminium-silicon alloys corresponds to the

characteristic process solidification rate.

Copper

The addition of copper to Al-Si alloys enables the formation of Al-Al,Cu eutectic and/or
Al,Cu phases and other intermetallic compounds, which increase strength and machinability
of casting parts. Copper also increases heat treatability of the alloy. On the other side, copper
reduces resistance to general corrosion and in specific compositions and material conditions
increases stress-corrosion susceptibility. Addition of copper decreases significantly the
melting point of the alloy. Therefore, the copper increases the solidification range of the alloy

reducing the hot tear resistance and increasing the potential for interdendritic shrinkage [6].

Magnesium

The addition of magnesium to aluminium-silicon alloys forms the basis for an extremely
important and useful family of compositions that combines outstanding casting characteristics
with excellent properties after heat treatment. Magnesium is the basis for strength and
hardness development in heat treated aluminium-silicon alloys containing copper, nickel and
other elements with the same purpose. The hardening-phase Mg,Si displays a useful solubility
limit corresponding to approximately 0.70 wt% Mg, beyond which either no further
strengthening occurs or matrix softening takes place. Corrosion resistance is also excellent

and a low level of thermal expansion is retained [7]

Titanium
Titanium is extensively used to refine the grain structure of aluminium casting alloys, often in
combination with smaller amounts of boron. The operable phase is TiAl; with lattice spacing

closely matched to that of aluminium. Titanium in excess of the stoichiometry of TiB, is
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necessary for effective grain refinement. Titanium is often employed at concentrations greater
than those required for grain refinement to reduce cracking tendencies in hot-short

compositions [8, 9].

Strontium

Eutectic modification is a common process performed in Al-Si as-cast alloys primarily to
improve mechanical properties, particularly elongation, by promoting a structural refinement
of the inherently brittle eutectic silicon phase. It is well known that trace additions of
strontium (a few hundred parts per million) to hypoeutectic Al-Si alloys result in a
transformation of the eutectic silicon morphology from a coarse plate-like structure to a well-
refined fibrous structure. Lower concentrations are effective with higher solidification rates.
Higher additional levels might be associated with casting porosity. Strontium has been
regarded as ineffective as a modifier at slow solidification rates, but some investigators report

beneficial effects in 319.0 and 356.0 alloys when >200ppm Sr is present [10, 11].

Zinc

Behaviour of zinc in aluminium casting is not completely examined. Accompanied by the
addition of copper and/or magnesium, however, zinc results in attractive heat treatable or
naturally aging compositions. A number of such compositions are in common use. Zinc is
also commonly found in secondary alloys and die casting compositions. In these alloys,

tolerance for up to 3% Zn allows the use of lower-grade alloy scrap.

3.1.3. Casting of aluminum alloys

Foundry alloys are obtained either from electrolytic aluminum to which are added the
constituent elements or from recycled aluminum metal. Presently it is estimated that more
than 50% of aluminum cast parts are made from recycled metal [12, 13].

Today, there are a large number of industrial casting processes which hierarchical
classification is presented in Fig 3-1. These can be classified based on the mold material,
method of producing the mold and the pressure on molten metal during filling (gravity,
centrifugal force, vacuum, low pressure, high pressure). Permanent or metal molds are used in
gravity and pressure die casting processes, suitable for producing a large number of

components.
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In general, aluminum castings can be produced by more than one process. Quality
requirements, technical limitations and economic considerations dictate the choice of a
casting process.

The three main casting processes for production of aluminium castings are as follows:

 sand casting: large castings (up to several tons), produced in quantities of from one to
several thousand castings;

» permanent mold casting (gravity and low pressure): medium size castings (up to 100 kg); in
quantities of from 1000 to 100,000;

* high pressure die casting: small castings (up to 50 kg); in large quantities (10.000 to
100.000).

These castings and production sizes are typical, but of course exceptions are always possible.
Other casting processes include: investment casting (lost wax), lost foam casting, plaster
molding, ceramic molding, centrifugal casting and new and emerging processes such as

squeeze casting and semi-solid casting [1, 3, 14].

Casting process

T

o
e

[ |
Squeeze Chilled
casting casting

Hot
chamber

Cold
chamber

Continuous

Fig. 3-1 Hierarchical classification of various casting processes [14]
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Aluminium castings are very powerful and versatile techniques for manufacturing semi- or
finished products with intricate shapes. Those techniques are continuously improved and
developed to satisfy the user needs and to penetrate new markets. Innovations are mainly
oriented to the automobile sector which is the most important market for castings. This
continual improvement and development will ensure that aluminium castings continue to play

a vital role in this field.

3.2. Cylinder head

3.2.1. Casting processes for production of aluminium cylinder heads

According to known practice, cylinder heads are manufactured mostly by casting. The casting

technologies can be classified based on the following criteria:

1) various acting force on the metal flow during filling the mold,
2) the mold material and

3) the gating system.

Usually, casting molds are used whose outer margins are formed by casting dies, made of
steel for example. To form inlet and outlet channels as well as a space for the cooling water in
the cylinder heads (so-called water chamber), sand cores are suspended in the casting dies.
Gravity casting is nowdays very well established in foundry industries for production of
aluminium cylinder heads. Gravity casting occurs without any outside influences, apart from
gravity itself using sand mold, permanent mold or lost foam shell. One of the key factors that
significantly influences the quality of cast products is a design of a gating system. The gating
system refers to those channels through which the metal flows from the ladle to the mold
cavity. The use of a good gating system is even more important if the casting is produced by a
gravity process. If the poor gating techniques are used, lower casting quality is achieved, due
to a turbulent flow of the melt through the gating system [15]. There are three types of

conventional mold processes for the casting of cylinder heads which are distinguished by the
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position of gating system. All of them are schematic presented in Fig. 3-2. The top casting
method ensures the directional solidification process as well as better cooling of the
combustion chamber area which leads to improved mechanical properties of cast parts. The
most complex and the most difficult task by gravity top casting method is related to the
defects directly caused by turbulence. It is certainly difficult to influence the free-fall of the
melt. Comparing the top to the bottom gating system, the advantage of the bottom casting
method is laminar flow of the molten metal into the mold. On the other side, the limitations of
bottom casting represent the cooling conditions in combustion chamber leading to the
negative influence on the mechanical properties. The presence of shrinkage and gas pores in

as cast structure are to be expected because the lack of directional solidification.

Fig. 3-2 Example of cylinder heads with gating system poured by gravity a) top casting b)
bottom casting and c) tilt casting [15]

Taking into consideration the tilt pouring casting method it can be underlined that this method
posses all advantages present by the top casting but at the same time reduces the turbulent

flow of the melt due to the tilting of the whole system during filling process.

In the production of the cylinder head by gravity casting process the quality of casting is
strongly influenced by filling conditions of gating system and mold cavity. Particularly the
pouring process of light metals is very dynamic and complex [16-18]. The flow velocities in
some gating areas are very high. The inadequate gating system or speeding of the metal
stream can cause the turbulent flow of metal that initiates the formation of oxides as well
mold erosion. On the other side, slow metal flow and fast solidification are reason for cold

shots.
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The production praxis of cylinder heads by gravity casting process showed that the quality of
the cast products is related to the filling pattern of the gating system and the filling pattern of
the mold. Of course, other important factors that affect the quality of cast products such as the

melt temperature, the mold temperature, filling time and alloy have to be considered.

3.2.2. Function of car engine cylinder heads

The cylinder head is a key to the performance of the internal combustion engine, as the shape
of the combustion chamber, inlet passages and ports determines a major portion of the
volumetric efficiency and compression ratio of the engine [19]. In an internal combustion
engine, the cylinder head sits above the cylinders and consists of a platform containing part of
the combustion chamber and the location of the valves and spark plugs. In Fig. 3-3 it can be
seen an example of car engine including its parts (left side) and the appropriate cylinder head
(right side) [20].

The cylinder head is connected to the top of the engine block and allows air/fuel mixture and
exhaust into and out of the cylinder block. The cylinder head has the duty of holding the
air/fuel mixture charge inside the cylinder as it combusts, forcing the piston downward. The
cylinder head is connected to the engine block using head bolts, using a head gasket to seal

both parts.

Fig. 3-3 Example of engine and appropriate cylinder head [20]
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Coaxial with the valve seatings are the valve guides, which are carried in bosses of the
cylinder head. Their length must be such as to present as adequate bearing surface to resist
any side loading on the valve stems and also to provide a ready path of heat transfer from the
exhaust valve head. The valve may seat either directly in the material of the cylinder head or,
in harder-wearing rings, inserted therein. Valve seat inserts are usually confined to engines

where the cylinder head material is aluminium alloy.

In recent years the main driving force for the evolution of automotive engines have come
from legislation (exhaust emissions, fuel consumption) and from end user expectations
(increased output, better driveability and comfort). The results of this development process
have been the setting of clear trends in terms of:

- weight reduction, due to wider application of light materials;

- increased power density and tendency to downsizing of the engines; future expected values
are up to 65 kW/I for Direct Injection Diesel Engines and up to 75 kW/I for boosted Gasoline
Direct Injection engines;

- introduction of advanced combustion systems for both Spark (SI) and Compression (CI)
Ignition engines.

As a consequence of the above described engine development trends, specifications required
to aluminum cylinder head castings are becoming more and more severe, due to:

- high power density, resulting in higher operating temperatures;

- increased combustion pressures, meaning higher mechanical stresses (static and dynamic) on
the material that combined with thermal cycles may cause significant reduction in fatigue life
of the component;

- multi ports layouts and application of advanced combustion systems, leading to very
complex geometries and thin cooling water passages.

In next generation engines combustion pressure is expected to rise to 180-200 bar range for CI
engines and to 100-120 bar range for boosted SI engines, while maximum combustion
chamber wall temperatures, usually found at the bridge between exhaust valves, might rise
well over 250°C and approach 300°C. These new requirements have pushed the casting
supplier to develop new process solutions with the aim of increasing the quality of castings,
minimizing defects (porosity, inclusions etc.) and improving the microstructure of the

material (dendritic arm spacing), in order to achieve better mechanical properties [19, 20].
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3.2.3. Materials selection for car engine cylinder heads

The global environmental and traffic concerns, identified as a negative inheritance of the last
century, should be addressed in this century to minimize the future impact of the expanding
vehicle population. Among the global concerns, the reduction of CO, and other auto
emissions is an especially important challenge. The development of new systems and
technologies are, of course, being carried out to tackle these issues. At the same time, vehicle
weight has shown a trend of increasing recently, due, in a part, to the addition of equipment
that increases safety and comfort. Unfortunately, increased vehicle weight has a negative
impact on lowering emissions. Considering this background, successfully vehicle weight
reduction has been identified as one of the most important needs to meeting future automotive
goals. To this end, the application of aluminium, the lightest practical metal, is so attractive
for weight reduction that there are now many researchers working on the development of
aluminium alloys for automotive [21-24].
To fulfil the rising requirements of the cylinder head without new material inventions the
existing capabilities must be improved. Therefore two possibilities exist:

e Optimisation of the existing (aluminum alloys) material (fine tuning of chemical

composition)

e Alternative casting method and the construction principles

To optimise the cast materials it is important to improve the quality of the microstructure in
order to achieve a lower porosity and a higher ductility. Precipitation hardening and
reinforced particle systems are possible for an improvement [25].

Alternative construction principles as changing the valve seat geometry, optimising the water
circulation or changing the valve diamond geometry can reduce the material loading [26].

A further option is to split cylinder heads. That allows to produce two parts with two
similar/or different materials.

In order to meet automotive legislation requiring low-exhaust emission, reducing part weight
and cost as well as improving performance, it might be said that the heat treatable Al-Si-X
alloys are still developed (X=Cu, Mg and Zn) [27, 28]. Use of aluminium in engine
components has the advantage of a material with a higher thermal conductivity than cast iron,
which allows for higher working temperatures in the combustion chamber and contributes to

increase the power rating of the engine while requiring lower amounts of refrigeration liquids
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[29, 30]. Changing from iron to aluminium has not been an easy task for industry, as it is
required for aluminium parts to withstand more stringent conditions than those to which iron
castings are subjected, which are promoted by the higher working temperatures of the engine
that may enhance the reduction in strength of the material at the time that increases the
possibility of promoting thermal fatigue [27, 31].

Aluminium-Silicon-Copper alloys such as 308.0, 319.0, 360.0, 380.0 and 384. 0 offer good
casting characteristics, higher strength and hardness and improved machinability with reduced
ductility and lower resistance to corrosion. These and similar general purpose alloys are often
produced in the as-cast condition and the typical application of these alloys is related to
cylinder heads.

Aluminium-Silicon-Magnesium alloys including 356.0 and A356. 0 have excellent casting
characteristics and resistance to corrosion. Heat treatment provides combinations of tensile
and physical properties that make them attractive for many applications, among them cylinder
heads.

The well-known advantages associated to the use of aluminium alloys (light weight, good
mechanical behaviour, good corrosion resistance, etc.) constitute the driving force for the
introduction, on one hand, of new applications and design and, on the other hand, for the
development of new processing solutions. Especially, dramatic improvement in tensile and
fatigue strengths at elevated temperatures are demanded for engine parts, such as cylinder
heads, engine blocks, which are the thermally and mechanically stressed parts. The
inhomogeneous and time-dependent temperature fields during start—stop processes in engine
result in thermally induced fatigue loadings with low frequency and, especially in the “hot”
regions of the components (for example combustion chamber surface of cylinder heads), large
plastic strain amplitudes. On the other hand, the combustion pressure and oscillating masses
result in a mechanical fatigue loading with distinctly higher frequencies and smaller strain

amplitudes than the thermal fatigue cycles [3, 16, 32, 33].

3.2.4. Requested metallurgical and mechanical characteristics of car engine cylinder head

The mechanical properties of cast aluminum alloys are largely dependent upon the
solidification microstructure of the alloys. The service life of a cast component is determined
by the microstructural distribution throughout the casting, especially in those regions that are
critically stressed. In the drive toward lightweight vehicle production, the description and

prediction of the microstructure in shape castings has become important. This is because the
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microstructure length scales are required in the mechanical property models used for design
optimization. The use of predictive property models is critical due to the need to replace
heavy ferrous parts with aluminum alloy castings and the limited experience with the use and
long term performance of aluminum alloy castings [34-36].

Secondary dendrite arm spacing (SDAS), which is defined as the distance between the
protruding adjacent secondary arms of a dendrite, has been used in recent years to describe
the metallurgical structure of cast materials. Castings having a finer microstructure show
better statical and fatigue properties and, particularly for cast aluminium alloys, this
improvement is related to a lower SDAS value [37, 38].

Generally, most mechanical and structural components are subjected to various ranges of
temperature variation in service conditions. Thus, the thermal gradients induced in these parts
result in internal stresses and strains and these thermal cycles originate the process of low-
cycle fatigue [39], which initiates with the process of crack nucleation and propagation.
Automotive part, such as cylinder head, is an example of parts submitted to thermal cycles
and, therefore, to thermo-mechanical fatigue (TMF) process. In such component, fatigue
fractures occur due to starting-shutdown cycles, which involve temperature changes up to 300
°C. The aluminum alloys used for this application present mechanical behavior that involves
plasticity in low temperature and large viscoplasticity at high temperatures. These alloys are
also subjected to aging process, especially at temperatures above 150 °C, [40] so different
strain mechanisms are acting during the thermomechanical cycling applied to the material,
making the understanding of the whole fatigue process very complex.

The efforts will be done to improve the performance of these materials by controlling the
microstructure features, for example, in the cooling rate, aiming at reducing the secondary
dendrite arms spacings and porosity [41, 42, 43, 44].

Speaking about the fatigue life time of cylinder head, in reference [45] it was emphasized that
the pore size is the key factor controlling fatigue lifetime in E319 cast aluminum alloys.
However, the distribution of pore size and other microstructural features causes great
variability in fatigue lifetime. Therefore, SDAS influences fatigue lifetime by controlling the
size and distribution of the porosity as it was reported by the authors of this work.

V. Firouz et. al have the same opinion that thermal fatigue life can be improved effectively by
decreasing of SDAS, porosity volume fraction and coarse intermetallic contents. They found
that fracture surface of the fine SDAS samples showed more traces of plastic deformation,

whilst fracture surface of large SDAS ones showed even cleavage fracture [46].
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On the other side, there are also authors who believe that the positive effect of low SDAS
values is intensified at low cycles, while porosity (and particularly its size) plays a key-role at
high cycles [47]. A small SDAS also reduces the time required for homogenisation heat
treatments since the diffusion distances are shorter.

Because of the evident importance of SDAS, more and more automotive companies have
defined so far a SDAS limit in their engineering specifications, particularly for SDAS in the
area of combustion chamber surface which is the most thermally and mechanically stressed
parts in cylinder heads. Generally, the requested values of SDAS vary from model to the
model of cylinder heads (BMW, Porsche, VW, Fiat etc.). The value of SDAS ranges from 20
to 40 um and that is measured at the distance of 3 — 5 mm from the combustion chamber
surface. It is worth mentioning that, in some cylinder heads more rigorous demands must be
met where SDAS at 4 mm from the combustion chamber surface must be less than 20 um, as
it is illustrated in Fig. 3-4 [38]. On industrial production, the control of solidification rate (and
therefore the SDAS values) is quite difficult to achieve, because of the complex casting

geometry including the presence of many cavities and different wall thickness as well.

| SDAS < 35 jun
7 (at 4 mm from the surface)
_9x "'?c,tl

SDAS < 20 pm
(at 4 mm from the surface)

Fig. 3-4 Car engine cylinder head and demands on SDAS in outer and inner part of cylinder in

combustion chamber area [38]
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3.3 Solidification process of aluminum and aluminum alloys

The solidification of cast aluminum alloys starts with separation of a primary o aluminum-
phase from the liquid. After nucleation, when the temperature lowers, the primary phase
grows as solid crystals having dendritic shape. When the eutectic temperature has been
reached, the solidification proceeds at constant temperature with the formation of the eutectic
solid phase in the space left between dendritic arms.

The dendritic microstructure of as-cast state of alloys is a direct effect of the material
solidifying under given conditions. It is well known that dendritic microstructure shows
significant sensitivity on global casting parameters, e.g. temperature and cooling rate. On the
other side, the effect of more localised parameters such as concentration gradient in different
zones of casting must be taken into account. Geometry of dendrites, being sensitive to mass
and heat transfer conditions and their evolution over duration of casting process, can be
considered as a result of how these parameters change in situ. This information can be
valuable tool for process control and optimisation.

In literature survey there is a number of different theoretical and experimental models to treat
dendritic growth. These models permit the correlation of microstructural features with
solidification process parameters.

Two important quantitative microstructural parameters, the primary dendrite arm spacing, A,
(DAS) and the secondary dendrite arm spacing, A, (SDAS) can be related to the thermal field

derived parameters as it is expressed by the following equations [48, 53, 106]:

A =DAS = A GL'R" (3-1)

A2 =SDAS =C t{" (3-2)

where Gt is the thermal gradient in the liquid in front of dendrites, R is the solid-liquid
interface velocity, tr is the solidification time (which can be evaluated as the ratio between the
liquidus-solidus temperature interval and the cooling rate during solidification), A, a, b, C and
n are constants (related to the alloys). Exponent n is in the range of 1/3 to 1/2 for secondary
dendrite arm spacing in aluminium alloys.

According to Grugel [48], although the primary dendrite spacing is constant during a steady-

state solidification process, the secondary dendrite spacing modifies notably along the
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primary arms. Such a behavior can be explained on the basis of a coarsening process of the
dendrite branches during the solidification. Several researchers, including Whisler and
Kattamis [49] and Feurer [50] have analyzed the coarsening phenomenon in dendritic growth.
One of the most effective models to deal with a correlation between secondary dendritic arm
spacing and solidification parameters was proposed by Feurer [50]. For secondary arm
spacing, Feurer developed a theoretical model that relates SDAS, to the local solidification
time, t. The Feurer model was developed, based on the work of Kattamis et al. [49].
According to Feurer [50], SDAS is a function of the local solidification time, tr, and is given

by the equation:
SDAS= 5.5(Mtp)"? (3-3)

where M is defined as coarsening parameter and value of M is usually in the range of 1-10 for

aluminum alloys and the exponent value is in the range of 1/3 to 1/2 for aluminum alloys.

The secondary dendrite arm spacing (SDAS) is determined by soldification time through the

mushy zone, with longer solidification time resulting in larger values of SDAS.

The size of the dendrites is affected not only by heat transfer rate during solidification of the
casting into mold but also the chemical composition of the alloy. The effect of major and
minor alloying elements on the solidification behaviour and the microstructure feature, SDAS

of Al-Si-Cu alloy has been extensively studied in this work.

3.3.1. Nucleation and growth of a-Al phase

The concept of solidification comprises two basic phenomena: nucleation and growth of
crystals from the melt. By lowering the temperature of a metal melt below the equilibrium
liquidus temperature, solid becomes the thermodynamically stable form of matter and a
transformation from liquid to solid starts. The rate of this process depends primarily on the
rate of heat extraction from the system and the driving force, free energy (AG) for nucleation,
as well as growth of crystals, is a function of the degree of undercooling (AT) which is created
during the solidification process relative to the equilibrium conditions. The primary process
determines the size and morphology of crystals formed from a melt, and it is important,

therefore, to control the early stages of the solidification process. Many of final properties of
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the castings are determined by the conditions under which the primary crystals are nucleated
and started to grow [51, 52].
The solidification process involves extraction of heat from the melt in a more or less
controlled manner. Heat extraction changes the energy of the phases (solid and liquid) in two
ways:

1- There is a decrease in the enthalpy of the liquid or solid, due to cooling,

2- There is a decrease in enthalpy, due to the transformation from liquid to solid, which

is equal to the latent heat of fusion,AH ¢ defined to be negative for the liquid-to-solid

transformation (exothermic reaction).

Heat extraction is achieved by applying a suitable means of cooling to the melt in order to
create an external heat flux, qe.. The resultant cooling rate, dT/dt can be deduced from a simple
heat balance if the metal is isothermal (low cooling rate) and the specific heats of the liquid
and the solid are the same. Using the latent heat per unit volumeAh = AH¢/vy,, in order to

confirm the dimensions of the other factors, then

AN _ (4T (95 ]
8) {0 (%) oo

so that: T = dar = —qe(ij - (%Iﬂj (3-5)
dt V.c dt c

The first term on the right-hand-side of equation (3-5) reflects the effect of casting geometry
(ratio of surface area of the casting, A’, to its volume, V) upon the extraction of sensible heat,
while the second term takes account of the continuing evolution of latent heat of fusion during
solidification. It can be seen from this equation that, during solidification, heating will occur
if the second term on the right-hand-side of equation (3-5) becomes greater than the first one.
This phenomenon is known as recalescence [51, 53].

For an alloy, where solidification occurs over a range of temperatures, the variation of the

fraction of solid as a function of time must be calculated from the relationships (3-6):
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since f; is a function of temperature. In this case:

A!
—-q, (ﬁ)
af,
dT

T = (3-7)

Ak,
T+ 00

It is seen that solidification decreases the cooling rate since both dfy/dT and Ah¢ are negative.
The transformation of one phase into another requires rearrangement of the atoms. This may
involve a relatively short-range (atomic) rearrangement to form a new crystal structure, as in
the case of pure substance. Alternatively, atomic movement may be required over much
larger, but still microscopic distances as in the case of alloy solidification where mass
diffusion controls the transformation.

Solidification, as a phase transformation is driven by thermal fluctuations and can only occur
when the probability of transfer of atoms from the parent phase to the product phase is higher
than that for the opposite direction. Therefore, stable regions of the new phase have to form.
In solid metals, random fluctuations may create minute crystalline regions (clusters, embryos)
even at temperatures greater than the melting point, but these will not be stable. Indeed, they
continue to be unstable to some temperature below the melting point because the relatively
large excess energy required for surface creation tends to weight the 'energy balance' against
their survival when they are small. Once nucleation has occurred, atom transfer to the crystals
has to continue in order to ensure their growth. Although thermodynamics says that below the
melting point the solid state is the stable state of the material, the appearance of the solid state
needs additional energy, which is provided by undercooling below the equilibrium melting
temperature. The larger the undercooling the more energy is contained in the undercooled
melt. At a certain undercooling, nuclei of the solid phase can form inside the melt
(homogeneous nucleation), but mostly they will appear at mold walls (heterogeneous
nucleation), since the energy to form them there or at foreign particles inside the melt is
smaller.

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

- the kinetics of atom attachment to the interface,

- capillarity,

- diffusion of heat and mass.
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The growth rate of a crystal depends upon the net difference between the rates of attachment
and detachment of atoms at the interface. The rate of attachment depends upon the rate of
diffusion in the liquid, while the rate of detachment depends on the number of nearest
neighbours binding the atom to the interface. In general, reorientation of a complicated
molecule in the melt, surface diffusion and other steps may be required. An atomically flat
interface will maximise the bonding between atoms in the crystal and those in the interface.
Thus, such an interface will expose few bonds to atoms arriving via diffusion through the
liquid. Such a crystal has a tendency to close up any gap in its solid-liquid interface at the
atomic scale. This leads to crystals which are faceted at the microscopic scale and usually
exhibit high undercooling. An atomically rough interface always exposes a lot of favourable
sites for the attachment of atoms from the liquid. Such an interface tends to remain rough and
leads to smooth crystals which are non-faceted at the microscopic scale and exhibit low

kinetic undercooling [51, 53].

3.3.2. Morphological instability of solid-liquid interface — constitutional undercooling

To explain the idea of “constitutional undercooling”, a binary alloy that solidifies at a constant
velocity is considered (see Fig.3-6). The concept of constitutional undercooling only states
when the solid-liquid front becomes unstable; it does not predict the most stable growth
mode, its shape, etc. This problem was solved by Mullins and Sekerka [54], who introduced
another important aspect: the curvature of a perturbation. The melting point of a planar front
differs from that of a curved interface. Convex interfaces have a lower melting point than
concave shaped ones. This means, if a perturbation is highly curved, it melts back easier than
would a shallow curved interface. A perturbation induces a perturbed solute or thermal field
and either heat or solute (or both) have to be transported away from the tips by diffusion. The
longer the wavelength of the perturbation the larger the diffusion distance to equilibrate the
concentration profile. Diffusion of heat or solute would prefer a sharply curved interface. The
competition between transport and curvature determines the wavelength that is selected.

The concentration profile can be converted into a virtual temperature profile indicating a
position ahead of the interface where the concentration there would be in equilibrium. The
difference between the real temperature and the virtual, equilibrium phase diagram
temperature defines a region in which two conditions can prevail: the real temperature always
is much larger than the virtual temperature or vice versa. The first case means whenever a

perturbation grows in advance of the interface, it sees a region which is hotter and thus melts
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back. If the virtual temperature is larger than the real one, a perturbation sees a region which
is in reality colder and thus it can grow.

At a given temperature gradient a low solidification velocity will yield a planar interface,
which becomes cellular at higher velocities. These cells become unstable and develop into
dendrites. At even larger velocities a planar solidification front can be achieved again.

Three limiting cases will be considered in the following paragraphs.

The first of these is equilibrium solidification (Figure 3-5) and the movement of a planar
solidification front along a bar of liquid metal which contains a solute with an initial
concentration of Cy. This type of solidification can be achieved in practice by using a special
furnace to impose a steep temperature gradient on a crucible holding the metal.

This assumes that total mixing takes place in both the liquid and the solid. This requires
complete diffusion to take place in the solid, which is usually impossible. When liquid metal
starts to solidify at a particular temperature, a certain volume fraction of solid has formed, fs,

leaving a certain volume fraction of liquid, f;, where fs + f; = 1.
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Fig. 3-5 Solidification under equilibrium conditions [32]
The law of the conservation of mass requires that:
(Solute in solid) + (Solute in liquid) = (total solute) or
Cyfs +  Cif =  Co (3-8)

where Csand Cr are the concentrations of the solute in the solid and liquid respectively.

26



Chapter 3. Literature review

The above equation can be shown to be merely a re-statement of the lever rule by substituting

for f;=1-fs Equation (3-8) then becomes:

fi= b= (3-9)

As it is shown in Fig. 3-6, the molten alloy is cooled down having an initial solute
concentration of Cy, a liquidus temperature of 7; and a solidus temperature of 7s. At a
temperature T where the fraction solid is fs, L; = Cy - Cr and L, = Cs - Ci. and substitution of

these values in equation (3-9) gives actually the equilibrium lever rule (see Fig. 3-6).

Alloy

Temperature

G G G

Concentration ———p

Fig. 3-6 Binary Phase Diagram and equilibrium solidification

The second case considers the non-equilibrium solidification that derives the Scheil’s
equation that is widely used to describe the solidification behaviour. The top part of Fig. 3-7
left again shows the progression of solidification with a front between solid and liquid moving
from left to right. The bottom half shows solute concentration as a function of the fraction
solid.

The initial uniform solute concentration in the liquid is Cp. The first solid to form has a

composition of k-Cp, where k is the partition coefficient between the solid and liquid phases,
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i.e. k = Cs /Cr. When the initial solid is formed, the excess solute is rejected ahead of the
advancing front. Based on the Scheil’s rule the following assumptions are made:

1. There is efficient mixing in the liquid so that there is a uniform solute distribution, giving a
uniform concentration Cy;

2. There is no diffusion of solute in the solid phase, which can arise if the rate of cooling is
high or if the rate of diffusion is low. This is usually quite a good approximation for most

substitutional solutes, such as Mn in Fe, or Cu in Al.
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Fig. 3-7 Solidification under non-equilibrium condition

As the solid-liquid interface advances by a small amount dfS with the rejected solute, then the
solute concentration in the liquid increases by dC;. By the definition k=dCgs/dC; hence the
shaded areas in Fig. 3-7 right can be defined by Scheil’s equation or so called non-

equilibrium lever rule:

Cs = kC,(1- f5)" (3-10)
It applies with reasonable accuracy to all substitutional solutes, such as Cu, Zn and Mg in Al
and Cu, Cr and Mn in Fe.

The third model or so called solute rejection model assumes that perfect mixing occurs in the

liquid and there is no diffusion in the solid. As solute is rejected ahead of the advancing front,
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it diffuses away in the liquid to give a steady-state profile. Under these conditions, the solute
rejected into the liquid builds up to a peak concentration of Co/k ahead of the moving front, as
it is seen in Fig. 3-8.

In order to determine the stability of growth front, the actual temperature gradient, G, applied
to the liquid has to be considered. When G is high, the temperature of the liquid ahead of the
solidification front (T) is always above the melting point (T.). This leads to conditions for
stable planar growth, i.e. there is no constitutional undercooling. However, if the temperature
gradient is lower, the liquid ahead of the front is effectively undercooled below its freezing
point (Fig. 3-8). This unstable condition leads to cellular or even dendritic growth. Thus the

condition for stable growth can be defined as the following:

(3-11)

Substituting for the thickness of solute layer, d with d=D/R, (D- coefficient of diffusion of the

solute in the liquid, R-the rate of the solidification front) gives
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Fig. 3-8 Link between the Constitutional Phase Diagram and Constitutional
Undercooling [32]
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This is the condition which roughly defines that there is no constitutional undercooling ahead
of the interface which therefore remains stable and flat. If the equality is reversed, then the
liquid ahead of the solidification front is effectively undercooled below its freezing point
causing the unstable situation which leads to cellular or dendritic growth. This instability
arises because any slight perturbation of the growing front causes the front to move into a
region of higher effective undercooling, so growth is accelerated. This is of course a run-away
situation, leading to the disintegration of the planar front into a series of long, finger-like
growth forms such as cells or, more extremely, as dendrites [38].

Fig. 3-9 shows how the growth morphology changes from planar to cellular and then to
dendritic as the compositionally-induced undercooling increases. Although metals and alloys
can solidify in any of these modes, the most common form in real castings is dendritic
solidification. A dendrite can be defined as the basic tree-like growth form of the
solidification front which occurs when instability predicted by the constitutional undercooling
condition is high.

When regular cells, form and grow at relatively low rates, they grow perpendicular to the

liquid-solid interface regardless of crystal orientation.
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Fig. 3-9 Transition in Growth Morphology [32]
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When, however, growth rate is increased, crystallographic effects begin to exert an influence
and the cell-growth direction deviates toward the preferred crystallographic growth direction.
As growth rate increases still further, the cross structure first becomes more apparent. That is
secondary dendrite arms become observable.

According to the explanation of the perturbations on the solid liquid/interface, it can be said
that with any solid/liquid interface of area, A, is associated an excess (interface) energy which
i1s required for its creation. Therefore, heterogeneous systems or parts of systems which
possess a high A/v ration will be in a state of higher energy and therefore unstable with
respect to a system of lower A/v ratio.

The relative stability can be expressed by the equilibrium temperature between both phases
(melting point). The change in melting point due to this curvature effect, often called the

curvature or Gibbs-Thomson undercooling, is given by:
AT =Tk (3-13)

The curvature, k, and the Gibbs-Thomson coefficient,I", are here defined so that a positive
undercooling (decrease in equilibrium melting point) is associated with a portion of
solid/liquid interface which is convex towards the liquid phase. The curvature can be

expressed as

r=4 1,1 (3-14)

dv rn

where r; and 1, are the principal radii of curvature. The Gibbs-Thomson coefficient is given
by:

(3-15)

where Asy is entropy of melting and ¢ is S/L interface energy.

Solidification morphologies are determined by the interplay of two effects acting at the

solid/liquid interface. There are the diffusion of solute (heat), which tends to minimise the
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scale of the morphology (maximise curvature) and capillarity effects which tend to maximise
the scale.

Solidification is a discontinuous phase transformation, which will not occur at any arbitrarily
small undercooling. The reason for this arises from the large curvature associated with a
crystal of atomic dimensions. This curvature markedly lowers the equilibrium temperature so
that, the smaller the crystal, the lower is its melting point. The equilibrium melting point of
the system is thus lowered by an amount, ATr. The critical condition for nucleation is derived

by summing the interface and volume terms for the Gibbs free energy:
AG =AG, +AG, =04+ Agv (3-16)
where o is the solid/liquid interface energy and Ag is the Gibbs free energy difference

between the liquid and solid per unit volume. Again assuming a spherical form (minimum

A/v ratio) for the nucleus,

Agdm

AG = cdm’ + (3-17)

3.3.3. Primary and secondary dendrite arm spacing

The point of which the cellular structure becomes dendritic is a matter of terminology. One
group of authors prefer to describe it as dendritic only when secondary branches can be
discerned [54]. Some of authors think that the structure as dendritic when it is growing in or
near its crystallographic orientation [57-60]. Another point of therminology of dendrtic
structure is more important: the difference between a dendrite and dendrite arm [51, 53].

The central portion of the structure which is growing in approximately the heat flow direction
is termed a primary dendrite arm; the rods like protrusions perpendicular to the primary
dendrite arms are the secondary dendrite arms. Qualitatively, secondary arms form because
the approximately paraboloidal interface of the cell tip becomes unstable.

The development of perturbations at the constitutionally undercooled solid/liquid interface is
only a transient phenomenon. The tips of the perturbations can readily reject solute while the
depressed parts of the interface accumulate solute and advance much more slowly. The initial

wavelength is too small for further rapid growth to occur, and the final result is the formation
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of a cellular structure. Also, the spacing between the cells is not constant. The initial cellular
morphology can adjust itself to give a more optimum growth form via the cessation of growth
of some cells in order to decrease their number or by the division of cells in order to increase
the number present. Furthermore, the larger centre cell have slightly perturbed surfaces and
this suggests that, in the intercellular liquid, some driving force remains for further
morphological change which might possibly lead to dendrite formation. When the driving
force due to the temperature gradient difference is large, i.e. large constitutional undercooling,
dendrites form instead of the cells. Cells are usually ellipsoid-like crystals which grow anti-
parallel to the heat flux direction. They grow under conditions which are close to the limit of
constitutional undercooling of the corresponding planar interface. On the other hand,
dendrites are crystalline forms which grow far from the limit of stability of the plane front and
adopt an orientation which is as close as possible to the heat flux direction or opposite to it,
but follow one of the preferred growth axes. Equiaxed dendrites grow along all of the
available preferred directions when the heat extraction is isotropic.

The growth rate, as well as the dendrite morphology or spacing, are all largely dependent

upon the behaviour of the tip region (see Fig. 3-10).

Co
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Fig. 3-10 Growth of the tip of dendrites

During the growth of the tip, either heat (in the case of pure metals) or heat and solute (in
alloys) are rejected. The temperature and concentration at the tip of dendrite are denoted as T

and C; . These diffusion processes are driven by gradients in the liquid, and the latter are in
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turn due to differences in temperature (AT;) and concentration (AT.) ahead of the growing
crystal. After adding the temperature difference at the solid/liquid interface, caused by the

curvature of the tip (AT;), the coupling condition can be written:

AT = AT+ ATt + AT, (3-18)

In this equation, the possibility of kinetic undercooling has been neglected. This is a
reasonable assumption in the case of materials, such as metals, which exhibit a low entropy of
melting. This supersaturation (or the related undercooling, AT) represents the driving force
for the diffusion of solute at the dendrite tip in an alloy. With increasing supersaturation, the
growth rate of the new phase (the solid) will increase.

The actual dendrite morphology is, of course, much more complex than the simple platelike
(or cylindrical) morphology used for calculation involiving solid diffusion. Moreover, solute
is not uniformly distributed in interdendritic areas but tends to be somewhat more
concentrated between primary arms than between secondary. An example of dendritic
morphology of solidification where can be distinguished primary (DAS=A\;), secondary
(SDAS=M,) and tertiary (A3) dendrit arm spacing is given in Fig. 3-11.
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Fig. 3-11 Dendritic structure [64]

A convenient and widely used measured of the effects of solidification conditions on dendrite
structure is dendrite arm spacing, i.e. the spacing between primary, secondary or higher —
order branches. Generally, the spacing measured is the perpendicular distances between
branches (Fig. 3-11). However, especially on more poorly defined structures, the random
linear interception method has been employed. This mechanism of spacing adjustement is

similar to that by which cells adjust their spacing. The driving force is the constitutional
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undercooling in the region between the two primary dendrite arms. Apparently the dendrite is
able to branch sufficiently to reduce this undercooling to a very low value. It has been
previously mentioned that primary dendrite arm spacing depends on the product of thermal
gradient and growth rate (Eq. 3-1), and results which have been reported correlate full with
this parameter. Secondary dendrite arm spacing also depends directly on cooling rate or
solidification time (Eq. 3-2) both columnar and equiaxed.

The effect of solidification time as leading parameter that determines the SDAS in aluminum
alloy have been extensively investigated in the literature [49, 53, 55, 62-65]. Besides the
solidification time, one of the most important casting process control parameters is the
chemical composition of the melt.

Few years ago a group authors from Singapore [66] and China [67] published few papers
about the effect of master alloys containing Ti and/or B on the grain size and dendrite arm
spacing of AlSi8Cu2 and AlSi6MgCu aluminium alloys. Banghong Hu and HangLi [66]
investigated the effect of additions of master alloys on the size of SDAS add into the
AlSi8Cu2 (226S alloy according to DIN specification) alloy cast in a permanent mould. In
their experimental work [66] the Ti addition contents were 0.11, 0.13, 0.15 and 0.17 wt %.
The Ti:B ratios studied were 1:6, 1:4, 1:2, 1:1, 2:1, 4:1 and 6:1 at a selected Ti addition level.
A commercial German Al-alloy, DIN226S was chosen for this study. Three types of master
alloys were evaluated: binary Al-Ti (10 wt % Ti), and/or Al-B (5 wt% B) alloys and ternary
Al-Ti-B alloys. The alloy was melt into graphite crucible. The die used for producing
specimen was made of H13 steel and was pre-heated to 300 °C before casting. It was
indicated that the optimum levels of Ti and/or B additions for the grain size refinement and
the SDAS refinement is different. The grain size decreases rapidly with increase in Ti addition
into the melt up to 0.13 wt %. Addition of Ti above 0.13 wt% does not affect the grain size
significantly. Addition of 0.11 wt% Ti contributes significantly to SDAS reduction. Lina Yu,
et.al [67], investigated the refinement efficiency of two different grain refiners AlTi5C0.25
and AITi5B1 on the SDAS in the A356 alloy. They also found that the size of SDAS
decreased by adding AITiC grain refiner. Comparing the mechanical properties of A356 alloy
before and after addition of AITiC and AITiB grain refiners, it was found that ultimate tensile
strength and elongation have higher value in the presence of AITiC grain refiner.

A.M. Samuel et al. [68] examined the effect of alloy composition and solidification conditions
on changes in the dendritic and eutectic structures in Al-Si alloys containing strontium. A
series of alloys Al-7%Si, Al-12%Si were selected, to cover a variety of alloy freezing ranges.

In this paper it was shown that introduction of Sr to these alloys further decreases the eutectic
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temperature, with a corresponding increase in the volume fraction of the primary a-Al phase.
The primary dendrite solidification pattern changes form parallel rows to a branched form,
producing an equiaxed type of structure and hence shorter primary dendrite lengths. The
authors have explained that the length of the secondary dendrite arms is controlled by the
rejection of solute atoms in front of the growing dendrites during solidification. According to
that, the higher the alloying content in the alloy, the smaller the dendrite cell size. The
solidification of a-aluminum primary phase leads to an increase in the silicon concentration in
the remaining liquid. At the eutectic temperature, the primary Al-Si eutectic will start to
precipitate consuming the residual melt between dendrite arms. Formation of a new Al-Si
phase increases further concentration of residual elements leading to the formation of new
phases. Recently, the group of authors [86] have studied the influence of process parameters
such as: chemical composition, cooling rate, mold temperature and pouring temperature on
the size of SDAS of as-cast aluminum cylinder heads. The influence of chemical composition
has been analysed using three aluminum alloys AlSi7Mg0.3, AlSi9CulMg0.3 and
AlSi17Cu3Mg0.3. They found that various content of silicon and copper have significant effect
on the size of SDAS even at high cooling rate. However, the papers did not cover the full
range of silicon and copper contents that could be interesting for producers of as-cast
aluminum parts. It was also reported that increase of pouring temperature and mold

temperature lead to the increase of SDAS.

3.3.4. Solidification features of Al-Si-Cu alloys-Dendrite Coherency

The solidification of cast Al-Si alloys starts at liquid temperature with precipitation of a
primary aluminum a-phase. Further decrease in solidification temperature is followed by
additional growth of primary phase that solidifies in the form of dendrite. Short period of time
they will grow freely without touching each other. In the dendritic solidification of alloys, the
solute redistributes due to the difference in solubility between the liquid and solid phases. The
solute rejected from the solid-liquid interface develops a region in the liquid in which the
actual temperature is lower than the liquidus temperature and leads to constitutional
undercooling [55-64].

Major and minor metallurgical reactions, that are thermodynamically strong enough in terms
of latent heat evolution are manifested on the cooling curve by inflection points and slope
change. Upon completion of the solidification process, the test sample structure and its

properties can be quantified from these reactions [69-73].
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Characteristic temperatures for the AlSi7Cu4 alloy are depicted on the cooling curve and its
time derivative (Figure 3-13 and Table 3-3). Some of these characteristic points can be used
to determine microstructure properties of the casting alloy such as: grain size, dendrite arm
spacing, dendrite coherency point and morphology of Al-Si eutectic.

A cooling curve and its time derivative can also be used for the determination of fraction solid
[74, 75]. The shape of the cooling curve is a result of the heat lost to the surroundings by the
cooling test sample and the heat evolved in the cup during the phase transformation. The
amount of heat evolved from a solidifying test sample can be calculated as the integrated area
between the first derivative curve and the zero line. The amount of heat is proportional to the

fraction solid.

Table 3-3 - List of characteristic temperatures with corresponding symbols [74]

Point | Description Symbol
1. o - Al - dendrite nucleation (liquidus) temperature i
2. o - Al - dendrite under cooling temperature T“’DENMIN
3. o - Al - dendrite growth (recalescence) temperature TP N,
4. o - Al - dendrite coherency point T“’DENCOH
5. Al - Si eutectic nucleation temperature TAl'SiE,NUC
6. Al - Si eutectic minimum temperature TAl'SiE,MIN
oo Al - Si eutectic growth temperature TAl'SiE,G
8. Copper rich eutectic nucleation temperature TC“E,NUC
9. Copper rich eutectic minimum temperature TC“E,MIN
10. Copper rich eutectic growth temperature TC“E,G

11. End of solidification process (solidus temperature) TenD

Béckerud and co-workers developed a two-thermoucouple thermal analysis method to
monitor the solidification process of alloys [34, 52, 75]. One thermocouple is located at the
center (T.) and another close to the inner wall (Ty) of a crucible.

More detailed solidification process characteristic can be achieved using the first derivative of
the obtained cooling curve plotted against the time. The first derivative cooling curve
indicates characteristic temperatures such as precipitation of primary phase, primary eutectic

and secondary eutectic reaction as well as other reaction present in the aluminium alloys. The
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derivative at each point of the curve represents the rate of cooling of the metal in the thermal
analysis test cup. An increase of the derivative means that some latent heat has been released
which slows down the cooling rate and indicates on the formation of a new phase in the
system. During the solidification of the test samples, the thermally weak events can not be
easily detected on the cooling curves. In order to get more details about some points on the
cooling curves, the second or even the third derivatives plotted versus time are sometimes
used.

According to Bickerud’s method, the dendrite coherency point (DCP) is determined by
identifying the point of minimum temperature difference at the (Ty-T.) curve. When the
primary dendrites first impinge each other, the secondary and higher order branches will start
to grow/expand. The temperature, time, and solid fraction at this point are called coherency
temperature, time, and solid fraction, respectively. At this stage, the morphology of the mushy
zone can be envisaged as an interconnected skeleton throughout the solidifying volume and
this moment represents the transition from mass to interdendritic feeding (Fig. 3-12). The
assumption that the DCP occurs at this minimum is based on the theory that the establishment
of dendritic network will result in a substantial change in the heat transfer between the wall
and the central region of the test sample.

Dendrite coherency was postulated to correspond to discontinuous increase in thermal
conductivity of the mushy material. Chai and co-workers subsequently developed a
mechanical or rheological technique with a paddle stirrer to identify the coherency point by
changes in the mechanical strength of the mushy material [76]. The mechanical method is
based on the fact that the shear strength of the solidifying melt only begins to develop at DCP.
This is usually measured by monitoring the torque required to rotate a paddle or disc in the
melt at a constant rate. At the DCP the required torque rapidly escalates, and the point at
which this deviation is measurable is taken as the DCP.

The group of Mexican authors has been recently developed the third method to determine the
DCP, which is based on the measurements of the thermal diffusivity [77]. A series of samples
of an AISiCu alloy cast with and without the addition of modifying and refining elements was

used in that work.
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Fig. 3-12 Feeding of mushy zone during the solidification (a) mass; (b) interdendritic feeding
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Fig. 3-13 Cooling Curve Time Derivative and Base Line Obtained by Thermal Analysis of
AlSi7Cu4 alloy (unrefined and unmodified) [74]

Spencer et al. [78] observed that melt stirring during solidification postponed the coherency

and noted that the resultant microstructure contained small rounded dendrites.
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The coherency fraction solid and temperature are considered to mark the transition from mass
to interdendritic feeding, to compensate for shrinkage in casting processes. After coherency,
the restricition imposed on liquid flow, and the development of contractionally induced
stresses in the continuous solid network, can results in common casting defects such as
macrosegregation, hot tearing, shrinkage and gas porosity. Several authors have suggested
that the coherency point may be an important indicator of alloy castability [79-81]. Therefore,
a lot of importance must be attached to complete understanding of the solidification behaviour
at the DCP and the factors affecting the DCP.

Recently a single thermocouple technique has been developed by Djurdjevic et al. [82]. The
DCP is defined as the minimum point of the 2™ derivative curve of temperature vs. time of
one centrally located thermocouple. It is obvious that all compared methods of analysis
yield similar results and can be use indistinctly to evaluate coherency.

The solidification conditions, chemical compositions of alloy and addition of grain refiners
are major factors that have significant impact on the dendrite coherency temperature.
Independent from applied techniques, it has been verified that faster cooling rate and increase
in solute concentration postponed the coherency point to the lower temperature [74, 84]. L.
Arnberg et.al [75, 79] already analyzed the impact of grain refiner (Ti) on dendrite coherency
in Al — Cu 4 wt % alloy. They found that any increase in the Ti content up to 0.22 wt.% by
two different cooling rates (0.5 and 1.0 °C/s) increase significantly the fraction solid at
dendrite coherency temperature for almost 20%. According to the authors, an increase in the
Ti concentration decreases the dendritic growth rate greatly and the volume fraction of grain
increases very slowly, decreasing the temperature interval from dendrite coherency
temperature to eutectic silicon temperature.

Comparing different alloy systems, Veldman et al. [83] found that the greater the liquidus
slope correspond to the higher the coherency point. Recently Veldman et al. [85] analyzed the
impact of various contents of Si and Cu on the DCP. In their experiments silicon was varied
from 1 to 10.3 wt %; copper from 0 to 4.4 % while the content of Mg and Fe were kept
constant. Total of ten Al alloys have been investigated. They found using both, thermal
analysis (for two cooling rates, 0.7°C/s and 2.7°C/s) and rheological techniques that fraction
solid at DCP decrease as a function of increasing Si content. According to their investigation
copper does not have a significant effect on the fraction solid at coherency.

Although dendrite coherency has long been of interest, still there is a lack of knowledge

about impact of some particular alloying elements on this feature in the system of Al-Si-Cu
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alloys, which are of crucial importance for automotive industry. The lack of literature data
is more related to the impact of other major and minor alloying elements.

S. Gowri and co-workers [86] investigated the effect of different alloying elements on the
solidification characteristics of Al-Si-Cu-Mg-Fe alloy at two cooling rates (0.4 °C /s and 10
°C /s using the thermal analysis method. They varied the content of copper, iron, magnesium,
zinc and manganese in the range of 3.22 - 4.09 wt %, 1.01 - 1.70 wt%, 0.06 - 0.50 wt %, 1.69
- 3.00 wt%, and 0.16 - 0.46 wt% respectively. They showed that the liquidus and eutectic
temperatures are increased as the amount of iron is increased. They found that the increase in
manganese increases both the melting point and the eutectic temperature by 4 °C at the higher
cooling rate. The authors have also reported that the increase in magnesium up to 0.30 wt%
did not affect the solidification. The eutectic temperature changed approximately 1 °C for
each 0.10 pet of added magnesium.

In the paper of J. Cho et al [87] the influence of different copper content in three different Al-
Si alloys was observed. They have shown also that increasing copper decreases the melting
point of alloy considerably as well as the eutectic temperature. The phase formation
temperature of Al,Cu, however, is increased.

In the paper of S.S. Sreeja Kumari et. al. [88] it was shown using thermal analysis that Mn
(0.4%) addition to Al-7Si-0.3Mg—0.8Fe alloy changes the morphology of platelet iron phase
to script form leading to significant improvement in tensile properties. However, there is no
significant improvement in impact strength. Be (0.2%) changes the platelet morphology of
iron phase to Chinese script form, which are seen only inside the a - Al in slow cooling (sand
cast), and both in the interdendritic as well as inside the a-Al in fast cooling (permanent
mould casting) condition. This morphological change is responsible for the significant
improvement in both the tensile and impact properties. Addition of Be, Ca and Sr to Mn
added Al-7Si—-0.3Mg—0.8Fe alloy improves the impact strength significantly. This is due to
the modification of the eutectic Si from acicular to fibrous form and refinement of the platelet
a-phases. On the other hand, combined additions of Be + Mn, Ca +Mn and Sr +Mn lead to a
reduction in the impact strength compared to individual additions of Be, Ca and Sr. The best
combination of both tensile and impact properties have been obtained in the combined
additions of Be + Mn, Ca +Mn and Sr +Mn to Al-7Si—0.3Mg—0.8Fe alloy. A trace amount of
Be (0.005%) addition to Ca and Sr leads to superior tensile properties compared to Ca and Sr

additions alone.
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3.3.5. Modelling of microstructure parameters

Numerous solidification studies have been reported with a view to characterizing the
microstructural parameters such as primary dendrite arm spacing (1), secondary dendrite arm
spacing (), dendrite tip radius (r) and mush zone depth (d’) as a function temperature
gradient (G) and growth rate (V) ahead of the microscopic solidification front [89-94].

A literature survey shows that several theoretical studies and theoretical models [95-101] have
been used to examine the influence of solidification parameters (G, V) on microstructure
parameters (A;, A2, r and d). According to these results an increase in the solidification
parameters results in a decrease in microstructure parameters.

Hunt allowed for the interaction of the diffusion fields between neighboring cells. The
relationship between A, and solidification parameters (G, V, Cy) for a spherical dendritic front
with the growth condition for dendrites is determined by the minimum undercooling. Another
theoretical model to characterize A | as function of G, V and C, was developed by Kurz and
Fisher. They assumed that the shape of the cell or dendrite can be approximated as ellipsoids
and using the marginal stability criterion for an isolated dendrite or cell, they simplified their
results for the low velocity and for the high velocity. Another theoretical model to
characterize A; as function of G, V, Cy was developed by Trivedi [85]. Trivedi modified the
Hunt model by inserting marginal stability criterion.

Hunt and Lu [103, 104] investigated the cellular/dendritic array growth by using a numerical
model. They presented analytic expressions that fitted with the numerical results. The
Okamoto Kishitake model [105] is a simplified method of correlating primary dendrite
spacing with solidification parameters. To develop such a model, Okamoto and Kishitake
assumed the secondary dendrite arms to be plates that become thicker as the solidification
goes on.

C.T. Rios and R. Caram [106] carried out directional growth experiments with the alloy Al-
Si8.5-Cu2.5. They investigated directional solidification parameters. The results obtained
were compared with results furnished by the models of Hunt, Okamoto Kishitake, Kurz-
Fisher. Trivedi and Hunt-Lu. That study shows that an increase in the growth rate produces a
decrease in the dendrite spacings. Also, a variation in the thermal gradient at solid/liquid
interface deeply affects the primary dendrite spacings. At low growth rate, the effect of
temperature gradient on the primary spacing is not very considerable. If the growth rate
increases, the influence of temperature gradient becomes more significant. As temperature

gradient is decreased, there is a tendency to increase the primary dendrite spacings. At low
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temperature gradient values, the primary spacings are less sensitive to the growth rate
variation. The comparison between experimental results and theoretical results furnished by
the five mentioned theoretical models reveals that the Kurz -Fisher and Hunt Lu models allow

one to predict efficiently the primary dendrite spacing as a function of directional

solidification parameters.
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4. Experimental part

The experimental part of this work can be divided into three subparts. As a first, the
preliminary examinations related to AlISi7Cu3 cylinder heads cast using the tilt pouring die
casting process. The microstructure observation on the real casting with relatively complex
geometry as in the cylinder heads has been conducted in order to estimate the SDAS in the
thermally and mechanically stressed area such as combustion chamber surface. Since the
SDAS value of cylinder head in the mentioned area has to meet very strict industrial demands
there is a need for comprehensive knowledge about the solidification phenomena as well the
parameters influencing on the solidification behavior of Al-Si-Cu hypoeutectic alloys. For
that reason in the second part of the experimental study, the impact of casting parameters such
as pouring temperature, mold temperature and cooling conditions on the SDAS of the basic
alloy has been examined. The third part of experimental study has been basically focused on
the examination of chemical composition variations on the solidification behavior of Al-Si-Cu

alloy where the special attention has been paid on the changes of SDAS and DCP.
4.1. Design of laboratory experiments

In designing automotive parts, it is important to have an intimate knowledge of how alloy
solidifies at different cross sections of the cast part and how this influences mechanical
properties. This knowledge enables the designer to ensure that a casting will achieve the
desired properties for its intended application.

The microstructural constituents present in AISi7Cu3 (A319) alloy are primary aluminum
phase, typically complex multiphases comprising eutectic (acicular) Si, as well as numerous
intermetallic phases. These microstructural characteristics, manifested variously in the grain
size, secondary dendrite arm spacing, type, shape and structure of constituent phases and the
porosity distribution, together influence the resulting properties, often in an interactive
manner.

However, before discussion about the relationship between the microstructural features and
mechanical properties of alloy, the crucial question regarding the parameters influencing the

microstructure features should be taken firstly into account. The main problematic of this
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study is focused on the relationships between the casting parameter and chemical composition
of the solidification features as SDAS and DCP of AlISiCu alloy.

The effect of mold temperature and cooling conditions on the SDAS of the basic alloy was
carried out at the permanent metal mold particularly designed to ensure the changes of the
mold temperature as well cooling conditions during the solidification process. The effect of
pouring temperature and chemical composition variations on the SDAS was investigated
using the laboratory ceramic crucible where the mass of sample amounts 100+10g. The
technique of thermal analysis-computer aided cooling curves in conjunction with
metallographic analysis was applied in order to investigate the solidification characteristics of
alloys, namely characteristic temperatures/times and the microstructural evolution of Al-Si-
Cu alloys.

Design of the laboratory experiments is made in such way to determine the relationship
between the different factors affecting the solidification path and features of Al-Si7-Cu3
alloys which are here defined as the outputs of the solidification process with special
emphasis on the primary solidification reaction concerning the growth of secondary dendrite
arms or other words the changes of the value of SDAS.

Experimental design involved designing a set of experiments in which some relevant factors
were varied systematically. The results of these experiments were analyzed in order to
identify optimal conditions, the factors that most influence the results and those details such
as the existence of interactions and synergies between factors.

In this work it was considered as the independent variables (the parameters that were
changed) such as variation of chemical composition of the Al-Si7-Cu3 alloy, pouring
temperature and mold temperature. Variation of chemical composition includes the changes
of the major and minor alloying elements (Si, Cu, Mg, Ti, Zn, Sr) contents. The value of
secondary dendrite arm spacing (SDAS) was referred as the paramountly dependent variable
or output of the process. Beside the SDAS, the change of the DCP point was also analyzed as
a function of chemical composition. The other characteristic points of the solidification curve
were taken as the subordinate outputs and they also were considered in this work because of
their importance for the complete solidification process.

The schematic view of experimental design can be seen in Fig. 4-1.
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\\

Secondary
dendrite arm
spacing

Fig. 4-1 Design of laboratory experiments

4.2. Experimental procedure

4.2.1. Material

Automotive cast A319 alloys have been increasingly used in the manufacture of cylinder
heads due to a combination of good fluidity properties and mechanical strength.

Considering the importance of A319 alloy in automotive industry, especially for casting the
cylinder heads, this alloy has been chosen as the basic alloy in this work. The table 4-1 shows
standard chemical composition of A319 alloy.

In the industrial experiments and experiments performed to estimate the effect of pouring
temperature and mold temperature, the chemical composition was held in the range according

to the standard specification. As the alloy composition is not strictly defined while the content
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of chemical elements is given in some concentration range, such concentration changes
regarding to Si, Cu, Mg, Ti, Zn and Sr were varied more or less in agreement with the alloy

specification defined by standard.

Table 4-1 Standard chemical composition of the basic alloy AlSi7Cu3

Si Fe | Cu | Mn | Mg | Cr Ni Zn | Pb Sn Ti Sr | rest
wt %
0.05- 0.007-

6.0-8.0] <0.5 2.8-3.8| <0.4 <0.05|<0.25 | <0.4 {<0.10|<0.10| <0.3 Al
0.5 0.015

4.2.2. Industrial tests-tilt pouring die casting process

Industrial experiments related to casting of cylinder head were carried out using the method of
gravity die casting with the tilt pouring of melt. According to the tilt pouring concept (Fig. 4-
2), the melt is filled into a transverse runner disposed on the longitudinal side of a casting
mold by top casting characterized by that the casting mould (1) first is tilted at an angle of 45°
to 70° on its longitudinal axis (5), then the filling of the melt into the transverse runner (2)
starts until approx. one fifth of the melt required for the casting is filled in the transverse
runner (2) without the melt already flowing into the mould cavity (6), and afterwards while
continuously filling more melt into the transverse runner (2) the casting mold (1) is pivoted
from the tilted position into vertical direction in such a way that the melt flows into the mold
cavity (6) from the transverse runner (2) along a casting mold wall.

The mold (1) is then tilted back to a vertical position, whilst the transverse channel (2)
continuously to be filled with the molten alloy (4) and the latter flow along a side wall of the
mold into the mold cavity (6) via outlets (3), as is the case in convential tilt pouring process.
The filling of the molten melt and the tilting back to the mold (1) are coordinated in such a
way that the mold (1) reaches its vertical position once the mold cavity has been (6) filled to
the level of the feeder attachment.

In order to estimate the relationship between the SDAS in the combustion chamber surface
and the cooling rate, the experiments of in situ thermal analysis of AlSi7Cu3 cylinder heads

produced by the tilt pouring gravity die casting process were conducted.
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Fig. 4-2 Tilt Pouring Gravity Die Casting Process

The preparation of thermocouples on the sand core before the pouring process is demonstrated
in the Fig. 4-3. The thermocouples have been fixed to the sand cores in such way that the
distance of the tip of thermocouples was 4 mm from the combustion chamber surface of
cylinder heads. At the same distance from the surface, five thermocouples were positioned in

each cylinder of cylinder head as it was depicted in Figure 4-4.

Fig. 4-3 In situ thermal analysis on the real casting of AlSi7Cu3 alloy

The temperature of the melt measured in crucible before each pouring process was about 720
°C. The water flow through the cooling channels was kept constant at 8 I/h during the

solidification process for all cylinder heads examined in this work.
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Fig. 4-4 Positions of thermocouples in cylinder head

Under the mentioned conditions, in situ thermal analysis has been performed in order to
achieve the information about the cooling rate measured by five thermocouples. The SDAS
was measured quite close to the tips of all five thermocouples. The metallographic sampling

for one cross section of the cylinder head is presented in Fig. 4-5.

Fig. 4-5 Sampling and measurement of SDAS in AlSi7Cu3 cylinder head
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4.2.3. Laboratory test in permanent metal mold

The AlSi7Cu3 alloy used in these experimental studies has been supplied in the unmodified
form. The chemical composition of the alloy was determined using the Optical Emission
Spectroscopy (OES) showing the following composition (in wt.%): 7.74 Si, 0.25 Fe, 3.493
Cu, 0.176 Mn, 0.175 Mg, 0.0104 Cr, 0.0288 Ni, 0.130 Zn, 0.020 Pb, 0.003 Sn, 0.115 Ti,
0.0012 Sr and 88.77 Al.

The alloy was remelted in the laboratory furnace (the maximum capacity of 10 kg) and held at
745°C £ 5°C. Before pouring the melt was degassed for 15 min by passing dry argon. Refiner
and modifier were not used for the melt treatment. The casting temperature was kept constant

at 720 °C.

In order to estimate the effect of mold temperature and cooling conditions on the SDAS one
set of experiments was performed using the permanent metal mold made of hot work tool

steel X40CrMoV51 (H13). Design of the permanent metal mold is shown in Fig. 4-6.

Fig. 4-6 Design of permanent metal mold
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Before the pouring of the melt, the mold was pre-heated up to three different temperatures,
i.e.: 350, 300 and 250 °C using the laboratory burner. In order to ensure the proper cooling
conditions “internal” cooling technique using water as a cooling medium has been used.
Basically, the cooling conditions were changed for each mold temperature, including the

cooling with and without water flowing through the cooling channel incorporated into the one

side of the mold (Fig. 4-7).

Before the pouring of molten metal, cavity surfaces were coated with a thin layer of heat
resistant material such as sodium-silicate. A ceramic filter was placed in slag trap of mold

before the casting. The molten metal was fed directly into the mold under gravity.

!

o without water ‘
e with water

o without water ‘
e with water

o without water ‘
e with water

Fig. 4-7 Experimental conditions

The temperature variations during the solidification process of the melt were controlled by
placing two thermocouples in mould cavity, (1) and (2) as it can be seen in Fig 4-8. Due to the
control of pre-heating of the mold or other words the mold temperature one thermocouple (3)
was inserted in the outer wall of the left mold die. The distance between the thermocouples
positioned in the mold cavity was 5 cm and the tips of both thermocouples were positioned at
2 cm from the bottom of casting (see Fig. 4-8 right). The temperature of water before the

casting process was constant, i.e. 12 °C.
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Fig. 4-8 Position of thermocouples in mold cavity and in casting

The analysis of the cooling curves was supplemented by metallographic analysis. Samples for
metallographic examination were sectioned from the obtained castings (corresponding to each
experimental condition) and taken from the positions where the tip of thermocouple 1 was
positioned. Samples were prepared by standard grinding and polishing procedures. NIKON
Epiphot 200 light optical microscope has been used for the microstructure observation. The
linear interception method was utilized to measure the SDAS which was determined as a ratio
of length segment to the number of arms. The image analyzer software, NIS Elements 2.10
was utilized to estimate the size of SDAS. The final size of the SDAS has been obtained as an
average value of at least 10 measurements.

The solidification process of AlSi7Cu3 alloys in the permanent metal mold was also
simulated by WinCast Finite Element Software taking into account all experimental
parameters (experimental conditions, as well as physical properties of alloy and mold
geometry). Mathematical model used for the calculation of SDAS was based on the equitation
(3-2). By substituting an alloy-specific value of C (in this work the value of C was 1.4) into
the previous equation, the magnitude of SDAS can be easily calculated for each volume that

comprises the casting model.

In order to estimate the sensitivity of mathematical model on chages in mold temperatures and
cooling conditions, the experimental values of SDAS corresponding to the position of the tip
of thermocouple 1 were compared with the calculated values of SDAS resulting from the

simulation process which corresponds to the same position as in the real casting.

52



Chapter 4. Experimental part

4.2.4. Laboratory test in ceramic crucible

As it was denoted previously, the effect of pouring temperature on SDAS as well the effect of
chemical composition of the alloy on SDAS and other solidification features were evaluated
performing the experiments in the ceramic crucible.

The pouring temperature of AlSi7Cu3 melt, the pouring temperature has been varied in the
range of 650-750 °C. The same casting parameters like filling rate, total casting time (kept
constant at 5 s), melt composition and quantity were adopted. The chemical composition of
alloy was the same as it was during the experiments in permanent metal mold (all in wt.%):
7.74 Si, 0.25 Fe, 3.493 Cu, 0.176 Mn, 0.175 Mg, 0.0104 Cr, 0.0288 Ni, 0.130 Zn, 0.020 Pb,
0.003 Sn, 0.115 Ti, 0.0012 Sr and 87.77 Al. For each value of the pouring temperature three
trials were carried out and the SDAS values has been determined for all three probes and
finally expressed as an average value of three trials.

The alloying elements investigated in this study are silicon, copper, zinc, magnesium,
titanium and strontium. The content of the major and minor alloying elements has been
varied more or less within the specification limit of the basic alloy.

Previously prepared melt of each targeted alloy was first charged in the ceramic crucible,
loaded in an electric resistance furnace and then melted. During all experiments the melt
temperature in the furnace was kept constant at 745°C £ 5°C. After melting all samples were
left to solidify under the same conditions. The sample mass was 100g + 2g.

The alloys containing different Si and Cu wt% used in the experiments were synthetically
designed to cover the Si level corresponding to the upper and lower limit of the standard
basic alloy and the copper level ranged from 1-4 wt.%. All other elements were kept
approximately constant. The synthetic Al-Six-Cux alloys containing different Si and Cu
content were melted in electric resistance furnace. The melts were first degassed in order to
obtain the lowest possible hydrogen level in the liquid alloys and after that were covered with
a protective nitrogen gas atmosphere to prevent hydrogen and oxygen contamination. No
grain refining agents were added to melts.

The AlSi7Cu3 alloy was remelted in electric resistance furnace at 750 °C. The melt was
degassed for 15 min by argon. A few minutes before pouring in the ceramic mold, different Ti
content was added in the form of master alloy Al-5Ti—1B and then stirred to ensure the
uniform distribution of the refiner in the melt. The aimed content of titanium was 0.08-0.14

wt%.
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In order to examine the effect of Zn and Mg, initially the basic AlSi7Cu3 alloy was remelted
in the electric resistance laboratory furnace. The melt was degassed passing dry argon. The
both metals, Zn and Mg were added in the pure form in the concentration range 0.73-3.0 wt%
and 0.2-3.0 wt% respectively. The modifiers and refiners were not used for melt treatment.
The effect of strontium addition was examined using the same basic alloy AlSi7Cu3 alloys
where the strontium content was varied between 1 and 210 ppm. The melt was practically
modified through the addition of master alloy (AISr10). An incubation time of 20 minutes
was allowed after the strontium addition prior to collecting the thermal analysis test sample.
The chemical composition of all prepared sample of Al-Si-Cu alloy containing varied content
of chemical elements was determined using Optical Emission Spectroscopy (OES).

There were three trials for each content of chemical elements. All experimental values are
expressed as an average value of three measurements including as well the chemical
composition.

The solidification process has been studied by thermal analysis technique - computer aided
cooling curves supplemented with the subsequent quantitative and qualitative metallographic
analysis of the solid samples. One short description of the experimental methods and

techniques used in this work is given in the following text.

4.3. Experimental methods and techniques

4.3.1. Thermal analysis

First of all, it is necessary to underline that thermal analysis actually consists of several

different measurement techniques such as:

» Differential Thermal Analysis (DTA),
» Differential Scanning Calorimetry (DSC),

» Computer Aided Cooling Curve Analysis (CA-CCA).

In this study the method of computer aided cooling curve analysis has been used to observe

the solidification process of AlSi7Cu3 alloys.
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The cooling curve method is useful for commercial applications for a number of reasons: it is
simple, inexpensive and provides consistent results. This technique is particularly useful for
drawing fundamental relationships between cooling curve characteristics and melts, i.e. test
samples.

In the previous chapter it was given a state-of-the-art of computer aided cooling curve
analysis, concerning the identification of the major and minor metallurgical reaction as well
as determination of solidification features such as denoted in the Table 3- 4. It was also given
a short description of the method developed by Béckeriid and co-workers that was generally
used in this work.

The Béckeriid’s method with two thermocouples has been especially used to examine the
solidification process in the ceramic mold. In this case, the cooling curves were recorded by
placing two thermocouples (K type), one in the centre (Tc) and one close to the wall (Tw) of
and the data acquired using the proper acquisition system. The temperature difference curve
Tw-Tc versus time has been used to the determined the DCP.

The temperature was measured in the range of 750 - 450 °C. The thermal analysis (TA)
samples were cut into two halves. One half of TA sample was used to determine the chemical
composition and another one to estimate the SDAS close to the tip of the central
thermocouple.

The obtained cooling curves and its first derivatives were used to determined characteristic
point appearing on cooling curve as well to calculate the cooling rate and/or solidification
time. The cooling rate was calculated as the ratio of the temperature difference between the
the liquidus and solidus temperature and corresponding times. The time between the liquidus
and solidus point is denoted here as the total solidification time.

Speaking about the effect of chemical composition of the alloy on the SDAS and other
solidification features, this effect may not be especially neglected in the case of DCP point.
As the results of this PhD thesis reveal, the DCP point shifts to the lower levels when the
content of the Si, Cu, Mg, Ti and Zn increase. The results indicate that such changes of
chemical composition were more emphasised in the case of the DCP then the eutectic point
which additionally guides us to the concluding remarks, that means the time between the DCP
point and eutectic point becomes shorter as the content of Si, Cu, Mg, Ti and Zn increases.
Taking into account the definition of the DCP point, it is proposed in this work to consider a
novel parameter detected by cooling curves analysis which actually matches well with the

growth rate of secondary dendrite arms. The time interval between the DCP point and the Al-
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Si eutectic nucleation temperature is denoted as At*. In this study, the SDAS value has been
correlated with total solidification time, t¢ and novel parameter, At*.

Many researchers have experimentally studied the effect of the total solidification time on the SDAS
and verified the relationship between the t; and SDAS defined by (3-2). In this study, the model
regarding the correlation SDAS -t; as well SDAS-At* are developed.

A representative cooling curve of the basic alloy, AlSi7Cu3 and its first derivate illustrate the
characteristic points determined in this study (Fig. 4-9).

The computer aided cooling curves can be used to determine the AlSi eutectic morphology
before and after the addition of modifiers. The net effect of the additions of modifiers on the
cooling curve of Al-Si alloys is the depression of the nucleation and growth temperatures of

the main eutectic reaction. The depression of ATg has been correlated with the degree of Al-Si

eutectic modification. The larger the magnitude of ATg the higher the level of modification.

ALSi  _ oALSi ALSi
AT 7 g6=T" "G unmopiriep - T E, G, MODIFIED (4-1)

AT 5 - Depression of the Al-Si eutectic growth temperature, represents the
temperature difference between the unmodified and modified Al-Si eutectic
temperature.

TAI'SiE’G, unmopiriep - Al Si eutectic unmodified temperature is the maximum
temperature that is achieved during the recalescence of the melt from the nucleation
temperature without any addition of modifiers.

TAl'SiE, G, mobiFiep - AlSi eutectic modified growth temperature is the maximum
temperature after addition of modifiers, usually A one-ten per cent Sr master alloy,

that is achieved during nucleation temperature.

The term “modification” describes the condition of refinement of the silicon particles. This

parameter has been determined in the experiments where the content of strontium was varied.
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Fig. 4-9 Representative points on the cooling curve of the AlSi7Cu3 alloy

4.3.2. Chemical analysis

Chemical composition variations in the basic Al-Si-Cu alloy concerning changes of major and
minor alloying elements content has been monitored and measured by optical emission

spectroscopy (OES) technique.

This method capable for rapidly analyzing compositions of metals, is adopted for the analysis
of various kinds of alloys in which the content of an element in a test sample to be analyzed is
determined in accordance with a calibration curve showing the correlation between the
spectral intensity ratio (absolute radiation power of an element / absolute radiation power of

the base metal) and the concentration of the element in the standard sample.

In optical emission spectrometry, since the spectral intensity ratio of a sample to be analyzed
is incorporated into a previously prepared calibration curve and the content of the element in
the sample is determined from this curve, the precision of the analysis for the sample and its

accuracy depends on the accuracy of the previously prepared calibration curve and the
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accuracy of the daily drift correction in the calibration curve (fluctuation of the spectral
intensity ratio caused by the analyzing device). Accordingly, a standard sample of
homogeneous and known element content is necessary for an accurate analysis. In addition, as
the standard sample used for such optical emission spectrometry, a disc-like ingot of 40 to 60
mm diameter and 5 to 10 mm thickness prepared by casting a molten metal into a die is used
as a standard sample after determining a standard composition value thereof by chemical
analysis. Upon optical emission spectrometry, the surface of this standard sample is machined
into a smooth surface and then a calibration curve is drawn based on the spectral intensity

ratio caused by sparking predetermined positions in the surface.

The chemical analysis of the resulting samples was performed according to Standard Test
Method for Optical Emission Spectrometric Analysis of Aluminum and Aluminum Alloys by

the Argon Atmosphere, Point-to-Plane, Unipolar Self-Initiating Capacitor Discharge.

The elements covered in the scope of this method are listed as the following: Ag, Al, As, B,
Bi, C, Ca, Ce, Co, Cr, Cu, Fe, Mg, Mn, Mo, N, Nb, Ni, P, Pb, S, Sb, Si, Sn, Te, Ti, V, W, Zn,
Zr. The concentration ranges given in the above scope were established through cooperative
testing (ILS) of selected reference materials. The range shown for each element does not
demonstrate the actual usable analytical range for that element. The usable analytical range
may be extended higher or lower based on individual instrument capability, spectral
characteristics of the specific element wavelength being used and the availability of

appropriate reference materials.

The optical emission spectrometar was used for analysis of solid samples with minimal
diameter 12 mm and minimal thickness 0.5 mm. with incorporated argon flushed spark stand
and high performance spark source is designed for accurate quantitative analysis of low and
high alloyed alloys, analysis up to 32 elements. In this equipment the detection limit amounts

>0.0002%.

Samples were taken from the solid TA samples that were previously cut into two halves. One
half has been used for the chemical analysis and another half for metallographical analysis.

The sample was surface cleaned by milling machine without cutting fluid.
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4.3.3. Metallographic analysis

4.3.3.1. Light optical microscopy (LOM) and Image analysis

The sample preparation

The metallographic samples were prepared using standard metallographic procedure that
includes cutting, mounting, grinding and polishing. The metallographic samples taken from
real casting-cylinder heads were small cubic samples (1.5 x 1.5 x 1.5 cm) and because of their
dimension, it was necessary to mount them inside a polymer block. For that purpose cold
mounting method has been used where two components mixture, polymer powder and liquid
binder were prepared (2 portion of polymer powder in proportion to 1 portion of liquid
binder). The sample was placed into the plastic cylinder mold and the mixture poured in and
allowed to set. Cold mounting takes about 40 minutes to complete. The conical TA samples

solidified in the ceramic mold were not mounted.

After that grinding has been done using rotating discs covered with silicon carbide paper in
the presence of water. The application of light pressure at the centre of the sample provided
grinding of sample without the formation of grinding edges and planes. There are a number of
grades of paper, with 180, 320, 600, 1000, grains of silicon carbide per square mm. After the
final grinding operation on 1000 paper, the samples were washed in water followed by
alcohol and dry it before moving to the polishers. The polishers consist of rotating discs
covered with soft cloth impregnated with diamond particles (3 and 1 micron size) and an oily
lubricant. The polishing begun with the 3 micron grade and continued until the grinding
scratches have been completely removed till the sample surface becomes mirror like

reflective.

Determination of SDAS

Microstructural changes were examined and quantified using light optical microscope
NIKON Epiphot 200 in conjuction with the image analyser software NisElements Br 2.0 The
linear interception method was applied to measure the secondary dendrite arm spacing
(SDAS). Based on the linear interception method, the SDAS was determined as a ratio of
length segment to the number of arms (See Fig 4-10).
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Fig. 4-10 Linear interception method

It is necessary to emphasize that metallographic sample from cylinder head was sectioned to
the area of combustion chamber surface where the measurements of SDAS has been done at
the distance of 3 mm from the surface and the SDAS in laboratory specimens cast in the
permanent metal mold and the ceramic mold has been determined in the area close to the tip
of the central thermocouple.

According to the previously mentioned procedure, SDAS measurement has been performed
using only dendrites which possess minimal 5 dendrite arms. In order to determine the
average value of SDAS in one sample, it was necessary to carry out minimal 10
measurements or in other words to choose 10 different primary dendrites containing more
than 5 secondary arms. As a criterion for the right choice of the dendrites is deviation of
median of average values and average value of SDAS and variance of average value. The
value of deviation would be maximal 0.5 pm and the value of variance minimal 9 pm®.

The terms relevant for the evaluation of SDAS are denoted in Table 4-2.

Determination of Cu Phases in A1SiCu samples

The samples with dimensions (20mm x 20mm) and varying Sr content were analysed in
order to estimate the total area fraction of Cu phase (seen mainly as fine pockets of
(Al+Al,Cu) eutectic and the blocky Al,Cu phase). For that purpose a semi-automatic image

analysis operation sequence in image analyser software was designed, which allowed one to
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keep the human operator influence at a minimum. In each sample, 150-200 objects were
identified in the frame with the area of 42.3 x 10° um? using magnification of 100X. The
percentage area of Cu phase was measured in each field. From these readings, the average

area fraction of Cu phase was determined for each content of strontium.

Table 4-2 Terms relevant for evaluation of SDAS

Determination of SDAS in as-cast samples

minimal number of measurements n=>10
index of the measured dendrites i={1,2,....,n}
minimal number of dendrites arms m;=>5
the length of i-te dendrites Xi
the average value of i dendrites X,
Xspasi =

the average value of all measurements = 1 1 & x,

X =— Xspasi _'Z_
of SDAS n i n - m;
estimated variance of average value of 5 1 > 5 5

So— = - 2 (Xspus = Xspas)™ = 9 um

SDAS o p—1 5

Median of average value of SDAS e — & k/2¢IN
= USDAS(k2)°

X SDAS(i 1,) T X SDAS(x ,,+1)
e k/2e N

With | X 5D4S —;SDAsl <0.5 pm

4.3.3.2. Scanning electron microscopy-Energy Dispersive X-ray (SEM-EDX) analysis

Additionaly Scanning Electron Microscopy (SEM) observation, combined with an energy
dispersive X-ray analyzer (EDX) was performed to identify the morphology and
stoichiometry of the present intermetallic phases with special emphasis of the Cu enriched
phases in the basic AlSiCu alloy. For this purpose SEM-EDX model Joel JSM 5410 was used
(Fig 4-11).
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Fig. 4-11 Scanning Electron Microscope JEOL JSM 5410

The main features/technical data of the JEOL JSM 5410 model used in this work are as

follows:

Electron gun: Tungsten-Filament

Accelerating Voltage: 0.5 - 30 kV

Resolution: 4 nm bei 30 kV (the resolution used in this work was 20 kV)
Magnification: 15 x...200 000 x

SE-Detector (Secondary Electron)

BE-Detector (Backscatter Electron), Compo-, Topo-Mode
EDX-Detector EDAX

Multi-element X-ray mapping and line scans

Five-angular plots

Image Analyser Software: Edax Genius
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4.3.4. Sub-p Computer Tomography (Sub-p CT)

In conventional radiography, X-rays passes through the investigated object and the
transmitted intensity is recorded as a two-dimensional image. The attenuation of the x-ray by
interacting with the material is the fundamental parameter and the actual measured value of
this method. If the sample is imaged several times in different orientations, three-dimensional
volume information on the sample structure can be obtained by using computer algorithms.
The result is a volume image where the single elements (voxel) represent the local abortion
respectively the attenuation coefficients. So the density allocation is seen but not colour or
reflection variations.

“Tomos” is the Greek word for “cut” or “section” and “graphy” the word for “writing
something”, so that tomography describes a technique for digitally cutting an object using X-
rays to reveal its interior details. A computer tomography image is typically built on slices,
like slices of bread. This analogy is suitable because just as a slice of bread has a thickness, a
computer tomography slice corresponds to a certain thickness of the object being scanned.
Therefore whereas a typical digital image is composed of pixels (picture elements), a
computer tomography image is composed of voxels (volume elements). Principle of the

computer tomography is shown in Fig. 4-12

Experiment Raw data Processed data

bulksample 2D detector Computer algorithms

Fig. 4-12 Principle of computer tomography (CT)
In order to get 3-D overview of the microstructure in the basic AlSiCu alloy and 3-D

distribution of phases present in the structure, the Sub-u Computer Tomography method has

been applied and the analysis were carried out at Fraunhofer Entwicklungszentrum fiir

63



Chapter 4. Experimental part

Rontgentechnik (EZRT), Fiirth. The Sub-u Computer Tomography Equipment is shown on
Fig. 4-13.

Fig. 4-13 Sub-p CT -System at the Institute Fraunhofer EZRT, Fiirth

For CT measurements an X-ray tube with a minimal focal spot size of 2 um, the finefocus
FXT 160 has been used. The tube had a transmission target with 6 um of tungsten on a 350
um diamond layer and could be operated between 20 kV and 160 kV with a maximum target
power of 15 W.

The projections were taken with the indirect converting Csl scintillation detectors Hamamatsu
C9311DK (1024 x 1024 pixels, 100 um pixel pitch) and Perkin Elmer RID 512 (512 x 512
pixels, 400 um pixel pitch) and a direct converting semiconductor detector Ajat DIC 100TL
(1024 x 252 pixels, 100 pm pixel pitch) respectively.

The manipulation system for source and detector consists of a translation axis from Physics
Instruments. For positioning the specimen in x and y direction and rotating it with a wobble
under 15 prad, a Micos setup was used. The whole setup was mounted on an air cushioned
table for uncoupling from unintentional vibrations. Furthermore the measurement cabin was

air conditioned to avoid deformations caused by temperature variation.
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The maximum achievable resolution of a CT- System is basically limited by the size and
stability of the focal spot. Other factors are the accuracy and stability of the manipulation
system and the material and size of the test object, which determines the contrast.

The voxel size of the reconstructed 3D-volume data set is predetermined by the magnification

given by the geometrical setup during the CT (Fig 4-14).

D

Fig. 4-14 Edge blurring by limited focal spot size

The limitation of the useful magnification is given by the focal spot size, the pixel size and
distance of the detector limited by the intensity of the X-ray tube. Maximum useful
magnification is given if blurring from the focal spot diameter UF is of the pixel size of the
detector.

The imaged aberration size depends on the geometrical magnification M described by the

quotient of projected structure size to real structure size or:

M= Source — Detector — Distance (SDD)
Source - Object — Distance (SOD)

(4-1)

The application of Digital Detector Arrays (DDA) with pixel sizes of over 100 microns
requires an increase of the applied magnification. The evaluation method is based on the

projection of an object with a well known diameter to determine the magnification.
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The detector and object manipulator were positioned in the beam path and aligned with the
proprietary developed multi sphere alignment tool (MuSAT). The tool takes 36 images of a
rotating sample and can calculate the tilt, skew and rotation angles of the detector by a fit on
the projection data.

Before every CT the object rotation axis was roughly adjusted using a fine wire and rotating it
on different positions. From this procedure also the geometrical resolution was evaluated and

provided to the algorithm of reconstruction.

4.3.5. Simulation method

The possibility to simulate the microstructure characteristics and mechanical properties of the
aluminium cast components with a wide variety of shapes and complexity enable the
engineers to use the property variation obtained in Al-castings and thereby be able to make
good progress in e.g. weight optimization issues. The mechanical properties of cast
aluminium alloys are very sensitive to composition, casting process, which encounters mold
filling and solidification behaviour, and post-processing such as thermal treatment. The
coarseness of the microstructure and the type of intermetallic compounds that are formed and
precipitate during solidification are fundamental to the material behaviour.

The simulation of the casting processes and the resulting microstructure and mechanical
properties permits a reduction of experimental testing and providing good solution of process
and material selections, thereby making the design and development process more cost
efficient.

This contribution will illustrate the facilities and opportunities that cast simulation of
solidification behaviour and the resulting microstructure in terms of Secondary Dendrite Arm
Spacing, SDAS of the selected chemical composition and a component may deliver.

The SDAS is described as a function of local solidification time, depicting the fineness of the
microstructure constituents where tr is the total solidification time, and C and n are constants
which are related to the material.

On the other side, a computer simulation of the whole process is a convenient way of design
of mold and analysing the effect of various parameters. For that reason, it is useful to simulate
the SDAS values in the whole volume of casting obtained in the metal mold. The
Simtec/WinCast simulation Software based on the Finite Element Method, made by German
company, RWP, is used in this work (Fig. 4-15). The experimental and calculated values of

SDAS in the samples solidified in the permanent metal mold have been compared.
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Fig. 4-15 The simulation of solidification process of AlSi7Cu3 alloy in the permanent metal

mold using Simtec/WinCast software

Comparing the calculated and experimental values of SDAS, the mathematical model used

incorporated in the simulation software has been finally evaluated.
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5. Results and discussions

5.1. Microstructure characterization of the basic AlS17Cu3 alloy-LOM, SEM-
EDX and CT results

Results of chemical analysis of the basic alloy sample taken from the cylinder head indicated
that actual chemical composition was in good agreement with the standard chemical
composition (see Table 4-2 in Chapter 4.). The actual chemical composition of AISi7Cu3
sample was as following: 7.41 wt% Si, 0.36 wt% Fe, 3.06 wt% Cu, 0.32 wt% Mn, 0.26 wt%
Mg, 0.041 wt% Cr, 0.016 wt% Ni, 0.0198 wt% Zn, 0.0278 wt% Pb, 0.0075 wt% Sn, 0.145
wt% Ti, 0.11 wt % Sr, 88.30 wt% AL

Microstructural characterization was performed using light optical microscopy (LOM),
scanning electron microscopy with energy dispersive x-ray spectroscopy (SEM-EDS) and
sub-um computer tomography (sub-pm CT). The sampling procedure has been already
described in the chapter 4.

In Fig. 5-1 the microstructure of the basic alloy is shown under the magnification 50 X and in

smaller segment under higher magnification, 200 X.

Fig. 5-1 Light optical microphotograph of the basic alloy, AISi7Cu3
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It is noticeable in Fig. 5-1, that microstructure of AlSi7Cu3 alloy sample consisted of the a-
aluminum primary phase in the dendritic form, while the interdendritic space was filled by the
primary Al-Si eutectic phase and the intermetallic phases. Phase identification is often non-
trivial in multicomponent Al-Si casting alloys due to the many complex intermetallic phases
that form.

The morphology of the phases in AlSi7Cu3 sample were examined using SEM. Chemical
composition of the intermetallics was made by EDS attached to the SEM. The obtained SEM
microphotograph including the fields of analysed phases can be seen in Fig. 5-2.

According to the Béckeriid [34] the solidification reactions and the phases that can be

expected in the basic AlSi7Cu3 alloy are denoted in the Table 5-1.

Table 5-1 Reaction during the solidification of AlSi7Cu3 alloy [34]

[RectlonNr. |[Reactions [ Resctiontemperature, °C |
_ Development of dendritic network 580-610
_ L — Al+ Al;sMn,Si, 590
_ L — Al + AlsFeSi + Al;sMn;,Si; 590
_ L — Al + Si+ AlsFeSi 575
_ L — Al + MgSi + AlgMgsFeSis 540
_ L — Al + AL, Cu+ Si+ AlsFeSi 525
_ L — Al + ALCu+ Si + AlsMggCusSis 505-507

The SEM-EDS analysis of AlSi7Cu3 sample revealed besides the trivial phases (primary o-
dendrite and Al-Si eutectic) few intermetallic compounds were located in the interdendritic
area.

The EDS spectrum of the phases marked in Fig. 5-2 indicated that AlSi7Cu3 alloy contained
also the Cu - bearing, Fe- and Mn- bearing phases as well, low melting phase of Pb.

Fig. 5-3 represents EDS Spectrum of the field ’0’’. According to the chemical composition of
the spectrum (96 wt% Al, 0.96 wt% Si and 2.84 wt% Cu), the phase field ’0’” corresponded
to the primary a-aluminum phase.

The EDS Spectrum of the field <’1°’ is given in Fig. 5-4. The chemical composition of the
spectrum related to the field “’1°” included: 57.77 wt % Al, 0.68 wt% Si, 0.66 wt% Mn, 1.14
wt% Fe, 22.74 wt% Cu, 16.67 wt% C and 0.65 wt% O. In Fig. 5-4 high Al and Cu K alpha

peaks are observed. The first Cu peak overlapped with the Fe peak and in addition one smaller
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Fe as well Mn peaks were present. Based on the resulted EDS Spectrum and the morphology

of the phase in the field *’1°’, the observed phase can be specified as Al-Al,Cu minor eutectic.

Hochsp.=2000KV  Signal A= SE2 Datum ‘30 Sep 2008 20pm’
Arbeitsabstand = 12 mm Photo Nr. = 2657  VergréBerung= 509 X

Fig. 5-2 SEM microphotograph of the basic AlSi7Cu3 alloy

As it was reported in the articles of Caceres and Dotty [108, 109], the “massive” or “blocky”
Al,Cu phase (containing approximately 40wt% Cu) formed together with B-AlsFeSi platelets
at approximately 525 °C. At approximately 507°C, a fine AI-Al,Cu eutectic phase forms
(containing approximately 24wt% Cu). If the melt contains more than 0.5wt% Mg, an ultra
fine AlsMgsCu,Sie eutectic phase also forms at this temperature. This phase grows from either
of the two previously mentioned Al,Cu phases. Some minor alloying elements present in this
type of aluminum alloy are also able to change the morphology of the Cu enriched phases. It
has been shown that an increase in the strontium content of the alloy increases the proportion
of the blocky Al,Cu and ultra fine AlsMggCu,Sis Cu phases versus the Al-Al,Cu phase in the
3XX series of alloys [110].

In Al-Si-Cu alloys besides the intentional additions, transition metals such as Fe, Mn and Cr
are always present. Even a small amount of these impurities causes the formation of a new
phase component. The exact composition of the alloy and the casting condition will directly
influence the selection and volume fraction of intermetallic phases. Fe- bearing constituent

phases typically found in 3xxx series alloys include of a-AlsFeSi. However Mn and Cr can

70



Chapter 5. Results and discussions

substitute for Fe and stabilize the formation of so-called Chinese script, © -Al;s(Fe,Mn);Si or
a-Al;»(Fe,Cr);Si. In addition, experimental studies have demonstrated that the formation of
the intermetallic compounds is influenced by the alloy composition. Fe-rich a -phase also
identified by formula o-AlgFe,Si was found to have a cubic structure and a compact

morphology e.g. polyhedron [107, 111].

Cu
—

! ? - ! - T
4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00

Fig.5-3 EDS Spectrum of the phase field “’0’’ in the basic alloy

Based on the literature data and the spectrum chemistry and the morphology of the shown
phases, it was assumed that the field ’1°’ contained the Al-Al,Cu phase together with the
blocky a -AlgFe,Si.

In Fig. 5-5 the EDS spectrum related to the field ©’2°* is shown. The chemical composition of
the spectrum (61.22 wt% Al, 22.59 wt% Si, 4.23 wt% Mn, 7.08 wt% Fe, 3.26 wt% Cu, 20.99
wt% C and 0.64 wt % O) and the morphology of the intermetallic phase in the field “’2”

outlined so-called Chinese script or n-Al;s(Fe,Mn);Si intermetallic phase.
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A A s
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Fig. 5-5 SEM photograph and EDS Spectrum of the phase field “’2”’ in the basic alloy

In the Fig. 5-6 it can be observed the SEM microphotograph and EDS spectrum of the field
’3”°. The morphology of the shown phase seemed similar to the morphology of the previous

72



Chapter 5. Results and discussions

Fe- and Mn- bearing (Chinese scripte) phase. Otherwise, the EDS spectrum of the field ©’3”’
contained beside the high peaks of Fe and Mn one small peak of Cr. As it was reported
previously [111], Mn and Cr can substitute for Fe and stabilize the formation of so-called
Chinese script, m -Al;s(Fe,Mn);Si where the Mn is in part substituted for Cr, therefore the

stoichiometry of the phase could be written also as a-Al;s(Fe, Cr);Si.

Fig. 5-6 SEM photograph and EDS Spectrum of the phase field *’3’’ in the basic alloy

In Fig. 5-7 it can be observed the spectrum containing two Cu peaks (one high and one lower)
and one high peak of Al. The quantitative analysis of this spectrum (44.4 wt% Al, 0.58 wt%
Si, 41.45 wt% Cu, 12.74 wt% C and 0.74 wt% O) and the phase morphology pointed out the
presence of Al,Cu phase in the field “’4”’.

The SEM microphotograph and spectrum of the field “’5°’ related to the brightest inclusion
observed in the microstructure of the basic alloy is given in Fig. 5-8. This bright inclusion was
noticed in the whole sample showing a more or less homogenous distribution. It was also
noticed that this bright inclusions precipitated within the light grey network of Al,Cu.

Based on the chemical composition of the spectrum (42.52 wt% Al, 0.27 wt% Si, 17.85 wt%
Cu, 0.19 wt% Fe, 0.17 wt% Mn, 21.81 w% Pb, 16.21 wt% C, 0.48 wt% O) where two Pb
peaks were present, the brightest inclusion was identified as Pb inclusion. The slight peaks of

Mn, Fe, C, O present in all spectrums were considered in this case as impurities peaks.
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Fig. 5-7 SEM photograph and EDS Spectrum of the phase field *’4’’ in the basic alloy

Fig. 5- 8 SEM photograph and EDS Spectrum of the phase field ’5’” in the basic alloy
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Characterization of the sample Al-Si-Cu using the Sub-pu CT method

The method of Sub-p CT was an attempt to observe 3D the microstructure of the basic
AlSi17Cu3 alloy. The sample for the Sub-u CT analysis has been taken from the central part of
the sample which previously was analysed by the LOM and SEM-EDS methods. In that way
the surface analysed under LOM and SEM has been as well as observed using CT method and
it was specified as <’0’’ slice. The Fig. 5-9 illustrates the CT sample, which was significantly
smaller then the samples for LOM and SEM analysis, with the diameter of 1.5 mm and the
length about 10 mm. In the Fig. 5-9 beside the CT sample, a 3D rendition and 2D

reconstruction of the “0’’Slice representing the surface of CT sample can be seen.

Surface of sample 3D - Rendition
observedby LOM

and SEM /w - . _' o e

'JI\ Axially symmetrical
| sample preparation

0 Slice - the surface of CT sample

Fig. 5-9 CT sample and 3D Rendition with the 2D Reconstruction of the Slice <’0”’

The 2D Reconstruction of the surface *°0°’ slice demonstrates the microstructure that can be
compared with the SEM results of the same sample. In other words, some phases identified by
SEM analysis can be also detected by Sub-p CT method. However, the reproduction of CT
results was affected by the difference of material specific adsorption coefficient and spatial-
and contrast resolution of the phases present in the sample. The adsorption coefficient

difference of the main alloying elements of AlSi7Cu3 alloy is demonstrated in Fig.5-10.
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The Fig 5-10 reveals that slight but sufficient difference between the adsorption coefficients
of Cu and Fe existed to distinguish the Fe- and Cu-bearing phases not only based on the phase
form but also the phase contrast. On the other side, minor difference between the Al and Si
adsorption coefficients disabled to make a difference between the aluminum matrix and
eutectic Si regarding the lower resolution achieved by CT method.

Up to now, the distinction between materials of only slightly different absorption coefficient
is an unsolved problem for submicron CT method. Nevertheless, the CT method provides the
information of the spatial distribution of the structure entities present in material. Taking into
account disadvantages of the submicron CT method it should be underlined that the CT

method is rather a supplementary than main characterization method of the Al-Si alloys.
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Fig. 5-10 Absorption coefficients of the main alloying elements in AlSi7Cu3 alloys

5.2. Results of tilt pouring die casting process

5.2.1. Computer aided cooling curves in cylinder head

The results of preliminary experiments of in-situ thermal analysis on the AISi7Cu3 cylinder
head casted by the tilt pouring gravity die casting process can be seen in Fig. 5-11. The

procedure of in-situ thermal analysis has been already described in the previous chapter.
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The cooling curves recorded in five cylinders showed different solidification rates. As it can
be noticed maximal cooling rate (2.76 °C/s) was found in the fifth cylinder, while the cooling
rates detected in other cylinders seemed more similar to each other showing lower values of
cooling rate. Such result concerning the difference between the cooling rates in the cylinders
might be considered as a consequence of the casting process nature. The computer aided
cooling curves analysis was complemented with the microstructure analysis of the area close

to the tip of thermocouples due to the estimation of the SDAS values in these characteristic

positions.
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Fig. 5-11 Computer aided cooling curves recorded in cylinder head

5.2.2. Secondary dendrite arm spacing cylinder head

The metallographic sampling procedure and the measurements of SDAS in the metallographic
samples taken from the characteristic positions of AlSi7Cu3 cylinder head has been described
in the previous chapter of this work. The SDAS has been measured at the distance of 4, 6, 9
and 15 mm from the combustion chamber surface. The measurements of SDAS at 4 mm from
the combustion chamber surface have been mandatory performed, because that position was
predefined by customers where demand on the SDAS less than 20 pm must be fulfilled. As it
can be seen in Fig. 5-12, the SDAS value less than 20 um could be found only in the fifth
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cylinder where the cooling rate was the highest (2.76 °C/s) while, the SDAS values in other

cylinders were a bit higher comparing to demand.

Generally, it was expected that SDAS increased with the depth because of the delay in

solidification in comparison to the surface. Similar results were reported in the work of Zhang

et al [65] who determined also the SDAS values at different distances from combustion

chamber surface (from 2- 37 mm) but only in one cylinder. At the distance from 4 to 15 mm

form the combustion chamber surface, the SDAS values were changed from 22 to 30 um. It is

worth to mention, in the work of Zhang, the SDAS values estimated only in one cylinder did

not provide the information about the casting process nature as well the distribution of SDAS

in the whole combustion chamber area.
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Fig. 5-12 SDAS values in the combustion chamber area of AlSi7Cu3 cylinder head
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5.3. Results of laboratory tests in permanent metal mold

5.3.1. The effect of mold temperature and cooling conditions on the SDAS of AlSi7Cu3 alloy

Based on the cooling curves recorded at various mold temperatures and cooling conditions
(with and without water cooling of the mold wall) during the solidification of AISi7Cu3 alloy
in the permanent metal mold, the solidification time has been determined. The solidification
time, tr was defined as the time interval between liquidus and solidus temperature. These
temperatures were obtained from the first derivatives of the cooling curves. The
metallographic samples were taken from the area close to the tip of the first thermocouple
where the SDAS was measured at 4 mm from the casting surface (see Fig. 4.8). The recorded
cooling curves related to the second thermocouple didn’t contain the whole solidification
range because the melt was more undercooled showing not the liquidus temperature on the
cooling curves detected by the second thermocouples. According to that the metallographic
sample was not taken from the area close to the second thermocouple.

The experimental values of SDAS measured close to the tip of the first thermocouple were
compared with the calculated SDAS values obtained by simulation of solidification process of
AlSi7Cu3 alloys in the permanent metal mold.

Solidification time, the corresponding experimental values of SDAS and the calculated values

of SDAS for all experimental conditions are presented in Table 5-2.

Table 5-2 Variation of solidification time and SDAS with respect to mold temperature and

cooling conditions

Sample ts, S SDAS(exp), pm SDAS(calc),pm  ASDAS, pm
350NW_1 51.7 25.2 29.0 3.8
350WW_1 43.2 22.2 27.3 5.1
300NW_1 36.8 21.2 25.9 4.7
300WW_1 28 21.4 23.7 2.3
250NW_1 9.8 19.9 16.7 3.2
250WW_1 8.3 19.4 15.8 3.6

"NW = no water cooling; WW = with water cooling
SDAS(exp) = experimental values of SDAS; SDAS(calc) = calculated values of SDAS
ASDAS = SDAS(calc) - SDAS(exp), absolute difference of exp. and calc. values
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The reduction of mold temperature enabled the decrease of SDAS value. However, it can be
noticed that lower values of SDAS were achieved in the presence of water cooling of the
mold wall. The effect of mold temperature with and without water cooling on SDAS of
AlSi17Cu3 alloy is illustrated in the Fig. 5-13.

The maximum value of SDAS (25.2 um) was reached in the case of mold temperature of 350
°C without water cooling where solidification time was 51.7 s. The minimal value of SDAS
(19.4 um) was related to the mold temperature of 250 °C with water cooling and solidification
time of 8.3 s. It can be added, that without water cooling the change of the mold temperature
from 350 to 250 °C leaded to reduction of SDAS of 5.3 um. In the presence of water cooling
the same decrease of mold temperature provided the reduction of SDAS of 2.8 um, which
indicated that water cooling of the mold diminished the effect of mold temperature on the

SDAS although the resulted SDAS values were lowered.
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Fig. 5- 13 Variation of SDAS as a function of mold temperature and cooling conditions

The similar trend regarding the SDAS versus mold temperature has been found in the work of
B. Zhang et. al [65]. They examined the effect of mold temperature on the SDAS values in the
area of combustion chambers surface of Hyundai cylinder head, made of AlISi7Mg0.3. The
pouring temperature was kept constant at 720°C. It was found that SDAS value was reduced

from 28 um to about 22 um as the temperature decreased from 250°C to about 50°C.
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In this study, the solidification process of AlSi7Cu3 alloy under varying mold temperature
and cooling condition has been further simulated using a commercial software package
WinCast. The predicted solidification time has been then converted to SDAS value via simple
empirical relationships between the two that were built into popular codes. In this way, a
continuous map of SDAS through the whole casting volume was established according to the
correlation between SDAS and t¢ described basically by Eq. (3-3). The value of coarsening
parameter M was 1.4, while the value of exponent n was 1/3. The value of coarsening
parameter used for simulation in this study should be slightly modified in order to achieve the
higher agreement with the experimental data for Al1Si7Cu3 alloy.

Fig. 5-14 and Fig. 5-15 present the simulation results and the appropriate microphotographs
of AlSi7Cu3 alloy regarding all tested mold temperatures without and in the presence of water

cooling of the mold, respectively.

aSDAS(exp) 199pn1

s

Fig. 5-14 Simulation results and the appropriate microphotograph of AlSi7Cu3 alloys for

mold temperatures: a) 350 °C, b) 300 °C and ¢) 250 °C without water cooling of mold
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Comparison between the experimental and simulation results of SDAS is shown in Fig. 5-16.
Based on the data regarding the absolute difference between experimental and simulated
values of SDAS, ASDAS (see Table 5-2) and the graphical interpretation shown in Fig. 5-16
it can be outlined that calculated values of SDAS were higher than experimental values
particularly for higher mold temperature (300 and 350 °C). For the lower mold temperature

(250 °C) the calculated values of SDAS were lower than experimental.

" . ' SDAS(exp.) =22.2 um

SDAS=27.3 um

SDAS=13.Tum

SDAS = 15.9 um

Fig. 5-15 Simulation results and the appropriate microphotograph of Al1Si7Cu3 alloys for
mold temperatures: a) 350 °C, b) 300 °C and ¢) 250 °C with water cooling of mold

This could be interpreted in terms of sensitivity of the mathematical model to the mold
temperature and cooling conditions variation. As the solidification models could adequately

predict SDAS, choices made in setting boundary conditions might affect the quality of the
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results. As it was explained by B. McClory at al [112] much of the experimental scatter can be
attributed to uncertainty in individual SDAS measurements — considerable uncertainty exists
in all quantitative metallography. Small variances may have been caused by errors in

matching mesh nodes with measurement locations.
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Fig.5-16 Experimental SDAS values versus calculated SDAS values of AlSi7Cu3 alloy

solidified in the permanent metal mold

5.4. Results of laboratory tests in ceramic mold - Effect of pouring temperature on SDAS

The second important casting parameter, which effect on the SDAS values of AlSi7Cu3 alloy
has been examined among the other was pouring temperature. Dependence of SDAS and the
pouring temperature in AlSi17Cu3 alloy including the microphotographs suitable to maximum
and minimum examined pouring temperatures are presented in Fig. 5-17. Decrease of the
pouring temperature from 750 °C up to 650 °C leads to the decrease of the SDAS about 6 um.
Correlation between the obtained values of the SDAS and the pouring temperature can be

described using linear equation (5-1), with relatively high correlation coefficient (R*=0.90).
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SDAS =0.07(T

) T8.5 um R*=0.9 (5-1)

In order to study the effect of pouring temperature on castings properties, A. Srinivasan et al.
has prepared AlSi7Mg0.3 low pressure and gravity castings made for three different pouring
temperatures like 720, 740 and 760 °C [113]. It was reported that pouring temperature greatly
affects the mechanical properties and microstructure of the low pressure and the gravity cast
alloy. Higher pouring temperature leaded to coarsening of the structure, increased the porosity
level and reduced the strength and ductility of alloys. It was also found for the low pressure
AISi7Mg0.3 samples that decrease of the pouring temperature from 760 to 720 °C enabled the
decrease of SDAS from 80 to 40 um.
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Fig. 5-17 The effect of pouring temperature on SDAS in AlSi7Cu3 alloy

In the work of B. Zhang et al. [65] it was also attempted to reduce pouring temperature, in a
range permitted by AlSi7Cu3 alloy specification in order to guarantee the casting quality. The
results have shown that the reduction of SDAS was more effective when the pouring
temperature was decreased than the decrease of local mold temperature. As the results of

Zhang et. al indicated, on reduction of SDAS the decrease of pouring temperature by 20°C
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had the same effect as decreasing the mold temperature of 200 °C. Decrease of the pouring
temperature from 720 to 690 °C resulted in the lowering the SDAS from 26 to 20 um.
Although the pouring temperature in this study was varied in the range of 750 to 650 °C and
the solidification process took place at the ceramic mold, the same reduction of SDAS in
AlSi7Cu3 alloy (about 6 um) was achieved as in the cited literature.

Such effect of pouring temperature on SDAS might be explained as the following. At higher
pouring temperatures the melt superheat could destroy the potential nuclei and reduce the cell
numbers. Hence only fewer nuclei are available for the growth, which results in larger grains.
Also, more heat has to be removed before the melt starts to solidify and this changes the

solidification rate.

5.5. Results of laboratory tests in ceramic crucible- the effect of chemical composition on

solidification feature of Al-Si-Cu alloy

Notwithstanding the effect of the cooling rate and/or solidification time governed by the
casting processes (sand, permanent mold, die casting etc.) on the solidification features, the
parameter such as chemical composition should be also taken into consideration. This fact is
very important especially when it is necessary to improve the casting quality but to alter the
casting technology as well the casting parameters (pouring temperature, melt treatment, mold
temperature, cooling conditions etc.) is not time feasible or acceptable solution by reason of
the complex casting geometry. As a matter of fact, the chemical composition variation of the
basic alloy might not be neglected in this event.

As it was reported in literature [ 1, 2, 3, 7, 8, 10], the Al-Si-Cu hypoeutectic alloys commonly
used for the cylinder heads casting, contains Si and Cu as major alloying elements. Other
alloying elements present relatively in considerable amounts are magnesium, zinc, chromium
and manganese and these are considered the minor alloying elements.

The impurities and the alloying elements partly go into solid solution in the matrix and partly
form intermetallic compounds during the solidification of the metal. The form and
distribution of the phases is controlled by the concentration of the main alloying elements and
impurities present. Composition variation within the specification can have a significant effect
on the microstructure and, hence, the mechanical properties. Also, the solidification sequence
is influenced to a considerable extent by the interaction of the alloying elements like silicon,

manganese, copper, zinc and magnesium.
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Unfortunately, studies of this nature are not available in literature. The only published work of
this type is that of Béckerud et al. [34]. They studied the solidification behaviour of about
twelve 380-type alloys, collected from various sources, to elucidate the influence of certain
alloying elements on the microstructural development as a part of their research on
solidification characteristics of aluminum foundry alloys. The solidification behaviour and
structure have been discussed by them for each of the alloys separately. Their results,
however, do not compare or conclude the effect of varying the alloying elements, starting
with the same base alloy.

One of the aims of this study was to estimate the effect of individual alloying elements on the
solidification behaviour and microstructure feature such as SDAS in AlSi7Cu3 hypoeutectic
alloy where the variations of chemical composition were ranged within the specification limit
of the basic alloy as well secondary alloys containing higher Mg and Zn content.

The alloying elements investigated were silicon, copper, titanium, zinc, magnesium and
strontium at the cooling rate of 0.2 £ 0.05 °C/s. This relatively low cooling rate was used in
order to provide the dominance of the chemical composition and in that way to clarify the
effect of alloying elements variations on the solidification features of Al-Si-Cu alloy.

The experimental procedure related to the effect of chemistry of solidification features of Al-
Si-Cu basic alloy has been described in the Chapter 4. As it follows, the focus will be on the
results regarding the impact of Si, Cu, Mg, Zn, Ti and Sr on the microstructure feature, SDAS

a,den Ta,den

.. ) ALSi
and solidification features such as T™™ e, T

TAl-Cu

cohs E, nuc E,nue> Lsol as function of

chemical composition.

5.5.1. The effect of silicon and copper

In order to examine the effect of Si and Cu, six Al-Si-Cu alloys were synthetic produced by
melting the charge of Al-7wt% Si and Al-9wt% Si alloys and by adding 1, 2 and 4 wt% Cu
to cover the range of Si corresponding to standard basic alloy, AlSi7Cu3 alloy. All other
alloying elements were kept approximately constant. No grain refining agent and modifier
were added to the melts. The chemical composition of the alloys where the content of Si

and Cu were varied is given in Table 5-3.
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Table 5-3 Average chemical composition of the synthetic Al-Si alloys containing different Si

and Cu content

Fe

Cu

Zn

Ti

wt%

0.14

4 0.01

0.27

0.01

0.09

In Fig. 5-18 the representative cooling curves of Al-Si7 and Al-Si9 alloys containing 1, 2 and

4 Cu wt% as well the corresponding microphotographs of the thermal analysis (TA) samples

can be seen.
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Fig. 5-18 Cooling curves and microphotographs of Al-Si7 and Al-Si9 alloys containing 1, 2

and 4 wt% Cu

a, b, ¢: Microphotographs of AlSi9 alloys containing 1, 2 and 4 wt% Cu

d, e, f: Microphotographs of AlSi7 alloys containing 1, 2 and 4 wt% Cu
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The microstructure analysis has been done on TA samples in the area close to the tip of
thermocouples.

Based on the cooling curves of the six Al-Si-Cu alloys as well additional microstructure
analysis the resulted reactions and corresponding temperatures are denoted in the Table 5-4.

It has been observed that the addition of copper in both Al-7Si and Al-Si9 alloys influenced
on the reflection points detected on the shown cooling curves. Based on the first derivative of
the cooling curves (that are not depicted here because of the visibility of the main details), the
temperatures such as T**c (Tiig), T**"con (Toce), T ™', nuc (Tarsi)s T e, nue (Tarcu)s Tsol
have been determined and one overview of the copper effect on these specific points in both

AlSi alloys is presented in Figures (5-19) —(5-23) to be shown later.

Table 5-4 Characteristic reaction in Al-Si7 and Al-Si9 alloys containing different Cu contents

Alloys Temperature, °C | Reactions

612.3 - 602.8 Precipitation of a-Al dendritic phase
568.7—554.7 Al-Si eutectic reaction
502.5-508.8 Al-Al;Cu eutectic reaction

486.8 - 488.9 End of solidification

595.5-581.8 Precipitation of a-Al dendritic phase
566.4 — 558.0 Al-Si eutectic reaction
Al-Si9-Cu(1-4) 502.3 -507.3 Al-AlyCu eutectic reaction

487.4 - 477.8 End of solidification

Al-Si7-Cu(1-4)

As it can been noticed in Fig. 5-19 there is significant effect of Cu addition on the T*%",,. and
Txden point in both Al-Si7 and Al-Si9 alloys. It is obvious that T%den  and T, point in
Al-S19 alloys are shifted to lower temperatures. That means Si leads to the reduction of
Teden . and T*¥" ;. The addition of Cu in the range of 1-4 wt% in Al-Si7 alloy reduces the
T and T, temperatures of 10 and 15°C respectively. In comparison to Al-Si9 alloy
the addition of the same Cu content decrease the T*%" . and T®%",, temperatures of 12 and
8 °C, respectively.

In this case, it can be added that higher Si content in Al-Si alloys especially diminishes the

effect of Cu on the T*%";, temperature.
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Fig. 5-19 Effect of different Cu contents on the T®den . and T4, temperatures in the Al-
Si7 and Al-Si9 alloys

Ta’dennuc and

For the concentration range of Cu used in this study, the correlation between
T®n . and Cu wt % in both Al-Si7 and Al-Si9 alloys can be described using the linear

expressions with high regression coefficients:

T e (Al-Si7) =-3.10 Cu % + 615.1 °C R*=099  (5-2)
T4 e (A1-Si9) = -5.0 Cu % + 609.0 °C R*=10.96 (5-3)
T4 o (Al-Si7) = -4.39 Cu % + 598.8 °C R*=096  (5-4)
T4 o (Al-Si9) = -2.78 Cu % + 590.3 °C R?=0.93 (5-5)

The results regarding the effect of Si and Cu on the DCP point achieved in this study were
compared with results of N.L. Veldman et al. [83] showing some agreement but also
disagreement. The agreement concerns the effect of Si on the dendrite coherency point, where

in both cases DCP point was highly dependent on silicon content. In the work of Veldman et
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al. [83] the coherency fraction solid results showed a linear dependence on silicon content.
They assumed that dendritic morphology provided a better correlation with coherency than
grain size, or the ratio of grain size and growth rate. But on the other side, there was an
opposite opinion regarding the effect of copper content on the DCP point in Al-Si-Cu alloys,
where it was stated that the effect of silicon was dominant and the addition of 1 and 4 wt%
copper had a negligible effect on dendritic morphology, grain size and dendrite coherency
point. The results of this study related to the effect of Cu on the DCP point agreed very well
with the results of Backerud et al [75]. Although in their work the average cooling rate during
the solidification was slightly higher (0.6 °C/s) than in this study (0.2 °C/s), they obtained
significant decrease of DCP temperature as the Cu content increases from 2.5 to 3.5 wt% in
AlSi9Cu alloy that matched very well with results of this work.

The precipitation temperature of major (Al-Si) and minor (Al-Cu) eutectic reactions identified
in all cooling curves are denoted in the Table 5-4, but the effect of Cu on the T*"'; . and

TACUE e in both Al-Si alloys is depicted in Fig. 5-20.
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Fig. 5-20 Effect of Cu on T*™'g . and TA""g . eutectic temperatures in Al-Si7 and Al-Si9

alloys
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It can be seen in Fig. 5-20 that increase of Cu in both Al-Si alloys leaded to reduction of TA"

SiE, nue- In this case it could be added that, Si doesn’t play significant role as in the case of

Ta,den Ta,den

primary reaction where one visible decrease of e and coh in Al-Si9 alloys were

detected (See Fig. 5-19). There was a slight decrease of T""™

E, nuec temperature as the Si
content increased. However, such behaviour can be seen in the alloys containing lower Cu
content (1 and 2 wt%). The opposite event could be found in the Al-Si alloys containing 4
wt% Cu.

On the other side, it had no effect of Si on the precipitation temperature of minor eutectic.
However, the addition of Cu in both Al-Si7 and Al-Si9 alloys contributed to increase of TA"
C“E, nue temperature. At the same time that means the Al-Cu eutectic particles will precipitate
earlier as the Cu content is higher in Al-Si alloys. In addition to, the form of Cu-bearing
phases in the AI-Si-Cu alloy depends on the presence of other alloying elements. As the
chemical composition of the alloys (table 5-3) and the obtained cooling curves (Fig. 5-18)
indicate, in this case the Cu exists in Al-Si-Cu alloys only in the form of blocky phase Al,Cu
and Al-Al,Cu eutectic. It was noticed by microstructure observation that in the alloys
containing 4 wt % Cu the blocky Al,Cu phase was more present in both Al-Si alloys, but the
appropriate peaks on the cooling curves was not easy to detect.

Based on the results obtained in this study, the correlation between the precipitation
temperature of Al-Si and AI-Cu eutectic reactions and copper content can be described by the

linear expressions in both Al-Si7 and Al-Si9 alloys as the following:

TASIE e (Al-Si7) = -4.89 Cu % + 575.0 °C R*=0.95 (5-6)
TASE e (A1-S19) = -2.91 Cu % + 567.9 °C R*=0.87 (5-7)
TAE e (A1-Si7) = 2.33 Cu % + 498.9 °C R*=10.82 (5-8)
TAE e (A1-Si9) = 1.85 Cu % + 499.4 °C R*=0.80 (5-9)

The solidus temperature determined in both AlSi7 and AlSi9 alloys has been varied with the
addition of Cu. In Fig. 5-21 it is seen that addition of copper in the range of 1-4 wt%
slightly reduced Ts,. On the other side, the addition of copper in AlSi9 alloy led to the

significant reduction of T, about 9 °C. The correlation between Ty, and Cu content in both
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AlSi alloys is given by the equations (5-10) and (5-11) that both represents polynomial
expression of the second degree.

The results regarding effect of Cu content on the microstructure features such as SDAS in
both AlSi alloys are plotted in Fig 5-22. As it was expected lower values of SDAS were
achieved in the AlISi9 showing the dominance of Si content on the SDAS. At the same time, it
was noticed that increase of Cu content in both alloys enabled the refinement of SDAS. The
similar trend can be found in the literature [86], but the results corresponded to narrower

concentration range of copper.
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Fig. 5-21 Solidus temperatures of Al-Si7 and Al-Si9 alloys containing different Cu contents
Tsi(AlSi7) = 0.7 (Cu% )* + 3.0 (Cu%) + 484.6 °C R*=0.99 (5-10)
Twi(AlSi9) = 1.5 (Cu% )* -10.5 (Cu%) + 496.4 °C R?=0.99 (5-11)

The linear equations 5-12 and 5-13 describe the dependence of SDAS and Cu content in both

AlSi7 and AlSi9 alloys, showing higher regression coefficient in the case the Al-Si alloy with
higher Si content:
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SDAS (Al-Si7) = — 1.1(%Cu) — 57.0 um R>=0.63 (5-12)
SDAS (AI-Si9) = — 0.8 (%Cu) +49.2 um R’=0.92 (5-13)

¢ AlSi7 W AlSi9 ---Linear (AlSi7) ---Linear (AlSi9)
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Fig. 5-22 Effect of Cu on the SDAS in Al-Si7 and Al-Si9 alloys

In the Fig. 5-23 the simultaneous impact of copper on the SDAS and the total solidification
time (tf) is plotted. As previously mentioned, copper affects the SDAS in Al-Si-Cu alloys.
Regarding the total solidification time, some strong effect of copper was not detected in this
study. The mathematical model commonly used in the literature [50, 51, 53, 55, 101] to
described the correlation between the SDAS and tr in Al-Si alloys has been verified. It was
shown that there was no good agreement with the experimental values of SDAS and the
calculated SDAS values (deviation of calculated values from experimental values was very
high, beyond 20%, see Appendix, Table 1A). However, much better agreement has been
found between the SDAS and the At* (time difference between the dendrite coherency point
and Al-Si eutectic temperature) where the deviation of calculated values from experimental

values range from 0.7 to 8.7 %.
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Fig. 5-24 and 5-25 represent simultaneously SDAS and At* as a function of Cu content in

AlSi7 and AlSi9 alloys respectively.
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Fig. 5-25 Influence of Cu on At* and SDAS in AlSi9 alloy

Evidently, the addition of Cu in both alloys results in the simultaneously decrease of SDAS
and shorten the parameter, At*. Based on the obtained results, the parameter At* can be
induced in the mathematical model in stead of t; in order to determine the kinetic of the

dendrite growth as a function of chemical composition.

5.5.2. The effect of titanium

The effect of increasing the amount of added grain refiner on grain size and morphology had
been investigated over the last five decades. These studies have shown that to achieve a small
grain structure it is necessary to provide numerous substrates in the melt that are activated at a
low undercooling. It is also necessary to provide undercooling so that the nuclei can survive
and form equiaxed crystals. Studies have shown that undercooling provided by the casting
process through faster heat extraction rates also decreases the grain size [52, 55, 89, 98, 100].
The addition of grain refiners, usually master alloys containing potent nucleant particles,
promotes formation of fine equiaxed grains by deliberately suppressing the growth of
columnar and twin columnar grains. The finer equiaxed grain structure ensures uniform
mechanical properties, reduced ingot cracking, improved feeding to eliminate shrinkage

porosity.
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It has been documented in two alloy systems, Pb—Sb [89] and Al-Si [98], that the grain size
first decreases with increasing alloy concentration and then, after reaching a minimum, the
grain size increases with further grain refinement additions. On the contrary, the groups of
authors [66, 67] have shown that the addition of master alloys in A356 alloy provide the
steady reduction of grain size showing no minimum. In the work [66], three different grain
refiners, Al-Til0, Al-B5 and Al-4Ti-B1 were used. The Ti content was ranged from 0.11 to
0.17 wt% and B was ranged from 0.01 to 0.07 wt%. Beside the effect of Ti and B on the grain
size of AlSi9Cu3 alloy solidified into the permanent metal mold, the effect of Ti and B on the
SDAS was investigated as well. As the Ti and B contents increase the grain size decreases.
On the other side, a remarkable result has been achieved in the case of SDAS. Other words, Ti
and B possess a threshold at 0.11 wt % at 0.01 wt% respectively reaching the minimal value
of SDAS. In the work [67], the refinement efficiency of AITi5C0.25 and AITi5B1 in A365
alloy was examined. They especially emphasized the benefit of AITi5C0.25 grain refiner
providing obviously reduction of the grain size and SDAS.

Apart from these two papers, there is a lack of further literature data regarding effect of Ti on
solidification features and SDAS in Al-Si alloys.

For that reason, the experimental study of this work included the examination of the different
titanium content on the solidification features of AlSi7Cu3 alloy such as Toden . (Tiiq)s
Txden (Tpep), TAl'SiE, nue (TAlLsi) TAl'C”E, mue (Tatcu), Tsol as well microstructure feature SDAS.
Titanium was added to the melt in the form of Al-Ti5-B1 master alloy. Six different Ti
contents used here ranged from 0.08 to 0.14 wt%. For each Ti content three trials have been
carried out. All results are expressed as an average value including also the chemical
composition of the alloys that is presented in Table 5-5.

The effect of different Ti contents was analysed using the cooling curves and its first
derivative and the metallographic method. The cooling curves and microphotographs
corresponding to the minimal, medium and maximal Ti contents are illustrated on Fig. 5-26.
As it was expected, Ti showed strongly influence on the primary solidification reaction, but
on the contrary, there was no effect of Ti on the Al-Si and Al-Cu eutectic reactions in
AlSi7Cu3 alloy. The characteristic reactions and suitable temperatures in AlSi7Cu3 alloy

containing different Ti contents are listed in Table 5-6.
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Table 5-5 Chemical composition of AlSi7Cu3 alloy containing different Ti contents

The effect of different Ti contents on T, (Tiiq) and T (Tpcp) in AlSi7Cu3 alloy is
presented in Fig. 5-27. The addition of Ti in Al-Si7-Cu3 alloy evidently reduced both
temperatures about 8°C. The correlation between T*%",,. and Ti content is presented by the
polynomial equitation of the second degree (Eq. 5-14), while the correlation between the

T, and Ti content is described by linear equition (Eq. 5-15).

Table 5-6 Characteristic reaction in AISi7Cu3 containing different Ti contents

T4 e (AISi7Cu3) = 4183.7 Ti? % - 1042.7 Ti% + 653.7 °C R*=0.85 (5-14)

T on(AISi7Cu3) = -164.5 Ti % + 599.9 °C R*=0.93 (5-15)
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Fig. 5-26 Cooling curves and microphotographs of AlSi7Cu3 alloy containing different Ti

contents

As it is seen in Fig. 5-26 all cooling curves overlap each other in the area of major and minor
eutectic reactions therefore there is no correlation between TAl'SiE, nue and TAI'C”E, nue (TAl-cu)

and Ti content:
TASE e (AISi7Cu3) # f( Ti% ) °C (5-16)
TAE e (AISI7Cu3) # f( Ti% ) °C (5-17)
The effect of Ti on TAI'SiE, nue and TAI'C“E, nue are plotted in Fig. 5-28. In Fig. 5-29 it is shown
dependence of Tsol on Ti content. From Fig. 5-29 it is clear that the addition of Ti in the
range from 0.08 to 0.14 wt% results in reduction of Tsol about 15 °C. The dependence

between Tsol and Ti content can be quite well described by linear equitation:

Tso (A1Si7Cu3) = -258.4 (Ti%) + 509.2 °C R?=0.96 (5-18)
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Fig. 5-27 Effect of Ti on T%d4n  and T“’de“dcp temperatures in A1Si7Cu3 alloy

The change of the SDAS with addition of Ti in AlSi7Cu3 alloy is depicted in Fig. 5-30. As it
can be observed in Fig. 5-30, there is a remarkable reduction of the SDAS with addition of Ti
in AlSi17Cu3 alloy. The increase of Ti content from 0.08 up to 0.14 wt % results the reduction
of SDAS from 64 to 52 um. Nonetheless, the SDAS reaches an optimal value of 51.5 um
when the Ti content was 0.12 wt%. Taking into account the presence of SDAS threshold at
0.12 wt% Ti, the optimal fitting has been relatively difficult to find. The maximal regression
coefficient R? = 0.77 was reached for polynomial expression of the second degree:
SDAS = 1166.7 (Ti %)* — 500.2 (Ti %) + 98.1 R*=10.77 (5-19)

Some similar study about effect of Ti on the SDAS can be found in the work of B.Hu and
H.Li [66]. They examined the effect of different grain refiners, Al-Ti, Al-B and Al-Ti-B on
the grain size and SDAS in AlSi9Cu3 alloy. It should be underlined that the casting
conditions were not the same as in this PhD work. Actually, for producing the specimen the
steel die, made of H13 steel was used in the reference [66]. In that way the cooling down was
significantly faster and the obtained values of SDAS were in the range of 20-35 um but
representing the same trend. In that case optimal SDAS value in AISi9Cu3 alloy was reached

with the addition of 0.11 wt% Ti (18 um), while the grain size rapidly decreases as the
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addition up to 0.13 wt% Ti, with addition of Ti above 0.13 wt% not further affecting the grain

size.
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Their results reveal that an optimum amount of Ti for grain size refinement does not always
match with the amount of Ti for optimal SDAS reduction. In this study, the grain size was not
measured, but the impressive coincidence is the same trend of SDAS obtained in different Al-

Si-Cu alloys, under different cooling conditions and Ti amount.
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Fig. 5-30 Effect of Ti on the SDAS in AlSi7Cu3 alloy

Taking into account the literature date and the results revealed in this work, that was proven
that effect of Ti on SDAS is distinguished from the effect of Ti on the grain, but until now
there are not enough data that can illuminate this issue in Al-Si alloys. In the work of B.Hu
and H.Li it was clarified that the higher Ti content in the melt leaded to the rapid growth of
existing TiAls nuclei instead of the formation of the new TiAl; which did not change grain
refining effect (when in this case Ti wt% is above 0.13 wt%), but the growth of TiAl; at
higher Ti content could reduce the active Ti elements inside the melt and in that way caused
an increase of SDAS.

Fig. 5-31 and 5-32 illustrate the SDAS versus tr and SDAS versus At*, respectively in
AlSi7Cu3 alloy.
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It can be seen in Fig 5-31 there is a steady reduction of solidification time as Ti content

increases, while in the case of SDAS one minimum at 0.12 wt% Ti can be noted and above

that slight increase of SDAS value. Completely another behaviour was discovered in the case

of At* versus Ti content, where one minimum corresponding to 0.12 wt% Ti as same as in the

case of SDAS was detected.

140

OAT*

HSDAS

1
I

120

100

80 4

60 -

At*,s

40

20

0.08 0.1 0.11 0.12 0.13 0.14

% Ti

70

- 65

- 60

- 55

- 50

- 45

40

Fig. 5-32 Influence of Ti on At* and SDAS in AlSi7Cu3 alloy

SDAS,num

102



Chapter 5. Results and discussions

The same mathematical model expressed by Eq. 3-3 was used to calculate the SDAS value of
AlSi7Cu3 alloy containing varying Ti contents based on total solidification time, tr and At*.
The difference between the experimental values of SDAS and the calculated values of SDAS
suggested that without additional modification the tested mathematical model could not be

valid for both correlations SDAS-tr and SDAS-At* (see Appendix, Table 2A).

5.5.3. The effect of zinc

Zinc has a relatively high solubility in aluminum both at high temperature and at room
temperature [114]. During solidification, zinc successively goes into solid solution and it is
therefore expected to alter only the liquidus region. However, the role of zinc is not well
understood. Aluminum-zinc alloys containing other elements offer the highest combination of
tensile properties in wrought aluminum alloys. It is believed that zinc up to 3.00 wt % may
improve the high-temperature properties of aluminium alloys besides machinability [34, 43].
Particularly, the role of Zn in solidification of Al-Si alloys and its impact on the solidification
features as well microstructure features such as SDAS have not been investigated until the
present time. Only, in the paper of Gowri and Samuel [85], some experimental data regarding
effect of Zn on A380 alloy solidification can be found. Nevertheless, the content of Zn in their
work did not cover the range of Zn (0-3.0 wt%) that could be detected in Al-Si alloys
obtained from the secondary alloys. They tested behaviour of Zn in A380 alloy only for two
contentl.7 and 3.0 wt%.

In this study the zinc content was varied in the range from 0.5 to 3.0 wt % and the average

chemical composition of all test samples (1A-5A) is presented in Table 5-7.

Table 5-7 Chemical composition of Al-Si-Cu alloys containing different Zn content

Si Fe Cu Mn Mg Zn Ti

Alloy
wt %

1A 7.61 0.63 3.35 0.29 0.30 0.87 0.14
2A 7.68 0.60 3.57 0.30 0.30 1.21 0.14
3A 7.97 0.68 3.65 0.29 0.28 1.78 0.12
4A 7.93 0.62 3.46 0.33 0.27 241 0.11
5A 7.51 0.47 3.37 0.21 0.23 2.77 0.12
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The solidification features T*%",,. (Tiig), T on (Toep), TAI'SiE, nue (TaLsi) TAI'C“E, nue (Tal-cu),
Tso1, and SDAS, analysed previously as the functions of different Si, Cu and Ti content were
as well examined as functions of different Zn contents in AlSi17Cu3 alloy.

The resulting cooling curves for the minimal, medium and maximal Zn content and
corresponding microstructures can be seen in Fig. 5-33. There was an observable change of
the initial part of cooling curves with the addition of Zn what indicated that Zn shifted Tden .
temperature and also a slight effect of Zn on the Al-Cu eutectic reaction was noted. The major
Al-Si eutectic reaction was not affected by the addition of zinc in AISi7Cu3 alloys.

The characteristic reactions identified on the cooling curves of AlSi7Cu3 alloys containing
different Zn content and the temperatures at which the reactions took place are denoted in

Table 5-8.

Table 5-8 Characteristic reactions in AISi7Cu3 containing different Zn contents

Alloys Temperature, °C | Reactions

598.6 -591.4 Precipitation of a-Al dendritic phase

AlSi7Cu3 + 560.3 £0.5 Al-Si eutectic reaction
(0.5 -3.0 wt %Zn) 493.6 - 488.6 Al-Al,Cu eutectic reaction
473 - 464 End of solidification

The effect of different Zn contents on T*%" . and T*%";, is presented in Fig. 5-34. As it can
be seen in Fig. 5-34, the addition of Zn up to 2.8 wt% enabled the reduction of the R

and T*%"_.,, about 7 and 4°C respectively. In comparison to Si, Cu and Ti, the effect of Zn on

Ta,den T(x,den

nue and coh Was less pronounced.

The correlation between different Zn contents and T%%",,. and T*%"., can be described using

logarithmic expressions:
T4 e (AISi7Cu3) = -5.3 In(Zn %) + 597.3 °C R*=10.90 (5-20)

T4 o (A1Si7Cu3) = -3.2 In(Zn %) + 592.9 °C R*=10.99 (5-21)
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It has been previously mentioned that addition of Zn did not influence on the Al-Si eutectic

Al-Si Al-Cu

reaction as well T™ ™, temperature. On the other side, T e temperature was slightly

affected by the addition of Zn. The TAI'SiIluc and TAI'C”nuC versus Zn content are shown in Fig.
5-36. It was observed that addition of Zn up to 2.8 wt% resulted the reduction of TAI'C“Iluc
about 5 °C. The relationship between Zn content and both eutectic temperatures can be

described by the following expressions:
TAYSIE e (AISI7Cu3) # f( Zn % ) °C (5-22)
TA e ne(AISi7Cu3) = -2.7 (Zn%)* + 6.5 (Ti%) + 489.9 °C R*=0.97 (5-23)

As it can be seen in Fig. 5-37, Zn strongly influenced Tsol in AlISi7Cu3 alloy. The addition of

Zn up to 2.8 wt% contributed to the remarkable decrease of Tsol about 19 °C.

The correlation between Ty, and Zn content is given by the following equition:
Tsot (AlS17Cu3) =-9.1(Zn%) + 489.7 °C R*=0.94 (5-24)

The influence of Zn addition on the microstructure can be seen in the microphotographs

presented in Fig. 5-35.
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106



Chapter 5. Results and discussions

486

482 - <

478 - ~
~
~
~

474 ~

470 - S o
~
~

466 - ~ }
-

462

Temperature, °C
/

0.5 1 1.5 2 2.5 3
Zn, wt%

Fig. 5-36 Effect of Zn content on Tsol in AlSi7Cu3 alloy

As microphotographs in Fig. 5-34 reveal, the addition of Zn enable microstructure refinement,
particularly decrease of SDAS. In Fig. 5-37 it is shown that increase of Zn content from 0.5
up to 2.8 wt% results the reduction of SDAS of 6.7 um.

The correlation equitation that the best expresses relationship between Zn content and SDAS

is a polynomial equitation of the second degree:
SDAS =0.33(Zn %)* —3.2 (Zn %) + 664 um  R*=0.85 (5-24)

Since the addition of Zn leads to the reduction of SDAS in AlSi7Cu3, it is expected that at the
same time the addition of Zn shortens the total solidification time, t;. On the contrary, the
results shown in Fig. 5-38 revealed completely another dependence between t; and Zn
contents. At the same time, the addition of Zn leaded to shorten At* and that indicated on the
same trend as in the case of SDAS versus Zn content. This effect of Zn on SDAS and At* is

illustrated in Fig. 5-39.
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Based on the obtained results, it could be outlined that more suitable kinetic parameter that
determined the dendrite growth as Zn content was varied, might be At*. Verification of the
mathematical model (Eq. 3-3) describing SDAS and solidification time relationship, has very
good agreement can be achieved, especially when the value of the coarsening factor in the
equitation (3-3) M is 7. In that case, the deviation of experimental values of SDAS from

calculated values of SDAS ranges between 1 and 4.8 % (see Table 3A in Appendix).

5.5.4. The effect of magnesium

In the European specification for AlSi7Cu3 alloy, the maximal allowed concentration of Mg
is 0.3 wt%. Since the majority of die-casting alloys are produced from secondary sources
(scrap) which inherently contain a higher percentage of magnesium, it becomes a heavy
burden on the part of secondary smelters to remove that excess of magnesium. Therefore,
there has been an active campaign to change the allowable level of magnesium in alloys.
Inspire of the numerous studies done to establish the beneficial effect of increasing
magnesium on the mechanical and machining properties, the specification still stands at max.
0.3 wt%. Alike, the effects of Mg on the solidification features of aluminum alloys are not

being extensively researched in the literature. Few available works [86, 115-117] deal only
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with the impact of Mg on the solidification feature, such as effect of Mg on the major and
minor eutectic temperature of Al-Si alloys. In the work of Heusner and Schneider [115], it
was found that addition of Mg up to 1 wt% in AlSil1 alloy leads to the dramatically reduction
of Al-Si eutectic temperature of 10 °C. As it was reported in the reference [86], the increase
of Mg content up to 0.5 wt% lower both the major (Al-Si) and minor (Al-Cu) eutectic
temperature of A380 alloy. Unfortunately, there is a lack of literature data regarding the effect
of Mg on other solidification features as well microstructure feature such as SDAS. Especially
the concentrations of Mg above 1 wt% in AlSi alloys have not until present time investigated.

This study was focused on the solidification behaviour of AlSi7Cu3 alloy in the presence of
higher magnesium contents, ranged from 0.22 to 2.97 wt%. The study examines the effect of
Mg from 0.22 to 2.97 wt%. on the solidification features, Toden . (Tiig), Toden (Tpep), , TA
SiE, nue (TaLsi) TAI'C“E, me (Tarcu), Tsol and SDAS. The chemical composition of all tested

alloys containing different Mg contents from the mentioned range is presented in Table 5-9.

Table 5-9 Chemical composition of AlSi7Cu3 alloy containing different Mg contents

Si Fe Cu Mn Mg Zn Ti
wt %
1A 7.39 0.37 3.33 0.40 0.22 0.56 0.15
2A 7.48 0.39 3.45 0.41 0.53 0.63 0.15
3A 7.18 0.45 3.62 0.11 1.10 0.62 0.15
4A 7.35 0.39 3.63 0.42 1.64 0.64 0.15
5A 7.65 0.44 3.18 0.45 7)) 0.61 0.15
6A 7.80 0.38 3.46 0.37 2.97 0.62 0.15

Alloy

Three representative cooling curves related to the minimal, medium and maximal Mg content
in AlSi7Cu3 alloy including the corresponding microphotographs are shown in Fig.5-40.
Looking at the shown microphotographs, it is noticeable that the addition of Mg enables
microstructure refinement, as a first decrease of SDAS. As magnesium level increases, the
amount of Mg,Si phase present in the microstructure increases to. Inspire of the higher
magnesium content (> 0.5 wt%), the Mg,Si phase was faintly visible in the microstructure

(see the microphotograph corresponding the minimum Mg content).

110



Chapter 5. Results and discussions

It is deduced from the cooling curves shown in Fig. 5-41 that Mg addition changes not only
the region of the eutectic reactions as it was reported in the mentioned literature [85, 115] but
also the impact of Mg on the primary reaction and the end of solidification process can be
observed. Among the common reactions detected in AISi7Cu3 alloys, adding Mg above 1
wt%, the precipitation reaction of Mg,Si phases can be also detected. All reaction identified
on the cooling curves of AISi7Cu3 alloy containing different Mg contents are listed in Table
5-10.

It is necessary to add that the peak of Mg,Si phase on the cooling curves was extremely
visible for the Mg content of 1.1 and 1.6 wt%. Above 1.6 wt% Mg, the peak of major eutectic
reaction and the peak related to the precipitation of Mg,Si phase overlap presumably each
other. As it was stated in reference [118], Q - AlsCu,MgsSis phase can be also expected in the
microstructure and this phase precipitates together with Mg,Si phase when Mg wt% is higher
then 0.5 wt%. The detection of Q-phase in microstructure of alloys containing above 0.5 wt%

Mg failed in this study.

Table 5-10 Characteristic reactions and temperatures in AlSi7Cu3 alloy containing Mg

Alloys Temperature, °C | Reactions

603.3 — 598.7 Precipitation of a-Al dendritic phase
562.5-536.3 Al-Si eutectic reaction
543.2 - 536 Precipitation of Mg;Si phase
505 - 496.6 Al-Al,Cu eutectic reaction
487.5-479 End of solidification

AISi7Cu3 +
(0.2 -3.0 wt %Mg)

Ta,den Ta,den

The effect of different Mg contents on ue and coh temperatures can be seen in Fig.
5-41. From the charts presented in Fig. 5-41, it can be seen that increase of Mg content from
0.22 up to 2.97 wt% reduces both T®dn . and T®%",, temperatures about 5 and 7 °C,
respectively.

In this case, the correlation between T(""jl‘mnuC and Mg content can be expressed by a linear
equitation, while a polynomial expression of the second degree is fitted the best to the

o,den

correlation between T, and Mg content. These equitations can be written as the

following:
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T o (AISi7Cu3) = -2.0 Mg % + 604.3 °C R2=0.92 (5-24)

T%*on (AISi7Cu3) = -0.5 (Mg%)” — 4.8 (Mg%) + 589.1 °C R*=0.90  (5-25)

700 k
650

600 -

550 E:Q
500 \\ N
N

Temperature, °C

AN

20 170 320 470 620 770 920 1070 1220

450

time, s
=—=().22 wi% Mg—1.1 wit% Mg —2.97 wt %oMg

|j
R

Fig. 5-40 Cooling curves and microphotographs corresponding to minimum, medium and

maximum Mg content in AISi7Cu3 alloy

In Fig. 5-42 it is illustrated the effect of Mg on TAI'SiE, e and TAI'C“E, e temperatures. As it is
observed, the TAl'SiE, me temperature is strongly affected by the addition of Mg. In addition to,
the eutectic silicon becomes finer in the presence of higher Mg content. The increase of Mg

from 0.22 to 2.97 wt% contributes to the substantial decrease of TAI'SiE, nue temperature ab,out

20 °C. On the contrary, the addition of Mg has no such strong influence on the T*""

E, nuc

temperature in AlSi7Cu3 alloy. In other words, the addition of Mg up to 1 wt % cause a slight

. Al-
increase of TAMY

TAI'C“E, nue about 10 °C.

E. nuc, While the addition from 1 up to 3 wt% Mg enables the decrease of
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According to the results shown in Fig. 5-43, the correlations between T™ g nye and T g, nye

and Mg content can be described using the following expressions:
TAYSIE e (AISi7Cu3) = -9.9In(Mg%) + 547.4 °C R*=0.97 (5-26)

T e (AISI7Cu3) = -3.6(Mg%)” + 9.6(Mg%) +498.6 °C R*=0.96 (5-27)
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As it was previously mentioned, Mg has also impact on the end of solidification process. In
fact, Mg shifts Ty, to lower values shorthen the total solidifcation time of AlSi7Cu3 alloy.
The effect of Mg on T, can be seen in Fig. 5-43. From Fig. 5-43 it is seen that increase og
Mg from 0.22 to 3.0 wt% lead to the reduction of T, approximately 11 °C. The relationship
between Mg content and Ty, can be espressed by polynomial equation of the second degree as

following:
Tsoi(AlSi7Cu3) = -0.3 (Mg%)* — 3.0(Mg%) + 487.2 °C R?=0.95 (5-29)

In order to estimate the effect of SDAS, the cooling curve analysis has been supplemented by
the metallographical observation. The results of metallographic analysis reveal that Mg
addition strongly reduces the SDAS value in AlSi7Cu3 alloy. As it is depicted in Fig. 5-44 the
increase of Mg content from 0.22 to 2.97 wt% reduces the SDAS in Al-Si7Cu3 alloy about 17

um.
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Fig. 5-43 Effect of Mg content on Ty, temperature in AISi7Cu3 alloy
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Using the polynomial expression of the second degree the correlation between SDAS and Mg

content can be described with high regression coefficient as it follows:
SDAS (AISi7Cu3) =2.5(Mg % )* - 14.3(Mg %) + 69.6 um  R*=0.99  (5-30)

It was also found that Mg addition in AlSi7Cu3 alloy makes the total solidification time
shorter and at the same time reduces the SDAS values. Fig. 5-45 illustrates the trend of SDAS
and trversus Mg additions. Similar trend can be noticed in Fig. 5-46 showing the influence of
Mg addition on SDAS and At* in AISi7Cu3 alloy. The mathematical model (3-3) commonly
used to express the relationship between SDAS and tr has been also verified by the results
with Mg regarding relationship between SDAS and tr as well SDAS and At*. When the
kinetic parameter At* is inserted in the Eq (3-3), the deviation of experimental SDAS values
from the calculated was up to 10 %. Unlike that result, higher deviation (up to 30 %) was
achieved applying the tr in the Eq (3-3). In that way, it was shown that At* might be more

suitable kinetic parameter determining the dendrite growth when the Mg content was varied.
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Fig. 5-44 Influence of Mg on the SDAS in AlSi7Cu3 alloy
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5.5.5. The effect of strontium

Although the major alloying elements have significant impact on the solidification path of
AlSiCu alloys, there are also some minor elements that can change solidification path of
AlSiCu alloys [116-121]. Strontium is one of these elements, normally added to aluminum
melt in order to modify the morphology of the Al-Si eutectic. Modifiers such as sodium and
strontium in hypoeutectic silicon alloys (essentially those with less than 12% silicon) tend to
reduce interfacial tension between eutectic phases. The reduction in interfacial tension
increases the contact angle between aluminum and silicon, allowing the aluminum to envelop
and arrest the growth of the silicon crystal. The modifying effect is the transition from blocky,
acicular and needle-like silicon phases to a fine fibrous silicon structure [122]. This improved
microstructure leads to enhancement of the properties of the cast products. As it was reported
in the reference [123], the addition of Sr changes also the morphology of Cu-phases in
AISiCu alloys, leading to more intensive precipitation of so called “’blocky”, Al,Cu phase
that Cu-eutectic form, Al-ALCu.

This study shows the state-of the art in understanding the main effect of Sr on the
solidification behaviour of AlSi7Cu3 alloy. Although the addition of Sr to Al-Si alloys is
generally related to the term of modification of eutectic silicon, in fact the AI-Si growth
temperature, in this work it is also proven that Sr possesses an additional effect regarding
precipitation of the minor eutectic Al-Al,Cu eutectic as well the fraction of copper rich
eutectic phases. In addition to, the effect of Sr on SDAS values in AlSi7Cu3 alloy has been
examined and the obtained results indicate that Sr does not affect the SDAS as well the
temperatures related to the initial reaction on the cooling curve. Such result is not in
agreement with some published results [124].

To monitor the effect of Sr on solidification features, Sr has been added in the form of Al-Sr
10 master alloy to the AlSi7Cu3 melt. The average chemical composition of the alloys
containing different Sr contents can be seen in Table 5-11.

The main method of assessing chemical modification of the silicon structure of the Al-Si-Cu
alloy is to perform Optical Emission Spectroscope analysis (OES). Quantification of the
amount of strontium in the AISiCu aluminium melt by OES analysis can give an actual
strontium content, however, OES analysis does not assess the activity of strontium in a
AlSiCu melt (i.e. how much strontium is available to actively convert acicular silicon particles
to a more fibrous structure). Over time, strontium reacts with other elements in the melt and

hence loses its potency as a modifier (i.e. it becomes inactive). Therefore, OES can not assess
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the amount of active strontium (i.e. the strontium that has the potential to modify the silicon

particles).

Table 5-11 Chemical composition of AlSi7Cu3 alloy containing different Sr contents

Si Fe Cu Mn Mg Zn Ti

wt %

Alloy

1A
2A
3A
4A 7.25 0.22 3.59 0.42 0.22 0.85 0.15
SA
6A
TA

An alternative method to determine the relative activity of chemical modifier is the
determination of depression of eutectic Al-Si eutectic growth temperature, parameter via
Thermal Analysis technique. Fig. 5-47 illustrates two representative cooling curves and
corresponding microphotographs related to the Sr content of 1 ppm and 143 ppm in AISi7Cu3
alloy. As it can be noticed from the Fig. 5-47 the additions of modifier leads to the depression
of the nucleation and growth temperatures of main eutectic reaction on the cooling curve. The
microphotographs presented in Fig. 5-47 show the effect of modification on the eutectic-
silicon or other words the shape of eutectic silicon corresponding to the content of 1 and 143
ppm Sr. It can be added that addition of Sr in AlSi7Cu3 alloy does not affect on the initial part
of cooling curves and in that way, the a-Al nucleation temperature, a-Al undercooling
temperature, o-Al growth temperature and dendrite coherency temperature are kept constant
for the whole concentration range of Sr examined in this work. The cooling curves overlap
each other in that initial area (see Fig. 5-47). Unlike the other alloying elements examined in

this study, the T**" . (Tiiq) and T**"., (Tpcp) are not affected by Sr additions:

T L (AISi7Cu3) # £ (Sr) °C (5-31)

T4 on (AISi7Cu3) # f (Sr) °C (5-32)
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The increase of Sr content in AlSi7Cu3 alloy shifted the Ty, to lower levels. Fig. 5-47

Al-Cu

indicates also that addition of Sr to AlSi7Cu3 melt alter T g, nuc (T al-cu)-

As it is seen in Fig 5-48, the expecting effect of Sr on TALSI . ¢ and depression of the Al-Si

Al-Si

eutectic growth temperature, AT * g, g is confirmed on the AlSi7Cu3 alloy examined in this

study. The increase of Sr from 1 to 210 ppm reduces T*"™"

g, about 10 °C. Such results are in
very good agreement with the published papers [121-125]. At the same time depression of the
Al-Si eutectic growth temperature increases 10 °C as the Sr content increase from 1 to 210
ppm.

The equations (5-33) and (5-34) express the correlation between TAl'SiE, G and AT Al'SiE, G with
Sr content, respectively. In Fig. 5-49 an additional effect of Sr addition regarding the effect on
aluminume-silicon-copper eutectic nucleation temperature, TAI'C”E’ Nuc and quantity of Cu-
bearing phase in AlSi7Cu3 alloy is presented. As it can be noticed, T*"““g xuc temperature
rises from 504.8 to 510.8°C when the strontium level increased from 1 to 210 ppm. It is also
evident that the same Sr addition result in higher content of Cu-phase in AlSi7Cu3 alloys. In
this case the quantity of Cu-bearing phases was determined as the total area of all present Cu-
phases including “’blocky’” and eutectic phase. The quantity of these Cu — phases was not
determined individually, although in the literature there is an indication that Sr addition leads
to the higher quantity of blocky and lower quantity of eutectic Cu-phase [123]. The
correlation equations (5-35) and (5-36) are the best fitted with the experimental results related
to T xuc  and total fraction of Cu-bearing phases.

It was found that the addition of Sr considerably increases the end of solidification

temperature from 479 to 491°C when strontium is increased from 1 to 210 ppm.

T, 6 =0.0002 (Sr)* - 0.10 (Sr) + 563.7 °C R’=0.97 (5-33)
ATASE 6 =0.0002 (Sr)* + 0.9 (Sr) - 0.6 °C R*=0.97 (5-34)
TAl—SiE’ 6= 1E-04(Sr)* + 0.01 + 504.8 °C R*=0.99 (5-35)

Total % Cu phases = -5E-07(Sr)* + 0.002(Sr)? + 0.005 (Sr) +3.3 R?=0.97 (5-36)

In Fig. 5-50 it is shown effect of Sr addition on SDAS in AlSi7Cu3 alloy and it is obvious that

SDAS values are not affected by Sr addition or in other words:

119



Chapter 5. Results and discussions

SDAS # f(Sr) (5-37)
660
s ASi7Cu3 with 1 ppm Sr
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Fig. 5-47 Cooling curves and the corresponding microphotographs of AlISi7Cu3 alloy
containing 1 and 143 ppm Sr

a- Microphotograph of AlSi7Cu3 alloy containing 1 ppm Sr
b- Microphotograph of AlSi7Cu3 alloy containing 143 ppm Sr

o TAISI £G. unmopiriep - Al-Si eutectic unmodified temperature is the maximum temperature that is achieved
during the recalescenceof the melt from the nucleation temperature without any addition of modifiers.

o TAMS £, 6, mopiFiep - Al-Si eutectic modified growth temperature is the maximum temperature after addition of
modifiers (usually Al-10%Sr master alloy) that is achieved during nucleation temperature.

« ATAS! £, - Depression of the Al-Si eutectic growth temperature, represents the temperature difference between

the unmodified and modified Al-Si eutectic temperature.
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Fig. 5-48 Influence of Sr addition on the TAl'SiE, G and ATAI'SiE, G in AlSi17Cu3 alloy
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Fig.5-49 Influence of Sr addition on the TAI'C“E,NUC and total fraction of Cu-bearing phases in

AlSi7Cu3 alloy
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Fig. 5-50 Influence of Sr on the SDAS value in AlSi7Cu3 alloy

5.6. Comparative effect of different parameters

In this chapter the following graphs are presented as a summary of the results of this study.
The effect of different alloying elements on the main solidification features is expressed
versus the addition of 2 wt% of Si, 1wt% of Cu, Zn and Mg, 0.01 wt% of Ti and 20 ppm of
Sr.

The Fig. 5-51 reveals the effect of alloying elements on the Tiq temperature. The graphs
clearly depicts that major alloying element possess the strongest impact on the Tiq
temperature, where the addition of 2 wt% of Si (increase from 7 to 9 wt% Si) in the AISiCul
alloy contributes to the decrease of 17.5 °C. At the same time, the effetc of 1 wt% Cu and 1
wt% of Mg addition is obvious. On the contrary, the addition of Sr has no effect on the T

temperature.
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= 2 wt % Si (AISiCul)
¥ 1 wt% Cu (in AlSi7)

W 1 wt%Zn (AlSi7Cu3)
® 1 wt%Mg (AlSi7Cu3)
11 0.01 wt%Ti(AlSi7Cu3)

H 20ppm Sr (AlISi7Cu3)

Fig. 5-51 The comparative effect of alloying elements on Tiiq temperature

In Fig. 5-52 the comparative effect of alloying elements on Tpcp is presented. As in the
previous case, the addition of Si shows also the dominant effect on Tpcp temperature that
reaches the readuction of 15 °C with the addtion of 2 wt% Si, but the addition of Sr has no

effect on Tpcp.

H2 wt % Si (AISiCul) -4 0

o
1 wt%Mg (AISi7Cu3)

10.01 wt%Ti(AISi7Cu3) '
M 20ppm Sr (AlSi7Cu3)

Fig. 5-52 The comparative effect of alloying elements on Tpcp temperature

¥ 1 wt% Cu (in A1Si7)

H 1 wt%Zn (AISi7Cu3)
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The comparative effect of alloying elements on the Txsi temperature is illustrated in Fig. 5-
53. Beside the expected effect of Si addition on Taysi temperature, it is seen suprizing effetc
of Mg. The addtion of 1 wt% Mg shows tremendous reduction of Ta.si temperature, 7 °C.
The elements such as Zn and Ti has no effetc on the Tay.si temperature. Taking into account
the addtion of only 20 ppm Sr to the basic alloy, it can be concluded that Sr decreases the Tx.
si temperature all the same.

As it can be seen in Fig. 5-54, the comparative effect of alloying elements on Taicy
temperature seems complitely different as in the previous cases. It means that addition of the
elements such as Sr, Mg, Cu and Zn leads to the increase of Txic, temperature. Among the
mentioned alloying elements, the addtion of 1 wt% Mg shows significant effect providing the
increase of Taic, temperature about 5 °C. As in the case of Ta.si temperature, the same
remark regarding Sr stands for Tarc, temperature, but leading to the increase of Taicy

temperature. The addtion of titaniumm and zinc do not affect Txj.c, temperature.

W2 wt % Si (A1SiCul)

1 wt% Cu (in AlSi7)

¥ 1 wt%Zn (A1Si7Cu3) A o
TA]—Sia C

¥ 1 wt%Mg (A1Si7Cu3)

140.01 wt%Ti(AlSi7Cu3)

¥ 20ppm Sr (AlSi7Cu3)

Fig. 5-53 The comparative effect of alloying elements on Tx.si temperature
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™2 wt % Si (A1SiCul)
¥ 1 wt% Cu (in AlSi7)

™ 1 wt%Zn (AlSi7Cu3)
¥ 1 wt%Mg (A1Si7Cu3)
110.01 wt%Ti(AlSi7Cu3)

i 20ppm Sr (AlSi7Cu3)

Fig. 5-54 The comparative effect of alloying elements on Ta.c, temperature

The summary effect of allying elements on SDAS is presented in the Fig. 5-55. As it was
expected and evidently seen on this graph the addtion of 2 wt% Si contributes substantially to
decrease of SDAS, 8.5 um. Moreover, there is a remarkably contribution of Ti, which
addition of 0.01 wt% enables the SDAS decrease of 8.5 um. The elements such as Mg, Cu
nad Zn show lower impact on SDAS. As it was though, Sr does not affect SDAS value.

The graph in Fig. 5-56 reveals the summary effect of mold temperature with and without
water cooling in comparison to the pouring temperatures. As it was mentioned the reduction
of both Tmold (from 350 to 250 °C) and T, temperatures (from 750 to 650 °C) was equal,
100 °C. It can be observed from Fig. 5-56 that among the casting parameters the strongest
influence on SDAS has the pouring temperature providing the increase of SDAS of 6 um. The
decrease of the mold temperature without water cooling of the mold points out the similar
reduction of SDAS value, while in the water cooling of the mold diminishes effect of mold

temperature but it leads to the further decrease of SDAS.
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H 2 wt % Si (AlSiCul)

M 1 wt% Cu (in AISi7)

o 1 wt%Zn (AISi7Cu3) ASDAS
» LM

M 1 wt%Mg (AISi7Cu3)

110.01 wt%Ti(AISi7Cu3)

i 20ppm Sr (AlSi7Cu3)

Fig. 5-55 The comparative effect of alloying elements on SDAS

H ATmold (NW) ®HATmold(WW) 1 ATpour.

Fig. 5-56 The comparative effect of mold temperature and pouring temperature on SDAS
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6. Conclusions

The results of the preliminary experiments confirmed that the solidification process as well as
microstructure features in the complex shape castings are difficult to control and therefore to
fulfil the stringent demand regarding the SDAS values. The AlSi7Cu3 cylinder head produced
by tilt pouring gravity die casting process was taken in this study as an example to document
the solidification behavior in the real casting with complex geometry. The relationship
between the SDAS values and the cooling rates proves the suspected correlation extensively

applied in the scientific works available in the literature.

The parameters affecting the solidification behavior of AlSi7Cu3 alloy were examined in this
work with the special emphasis on the SDAS. Among the casting parameters, the effect of
mold temperature with and without water cooling and the effect of pouring temperatures have
been considered. As it was illustrated in Fig. 5-57, the reduction of pouring temperature, in
the range permitted by alloy specification had a more direct and remarkable effect on SDAS
decrease than reducing the mold temperature. The combined effect of mold temperature
reduction and the water cooling of the mold wall enables to shorten the total solidification
time as well to reach the finer values of SDAS. However, the impact of mold temperature
reduction in the presence of water cooling of the mold wall has been slightly diminished (Fig.

5-13).

Although the effect of chemical composition of AlSiCu alloys has been overshadowed by the
dominant impact of cooling rate and/or solidification time, the results of this study confirm
that even slight changes in the concentration might provide a variation in the reaction
temperature and the resultant microstructure. The individual impact of alloying elements, Si,
Cu, Mg, Ti, Zn and Sr on the solidification behavior of A1Si7Cu3 alloy has been assessed and
the comparative effect of different alloying element on the main solidification features was
illustrated by the ring graphs in the Fig. (5-52) — (5-57).

It was found that addition of 2 wt% Si, the major alloying element enables the most
pronounced decrease of the Ty and Tpcp, temperatures. The addition of other alloying
elements also showed the significant decrease of Tj;q temperature. Comparing the Ti additions

with additions of other alloying elements except Sr, it might be said that effect of Ti should be
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100 or 200 times multiple and then to be compared with other alloying elements. Therefore, it
could be after concluded that Ti possess the strongest impact on the Tiq and Tpcp
temperatures. Concerning the effect of alloying elements on the SDAS, a similar situation was
noticed. In addition, Si has provided the highest reduction of SDAS values (8.5 pm). The
addition of 1 wt% of the alloying elements such as Mg, Cu and Zn contributes to a noticeable
decrease of SDAS (5, 4, and 2.5 um). However, it could be also claimed in the case of SDAS
value that the effect of Ti on SDAS in respect to its content in the basic alloy was the
strongest. Unlike the other alloying elements, the contribution of Sr to the change of Tiiq and

Tpcp temperatures and SDAS values was not detected in this study.

Concerning the effect of different alloying elements on the precipitation temperatures of the
major, Tarsi and minor eutectic, Tarcy @ tremendous effect of Mg has been found. The
addition of 1 wt % of Mg leaded to a significant decrease of Tas; about 7 °C. As it was
expected, the contribution of Si addition to Tajs; was quite high. From the same point of view
as in the case of Ti, the contribution of Sr to the Ta.si and Tajcy temperatures can be
considered the most tremendous. The addition of Zn and Ti in AlSi7Cu3 alloys did not cause

any change of Taj.si and Tajcy.

According to the results of this study, the kinetic of dendrite growth versus the chemical
composition might be rather interpreted by a novel kinetic parameter, At*then conventional ts.
As a confirmation of this remark, the mathematical model, commonly used to describe the
relationship between the SDAS and solidification time, has been verified. According to the
verification of the model, it might be emphasis, that At* much better correlate to SDAS then

the total solidification time.

The findings in this study could have important implications for Al-Si alloys in particular, due
to their wide spread applications in the automotive industry. That is not needed to emphasize
that cooling rate has the leading effect on the solidification behavior and resultant size of
SDAS. However, it has been shown that the effect of chemical composition is significant and
can not be neglected. Therefore, the variation of the chemical composition could be used for

fine tuning in order to reach the desired size of the SDAS.
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Appendix

Table 1A Experimental SDAS and calculated SDAS values based on the t; and At* in
Al-Si7 and Al-Si9 alloys containing 1, 2 and 4 wt%

Mathematical model SDAS = 5.5(M t;)**

Alloy Al-Si7 Al-Si9

Cu, wt% 1 2 4 1 2 4
SDASexp, ym 56.8 54.4 50.2 48.7 47.2 46.1
tf, s 1170.4 1156.0 1156.0 1135.2 1144.0 | 1115.0
At s 300.4 286.4 266.4 220.4 213.8 187.2
SDAS calc(based on f; ), um 56.6 56.4 56.4 56.0 56.2 55.7
DeVv’, % 0.3 -3.6 -12.3 -15.1 -19.0 -20.9
SDAS”calc(based on At*),

um 51.9 51.1 49.9 46.9 46.4 44 .4
Dev”, % 8.6 6.0 0.6 3.7 1.7 3.6

Table 2A Experimental SDAS and calculated SDAS values based on the t; and At* in
AISi7Cu3 alloy containing different Ti contents

Mathematical model SDAS = 5.5(M t;)**

Ti, wt% 0.08 0.10 0.11 0.12 0.13 0.14
SDASexp, um 64.1 64.5 55.9 51.2 53.2 52.0
tf, s 981.3 999.7 912.0 803.4 726.8 718.2
At s 83.6 121.1 112.2 47.8 90.1 67.5
SDAScalc(based on t; ), um 114.2 114.9 111.5 106.9 103.4 103.0
DeVv’, % -78.2 -78.1 -99.4 -108.8 -94.4 -98.1
SDAScalc(based on At* ), um 41.4 46.3 45.2 35.0 42.3 38.8
Dev”, % 35.4 28.3 19.1 31.6 20.4 25.3

Table 3A Experimental SDAS and calculated SDAS values based on the t; and At* in
AlSi7Cu3 alloy containing different Zn contents

Mathematical model SDAS = 5.5(M t;)**

Zn, wt% 0.9 1.2 1.8 2.4 2.8
SDASexp, ym 65.4 63.3 62.3 59.0 58.6
tf, s 909.0 944.0 967.0 977.0 1003.0
At s 223.4 220.4 203.2 196.3 180.0
SDAScalc(based on t; ), um 52.1 52.7 53.2 53.3 53.8
Dev’, % 20.4 16.7 14.7 9.6 8.2
SDAScalc(based on At* ), um 62.3 62.0 60.4 59.7 58.0
Dev”, % 4.8 2.0 3.1 -1.1 1.0
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Table 4A Experimental SDAS and calculated SDAS values based on the t; and At* in
AlSi7Cu3 alloy containing different Mg contents

Mathematical model

SDAS = 5.5(M t;)**

Mg, wt% 0.22 0.55 1.1 1.6 2.1 2.97
SDASexp, um 66.0 63.8 56.3 52.5 51.2 48.8
tf, s 1008.4 972.6 921.5 893.1 871.1 808.3
At s 331.1 301.7 292.0 285.1 269.6 254.6
SDAScalc(based on t; ), um 67.7 66.9 65.8 65.1 64.6 63.0
Dev, % -2.6 -4.9 -16.8 -24.0 -26.2 -29.0
SDAScalc(based on At*),

um 59.0 57.2 56.6 56.1 55.1 54.1
Dev, % 10.7 10.4 -0.5 -7.0 -7.7 -10.8
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NOMENCLATURE

A1 (DAS)
A> (SDAS)
A3
R

GL

tr

a,b,A,Cn

AH

AHg

Ahg

fi

Co

C.

the primary dendrite arm spacing
the secondary dendrite arm spacing
the tertiary dendrite arm spacing

interface velocity

the thermal gradient in the liquid in front of dendrites

time

Temperature

the solidification time
the alloy constants

coarsening parameter

the enthalpy of the liquid or solid due the cooling

the latent heat of fusion
latent heat per unit volume
volume of metal

area of the casting
external heat flux

cooling rate

heat capacity

fraction solid

fraction of liquid

the initial concentration
concentration of solute in solid phase

concentration of solute in liquid phase
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TL(Tliq: Ta’dennuc)

Ts (Tsol)

d’

AT,

AT,

ATy

Iy, I

ASf
AG
AG;

AG,

,DEN
T MIN

DEN
T G

.DEN
T COH

ALSi
T ENuc

ALSi
T EMmiN

ALSi
T kG

ATAI-SiE

liquidus temperature

solidus temperature

partition coefficient

thickness of solute layer

mushy zone depth

coefficient of diffusion of the solute in the liquid

Gibbs-Thomson undercooling

undercooling due to concentration difference at the solid/liquid

interface

undercooling due to temperature difference at the solid/liquid interface

Gibbs-Thomson coefficient

curvature of solid/liquid interface

principal radii of curvature

solid/liquid interface energy

entropy of melting

the change of Gibbs free energy

Gibbs free energy of interface

Gibbs free energy of volume

the difference between the liquid and solid per unit volume
o Al- dendrite under cooling temperature

o Al- dendrite growth (recalescence) temperature
o Al- dendrite coherency point

Al-Si eutectic nucleation temperature

Al-Si eutectic nucleation temperature

Al-Si eutectic growth temperature

depression of the Al-Si eutectic growth temperature
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Al-Cu
T ENUC

Al-Cu
T E.MIN

Al-Cu
T eg

At*

Tpour

Copper rich eutectic nucleation temperature
Copper rich eutectic minimum temperature
Copper rich eutectic growth temperature

the time interval between the dendrite coherency point and nucleation
of the Al-Si eutectic

Absorption coefficient

pouring temperature of the alloy
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