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Effect of local and global connectivity of phases on damage evolution in cast Al-Si Alloys

KURZFASSUNG

Neben Ti- und Mg-Legierungen, gewinnen Al-Legierungen auf Grund ihrer
Kosteneffizenz, Leichtigkeit und exzellenten thermischen und mechanischen
Eigenschaften zunehmend an Bedeutung. Insbesondere Al-Si Gussteile werden immer
ofter fiir Kolbenanwendungen in der Automobilindustrie gewéhlt. Jedoch fiihrt die
steigende Nachfrage nach leistungsfahigeren Verbrennungsmotoren, vorangetrieben
durch Umweltvorschriften, zu thermo-mechanischen Zustinden, die an den Grenzen
der Belastbarkeit konventioneller Al-Si Kolbenlegierungen liegen. Eine Optimierung
hin zu verbesserter Hochtemperaturfestigkeit bei ausreichender Raumtemperatur-
duktilitdt ist daher unbedingt notig. Die Leistung von Al-Si Kolbenlegierungen ist
stark abhingig von ihrer inneren Architektur bestehend aus 3D Netzwerken aus Si
und intermetallischen Phasen, die in eine ausscheidungshirtbare o-Al Matrix
eingebettet sind.

In dieser Arbeit, bestehend aus drei begutachteten Verdffentlichungen, wurde die
Korrelation zwischen Mikrostruktur und Schidigungsentwicklung ausgewdéhlter
gegossener, nah-eutektischer Al-Si Kolbenlegierungen als Funktion der chemischen
Zusammensetzung und Wirmebehandlung untersucht. 2D und in-situ 3D bildgebende
Methoden dienten zur Identifizierung mikrostruktureller Features, die den Prozess der
Schéadigungsentstehung und —akkumulation wihrend der Zugverformung bei
Raumtemperatur (RT) und erhdhten Temperaturen beeinflussen.

In der ersten Publikation wurde der Effekt der 3D Konnektivitit des Netzwerkes der
rigiden Phasen auf die Schidigungsentwicklung wihrend Zugverformung bei RT als
Funktion des Losungsglithens (ST) untersucht. Wéhrend des Losungsglithens bei
500°C fiir 4 Stunden, zeigte eine gegossene AlSi12Cu4Ni2 Legierung einen Verlust
an lokaler Konnektivitdt (quantifiziert durch den topologischen Parameter Euler-Zahl,
y) bei gleichbleibender globaler Interkonnektivitit und Matrixhdrte auf Grund der
partiellen Auflésung und morphologischen Anderungen von ALCu Aluminiden als
auch leichter Einformung und Fragmentierung von eutektischem und primdrem Si.
Zugversuche bei Raumtemperatur zeigten im Oh ST Zustand hohere Festigkeit und
geringere Duktilitdt als im 4h ST Zustand. In situ Synchrotron Tomographie (sXCT)

wihrend der Zugversuche zeigte keine Anderung in Schidigungsmechanismen
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Kurzfassung

abhéngig von der Losungsgliihzeit. Schiadigung entsteht hauptsichlich in Verbindung
mit Mikrorissen an priméren Si in Clustern. Beim Versagen propagiert der Hauptriss
ausschlieBlich entlang entstandener Schidigung und rigider Phasen. Der Verlust an
lokaler Konnektivitdt durch das ST fiihrt zu einem Verlust an Lastaufnahmekapazitét
des hybriden 3D Netzwerkes und somit zu reduzierter Festigkeit. Gleichzeitig erlaubt
dieser, mehr Schiddigung und plastischer Dehnung aufzunehmen, was in einer
Steigerung der Bruchdehnung der Legierung im 4h ST Zustand resultiert.

Die zweite Publikation beschéftigt sich mit dem Effekt der lokalen Konnektivitit des
rigiden Netzwerks auf die Festigkeit wéhrend Zugverformung bei erhdhten
Temperaturen als Funktion der chemischen Zusammensetzung. Eine Erhdhung um 1
wt.% Ni in gegossenen AlSi12Cu4Ni(2,3)Mg Legierungen fiihrt, auf Grund der
zusétzlichen Bildung Nadel-artiger Al-Ni-Cu-reicher 6-Phase, zu einer Steigerung der
lokalen Konnektivitdt des hybriden Netzwerks um ~40% bei konstanter globaler
Interkonnektivitdt und Matrixhirte. In-situ sXCT wihrend Zugversuchen bei 300°C
zeigte, dass, im Gegensatz zu RT Beobachtungen, Schidigung nicht nur an priméren
Si Clustern, sondern auch an Netzwerk/Matrix-Schnittstellen und in der Matrix
entsteht. Der Hauptriss propagiert auch durch die Al-Matrix. Die Legierung mit nur 2
wt.% Ni zeigte 10% hohere Festigkeit und ~30% hohere Bruchdehnung im Vergleich
zur 3 wt.% Ni Legierung. Dies kann der niedrigeren lokalen Konnektivitéit ihres
rigiden Netzwerks zugeschrieben werden, die eine lokalisierte Plastifizierung der
Matrix erlaubt und hilft, vor dem Versagen mehr Schidigung aufzunehmen. Ein
analytischer Lastverteilungsansatz, der die Entwicklung der lokalen Konnektivitéit von
rigiden Netzwerken als Funktion der Dehnung mitberiicksichtigt, wird basierend auf
experimentellen in-situ Daten vorgeschlagen.

In der dritten Publikation wurde eine optimierte Segmentierungsmethode mit Fokus
auf akkuratere Evaluierung der lokalen Konnektivitit iiber grofle, repridsentative
Volumen entwickelt. Eine Kombination von konventioneller Rontgentomographie
(XCT), sXCT und chemischem Tiefendtzen + Tomographie derselben Legierung an
derselben Stelle ermdoglicht eine direkte Segmentierung durch einfaches globales
Grauwert-Thresholding und genauere Charakterisierung von Phasen als auch Phasen-
Schnittstellen {iber groB3e, reprasentative Volumen und liefert somit die fiir die Quanti-

fizierung bendtigten Informationen der gesamten 3D Mikrostruktur der Legierungen.
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Effect of local and global connectivity of phases on damage evolution in cast Al-Si Alloys

ABSTRACT

Besides Ti- and Mg-alloys, Al-alloys are continuously gaining in significance as a
low cost, light weight material with excellent thermal and mechanical properties.
Especially Al-Si castings are a favorable choice for automotive piston applications.
However, the rising demand for more efficient combustion engines, pushed by
environmental regulations, leads to thermo-mechanical conditions at the limits of
operability of conventional cast Al-Si piston alloys, especially at the bowl rim area
facing towards the combustion chamber. It is thus imperative to optimize Al-Si piston
alloys towards better high temperature strength at sufficient ambient temperature
ductility for improved operability. The performance of Al-Si piston alloys is strongly
dependent on their internal architecture consisting of hybrid 3D networks formed by
Si and intermetallic phases embedded in a precipitation hardened a-Al matrix.

This work comprises three peer-reviewed publications that deal with the correlation
between microstructure and damage evolution of selected cast, near eutectic Al-Si
piston alloys as a function of chemical composition and heat treatment. 2D and in-situ
3D imaging methods were used to identify microstructural features affecting the
processes of damage formation and accumulation during tensile deformation at
ambient and elevated temperatures.

In the first publication the effect of 3D connectivity of rigid phase networks on
damage formation and accumulation during room temperature tensile deformation
was investigated as a function of solution treatment (ST). After 4 hours at 500°C , a
cast AlSi12Cu4Ni2 alloy experiences a loss of local connectivity (quantified by the
topological parameter Euler number, y) at constant global interconnectivity and
matrix hardness owing to the partial dissolution and morphological changes of Al,Cu
aluminides as well as slight spheroidization and fragmentation of eutectic and primary
Si. Tensile tests at room temperature (RT) reveal higher strength and lower ductility
for the as cast condition compared to the 4h ST condition. In situ Synchrotron
tomography (sXCT) during tensile deformation revealed no change in damage
mechanisms depending on ST time. Damage initiation is mainly associated to micro-
cracking through primary Si particles grouped in clusters. At fracture, the main crack

exclusively propagates along earlier microcracks formed at rigid phases. The loss of
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Abstract

local connectivity of the 4h ST condition contributes to the loss of load carrying
capacity of the 3D hybrid network und thus, results in reduced strength. This also
allows the solution treated alloy to accommodate more damage and plastic strain,
increasing its elongation at fracture with respect to the as cast condition.

The second publication deals with the effect of local connectivity of 3D hybrid
networks on strength during elevated temperature tensile deformation as a function of
chemical composition. An increase of 1 wt.% Ni in cast AlISi12Cu4Ni(2,3)Mg alloys
leads to an increase of local connectivity by ~40%, at constant global
interconnectivity of rigid 3D hybrid network and matrix hardness owing to the
formation of an additional needle-like Al-Ni-Cu-rich d-phase. In-situ sXCT during
tensile deformation at 300°C shows, in contrary to RT observations, damage
formation not only through primary Si particles grouped in clusters, but also voids at
matrix/rigid phase interfaces as well as in the matrix. The main crack also propagates
through the matrix. The alloy with only 2 wt.% Ni exhibits 10% higher strength and
~30% larger elongation at fracture compared to the 3 wt.% Ni alloy. This is attributed
to the lower local connectivity of its hybrid 3D network which permits localized
plastification of the matrix and helps accommodating more damage prior to failure. A
simple analytical load partition approach that considers the evolution of local
connectivity of rigid networks as a function of strain is proposed based on in-situ
experimental data.

Finally, in the third publication, an optimized segmentation method was developed for
an accurate evaluation of local connectivity over large, representative volumes. A
combination of laboratory x-ray tomography (XCT), sXCT and deep etching +
tomography performed on the same specimen and at the same position allows for
direct segmentation using simple global grey value thresholding and a more accurate
characterization of phases as well as rigid phase interfaces across large representative
volumes and thus provides the information necessary for a quantification of the whole

3D microstructure of the alloys.
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Effect of local and global connectivity of phases on damage evolution in cast Al-Si Alloys
Chapter 1
INTRODUCTION & MOTIVATION

The rising demand for more efficient combustion engines, pushed by environmental
regulations, calls for the continuous optimization of engine parts and materials used
for their production [1]. Besides restrictions regarding pollutant emission, another
demand is the reduction of emission of the greenhouse gas CO», which is directly
correlated to fuel consumption. An efficient measure to reduce consumption is to
increase the mean pressure allowing to decrease the engines cubic capacity at constant
effective performance. With this downsizing, specific output will increase and so will

complex thermo-mechanical loading on engine components (see Fig. 1) [2].
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specific output [KWI/I]
Fig. 1.Evolution of ignition pressure and specific output over the past view years [2].
Pistons have to be able to withstand harsh operation-conditions such as high
temperature and pressure, complex friction and superimposed thermo-mechanical
loading [3,4]. They are a part of the internal combustion engine with no possibility for
maintenance and hence, limit the lifetime of the entire engine [5]. Generally, the bowl
rim area, facing the combustion chamber, is the lifetime determining factor for
pistons. Owing to the combination of ignition pressure and exposure to temperatures
up to 400°C (see Fig. 2 (a)) [2-4], this part experiences demanding thermo-
mechanical loading conditions. Mechanical loading is induced by alternating bending

around the piston pin under gas, while thermal loading is induced by thermal cycles of
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Chapter 1 Introduction & Motivation

a few seconds caused by alternate temperature-loading with low frequencies as it is
the case for the change from idle-running to full-throttle motor conditions [2]. With
sufficiently high temperature gradient, the induced stresses can result in plastic
deformation (see Fig. 2 (b)). Thus, the for piston applications selected material is

required to exhibit extraordinary thermo-mechanical stability.

0.171

0.186

(a) (b)

Fig. 2.(a) temperature distribution during engine full throttle, (b) plastic deformation (in [mm]) of the
piston owing to thermo-mechanical loading [3].

Moreover, the formation of complex tensile and compressive stress conditions over
wide temperature ranges during operation can lead to the formation of fatigue micro-

cracks that can rapidly propagate. Thus, sufficient ductility at lower temperatures

must also be retained to avoid premature failure of the piston (see Fig. 3) [4-6].

Fig. 3.Premature failure of a diesel
piston owing to fatigue cracking
Crack initiation  originating from the bowl rim area near

the combustion chamber [4].

Al based alloys are frequently
used for piston applications. In
order to fulfill the requirements,
pistons have to work efficiently
even while being subjected to
high thermal and mechanical
loadings, without losing the
lightweight advantage and recyclability provided by Al alloys [7]. In this context, cast
near-eutectic Al-Si alloys have been widely employed in piston applications working
at ambient and elevated temperature owing to excellent characteristics such as light
weight, low cost manufacturing, excellent castability, wear resistance, low thermal

expansion, high specific strength and recyclability [6,8-10].
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Effect of local and global connectivity of phases on damage evolution in cast Al-Si Alloys
Chapter 2
STATE OF THE ART

2.1. Cast Al-Si alloys

For automotive engine applications, cast Al-Si alloys present an attractive alternative
to steel products owing to their relatively high strength-to-weight ratio, excellent
castability, thermal conductivity, good processability, corrosion resistance and cost

effectiveness [2,6,10].
2.1.1. Microstructure of cast Al-Si alloys

The eutectic point of the binary Al-Si system can be found at 577°C with Si contents
of ~12.6 wt.% (see Fig. 4) [11,12]. Cast Al-alloys containing Si contents > 7 wt.%
typically lead to the formation of highly interconnected 3D eutectic Si networks
embedded in the interdendritic region [13-15]. Representative microstructures of cast
binary Al-Si alloys with typical eutectic and primary Si phase morphologies are
shown in Fig. 4 for hypoeutectic and hypereutectic alloys. Since the solubility of Al in

Si is very low, the Si phase basically consists of pure silicon [12].

Atomic Percent Silicon A
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Microstructure Microstructure
Fig. 4.Binary Al-Si phase diagram with representative microstructures for (left) a hypoeutectic alloy
(Si <12 wt.%) and (right) a hypereutectic alloy (Si> 12 wt.%) [11].
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Chapter 2 State of the Art

2.1.1.1. Eutectic Si phase

In general, there are two ways to influence the size and morphology of eutectic Si
during solidification: (1) changes in solidification rate during casting (quench -
modification) [9,16,-19] and (2) changes in chemical composition by addition of

modifiers such as Sr, Na, Ca, Ti or Sb [16,18,19].

Solidification rate (quench modification)

The solidification rate has a significant effect on the size- and morphology-
distribution and composition of microstructural constituents [19,20].

solidificationrate 1 > solidificationrate 2 > solidification rate 3
SDAS 10 pm [ SDAS 25 um SDAS 50 pum [

a8 @ Y
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f-ﬂ"& ™ ~
» * ! X - “ b »
| B IS E SRS
v %X N 4\43‘\ e { - o~ A
g o "i fm t.l V—““'m .:' ’
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. e : " ] p ,' " ’:}_,‘.. I - { -
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Fig. 5.Microstructure refinement and Si morphology as a function of solidification rate and Sr content
in a directionally solidified AISi8Cu2Mg0.3FeZnMn0.2 alloy [19].

One of the most widely accepted theories on quench modification is based on the
surface energy of the Al-Si solid interface [20]. Due to the large difference in thermal

conductivity of pure Al and Si and the difference in their latent heat of fusion, Al will
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Chapter 2 State of the Art

solidify faster than Si. An increase in cooling rate will allow Al to completely encase
the far more slowly solidifying Si and thus, hinder its growth.

Although quench modification was found to have significant impact on the coarseness
of eutectic Si, no particular changes in Si structure in regards to twin density could be
observed (see Fig. 5) [19,21]. However, the usability of quench modification in
industrial applications is limited by the achievable cooling rates during conventional

casting processes [11].

Chemical modification

While elements such as Ti, B, Zr and V are used to refine a-Al grains (e.g. [22,23]),
modifiers of Al alloys such as Sr, Sb, Na, Ba and Ca are used to change the size and
morphology of eutectic Si. Because of its easiness in handling, its effectiveness and
its low fading effect, Sr is one of the most frequently used modifier elements. The
addition of Sr provokes morphological changes of the eutectic Si from coarse flakes
to fine fibrous morphologies (see Fig. 6) [16,18]. There are currently several theories
explaining the mechanism of modification of eutectic Si provoked by Sr including the
consideration of changes in the nucleation or growth levels [24], such as the impurity-
included twinning (ITT) [21] and the twin-plane re-entrant edge (TPRE) poising

mechanisms [25].

Fig. 6.3D visualization (FIB — tomography) of eutectic Si in an AlSi7 alloy : (a) flake-like morphology
in unmodified condition and (b) fibrous morphology after addition of 170 ppm Sr [18].

It has been reported that an addition of ~280 ppm Sr to an
AlSi8.3Cu2Mg0.3FeZnMn0.2 alloy is needed to achieve a full modification from
flake-like to fibrous eutectic Si structures (compare Fig. 5 (a-f) vs (g-1)). However, Sr
exceeding this value will provoke the formation of non-beneficial phases such as

ALSi>Sr [19].
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Chapter 2 State of the Art

Furthermore, it was observed that rare earth (RE) elements such as La and Ce have a
high affinity to react with Sr and degrade Sr modification effects [26]. Up to 1.5 wt.%
RE additions to an A356 (AlSi7Mg) alloy result in an increase in the melting point by
~ 1°C per 0.15 wt.% while the temperature for precipitation of the Al-Si eutectic
remains constant. Morphological modification effects only appear above 1.5 wt.% RE
metal content. However, an increased content of La may lead to the formation of
additional intermetallics which could negatively affect the performance of the alloy

[26].
2.1.1.2. Primary Si phase

Silicon crystals are harder and more abrasion resistant than any other phase found in
typical Al-Si alloys, which is why they are essential for sufficient wear resistance in
piston applications (hardness of Si ~ 11.1 GPa up to 200°C [27]). Typically, primary

Si crystals have a cubic diamond lattice structure and, ideally, have octahedral

Homogeneity of silicon morphology [28-30]. Their growth is
Size of crystal . .
0-15um 15-50um >50um believed to occur in three stages: (1)

nucleation (non-facetted growth with sphere-

like external shape), (2) polyhedron

°C

transition on the {111} plane or direct

transition from a facetted growth unit and (3)

further growth and divergence from
/ octahedral shape leading to hollow hopper
@ crystals and dendritic outgrowth (see Fig. 7)

[11,30].

Undercooling AT

Ist stage 2nd stage 3rd stage

Fig. 7.Three stages of facetted growth of primary Si
crystals [28].

Time

Recently, Wang et al. [30] proposed a growth model for primary Si crystals in a cast
hypereutectic AlSi20 alloy based on sXCT, SEM, TEM and EBSD observations (see
Fig. 8). The most probable primary Si particle morphology was found to have a shape
factor of 0.85, which means either regular octahedron or twinned shapes with (edge

length (a))/(distance between outer surface and {111} plane (h)) = 2.5 [30].
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Fig. 8.Growth model for primary Si particles in an AlSi20 alloy based on sXCT, SEM, TEM and
EBSD [30].

However, primary Si particle morphologies differing from perfect octahedral and
twinned shapes may occur owing to the influence of the surrounding microstructure.
For instance, a statistical analysis of 1000 primary Si particles in a high-pressure die-
cast hypereutectic A390 (AlSi17Cu4.6Mg0.6) alloy revealed that equivalent diameter
and shape factor of those particles are unimodally distributed with peaks
corresponding to 25 pum and 0.78, respectively. This significant growth and
morphological transition compared to regular octahedral shape (shape factor = 0.85)
most likely results from the constraint from Cu-rich phases present in the alloy. The
restriction of a-Al grains by the Cu-rich phase exerts stress on the Si particles and

thus, causes the occurrence of multiple and/or parallel twinning leading to growth

transitions (see Fig. 9) [29].

protruding

Lagging
planar
growth

hindered growth
on {111} plane

hinddered growth
on the vertexes <
40 ym 40 pm 40 pm 40 pm
Fig. 9.3D visualization of primary Si particles with atypical or irregular shapes in a hypereutectic A390
alloy [29].

Primary Si refinement: Effect of Phosphorus

One of the main issues when casting Al-Si alloys is how to control the size and
distribution of primary Si particles in order to minimize negative effects on tool life

during machining while upholding satisfactory wear performance [11]. A common
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Chapter 2 State of the Art

approach is to increase the sites for primary Si crystal nucleation complemented by
high cooling rates during casting [11,16,18]. This can be achieved by adding P to the
melt, which reacts with Al to form small, insoluble AIP; particles that can act as
nucleation sites for primary Si crystals owing to their very similar crystal structure
(diamond cubic) and lattice spacing [11,31,32]. AlP3 nuclei can usually be observed
within refined primary Si particles (see Fig. 10, top right corner) [33,34]. It has been
found that P additions between 20 — 40 ppm to the hypereutectic binary melt already
contribute to grain refinement. The optimum amount of P in near eutectic Al-Si alloys
lies between 40 — 80 ppm. Slow solidification rates and insufficient nuclei provided
by P result in the formation of few, very coarse and irregular primary Si crystals (see
Fig. 10 (a)). On the other hand, sufficient P content provides an abundance of sites at
which primary Si crystals can form and grow and thus, results in a microstructure
with many smaller sized, comparatively regular primary Si crystals with more

homogenous distribution (see Fig. 10 (b)) [33,34].

AR
b e ek
R ST Ror YA =
B ANeE DBLK
B AN
e M T
 fin e S, 20, : ‘.;“(ﬁ
s R M s R
a 1200um | (b) 42 . s * 2 200um
(a) - gL ()'*":wizamu' —

Fig. 10.Effect of P-content on the microstructure of a cast AlSil8 alloy: (a) P =0 ppm, (b) P =300
ppm; top left corner: SEM image showing a primary Si crystal containing an AIP3 nucleus [33].

The refined primary Si particle (AlP3 nucleated) size depends on solidification rate
and other process parameters such as melt flow, melt cooling during flow or thermal
patterns during the casting process. However, typical expected primary Si crystal
sizes would be 35 — 50 um for sand castings, 25 — 40 pm for permanent mold castings
and 10 — 25 um for high pressure gravity die castings [11].

For Al-Si (16-23 wt.%) alloys, it has been reported that refinement can be achieved
even without artificial nucleation during conventional high pressure die casting. This
is most likely owing to exceptional undercooling and rapid solidification rates

(typically > 100°C/s), the extremely turbulent flow and also the effect of high
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Chapter 2 State of the Art

terminal pressures (> 140 MPa) during casting. However, the casting process has to
be perfectly controlled to achieve uniformity of the primary Si size, which is rather
difficult to achieve and thus, the addition of P is preferred by die casters to ensure
consistent results [11].

Elements which can modify both, the eutectic and hypereutectic phase,
simultaneously, have yet to be found. Attempts to modify and refine the
microstructure using P together with modifier elements like Na, Sr, Ca or Sb revealed
that P and those elements react with each other to form compounds which cannot
achieve refinement or modification. Only if one of the additives remains in excess can
refinement of primary Si or modification of eutectic Si be accomplished, but not both

[11,34].
2.1.1.3. Intermetallic phases

The composition of near eutectic Al-Si alloys for piston applications is typically
characterized by a near eutectic Si concentration (~11-13 wt.%) and the addition of <
10 wt.% of other alloying elements. Usually 1-2 wt.% Ni, 3-5 wt.% Cu and up to 1
wt.% Mg as well as traces of elements such as Fe, Mn, Cr, Ti, V, Zr or P are added
[8,12]. The resulting microstructure shows increased
complexity and typically contains an a-Al matrix as
the main constituent and interconnected 3D hybrid
networks of eutectic and primary Si as well as Ni-,
Cu-, Fe- and Mg-containing intermetallic phases
(see Fig. 11) (e.g. [14,35-39]).

Fig. 11.3D visualization of the hybrid network in a cast
AlSil2Cu5Ni2MgFe alloy acquired by light optical

tomography (voxel size = 0.4 x 0.4 x 1 pm?®): Si (yellow), Ni-
rich (blue), Cu-rich (red) and Fe-rich intermetallic phases [39].

The formation of these multicomponent intermetallic phases has been investigated in
modifications of the Al-Si-Cu-Ni-Fe-Mg-Mn system (e.g. [40,41]). In this system,
considering the range of commercial engine alloys, intermetallic phases such as -
Al3Ni (42 wt.% Ni), 0-AlCu (52.5 wt.% Cu), M-Mg>Si (63.2 wt.% Mg, 36 wt.% Si),
0-AlzCuNi (~ 30 wt.% Ni, ~ 31 wt.% Cu), y-Al;CwsNi (38.7 — 50 wt.% Cu, 11.8 —
22.2 wt.% Ni), T-AloFeNi (4.5 — 14 wt.% Fe, 18 -28 wt.% Ni), B-AlsFeSi (25 — 30
wt.% Fe, 12 — 15 wt.% Si), n- AlsFesSis (10.9 wt.% Fe, 14.1 wt.% Mg, 32.9 wt.% S1),
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Chapter 2 State of the Art

Alis(Fe,Mn)3Si; and Q-AlsSisCuxMgg (20.3 wt.% Cu, 31.1 wt.% Mg, 27 wt.% Si)
may form [9,12,27,38,40,41]. Fig. 12 displays the typical 2D microstructure and
identified phases of a cast AlSi12Cu3Ni2MgFe alloy, which is similar to the alloys
investigated in this thesis [38].

5 0-AlL,Cu MO
&~ * _
=Y Q-AICuMgSi, . MEPLNI
/ '—-".
:_‘ -
=~ -Al;FeMg, STk

8 4

y-Al,Cu,Ni T

n

Flg 12. SEM mlcrograph (left) and corresponding EDX mapplngs of an AlSllZCuSNlZMgFe alloy
revealing different intermetallic phases, eutectic and primary Si embedded in the a-Al-phase [38].

The solidification path of commercial alloys generally does not follow the equilibrium
route, thus the alloys are not in thermodynamic equilibrium after casting due to fast
solidification rates, which allow for the presence of metastable phases within the cast
microstructure [12,40,41].

For an Al-Si-Cu-Ni-Fe-Mg system, Ni:Cu- and Ni:Fe-ratios affect the phase
formation during solidification [40,41]. The y-phase forms for Ni:Cu < 0.25, while the
d-phase will preferentially form for Ni:Cu > 0.25 . Above Ni:Cu > 1.5, e-phase forms.
Above Ni:Fe ~ 2, all Fe within the alloy will most probably be bound to Ni in the T-
phase, while the formation of the B-phase will be suppressed [41]. Furthermore, the
solidification rate has significant influence on the phase stability and morphology
[9,38,42]. Rapid solidification rates generally lead to a decrease in size of all types of
intermetallic phases [9,38]. Moreover, they may lead to the absence of &- and T-
phases due to their very narrow solidification ranges [40,41]. y- and d-phases may
show a transition from coarse structures and clusters towards smaller structures and
Chinese script morphologies [9]. An investigation of the elemental concentration of
Cu and Ni in an as-cast AISi10Cu5Ni2 piston alloy revealed a higher concentration of
Cu on the surface of a large Cu-, Ni-rich aluminide (see Fig. 13 on top of the
specimen), while Cu and Ni are rather homogenously distributed in the inside of the
particle, indicating that the alloy in as-cast condition does not seem to have been fully

stabilized during solidification [42].
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Fig. 13.3D elemental distribution of Ni (blue), Cu (yellow) and
Au (red, used as marker for better alignment of tomographic
data and reconstruction) of a Ni-Cu-rich aluminide in an as-
cast AlSilOCu5SNi2 piston alloy acquired by 3D elemental
sensitive imaging using transmission X-ray microscopy (voxel
size = (24 nm)?®) [42].

2.1.2. Effect of solution heat treatment

The effect of solution heat treatment (ST) on the 3D networks formed by Si and
intermetallics in cast Al-Si alloys has been studied extensively (e.g. [14,15,18,36,43-
48]).

Spheroidization of Si

Thermal treatments of near eutectic Al-Si piston alloys in a range 500°C < T < 560°C
typically result in the spheroidization of eutectic Si (e.g. [14,15,43,45,49,50]). This
phenomenon occurs in two stages (see Fig. 14): (1) fragmentation at the thinnest parts

of acicular eutectic Si particles and (2)

oy

As-Cast Breaking-Up Spheroidization
and Coarsening 4 (a)) [45,51]. In the case of modified Al-

* (=]
- 0& e 20 rounding and coarsening of the separate
e® parts with progressing ST time (see Fig.

(2) Unmodified Silicon Si alloys, spheroidization occurs at an

00 & o © o early stage during ST (see Fig. 14 (b))
= Co O
[»)
o® o© 3
As-Cast Spheroidization Coarsening  Fig. 14.Schematic illustration of the two stages of
spheroidization of eutectic Si for (a) unmodified
(b) Modified Silicon and (b) modified cast Al-Si alloys [51].

The morphological change of Si particles during solution treatment is caused by the
surface tension that tends to minimize total-free-energy or the interface area/particle-
volume ratio (S/V). Fig. 15 shows the effect of ST at 540°C for 4 hours on
morphology and global interconnectivity in an unmodified AlSil2 alloy. The
spheroidization of Si results in the disintegration of the 3D network of eutectic Si

lamellae and thus, leads to a loss of global interconnectivity [47].
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as cast 540°C / 4h Fig. 15. 3D
; : : D network formed by
eutectic Si in an
unmodified AISil2
&) alloy in (a) as cast
AP condition and (b)
H5s  after ST at 540°C
. for 4 hours. Images
acquired by
synchrotron holo-
tomography [47].

20 ym o 20um

The determining factor of the time needed for complete spheroidization is the
thickness and morphology of Si platelets [45]. For cast unmodified and Na-modified
AlSi(9 - 13 wt.%) alloys, it was found that spheroidization of eutectic Si during

solution treatment at 550°C occurs within the first 15 min of heat treatment [50].

Effect on intermetallic phases

Besides Si spheroidization, ST can also result in the (partial) dissolution of
intermetallic phases such as Mg;Si and Al,Cu (e.g. [43,49]). Especially Ni- and Fe-
rich aluminides are, from a topological point of view, fairly stable below the eutectic
point and only slight global changes in volume fraction, interconnectivity and
morphology can be detected for alloys with near eutectic composition and additions of
Cu and Ni (see Fig. 16 (a-b)) [14,48,52]. Generally, Si spheroidization is more
pronounced in the case of binary near eutectic Al-Si alloys and it decreases as the
volume fraction of aluminides increases [49,52]. It has been shown that the addition
of 1-2 wt.% Ni to a binary AlSil2 alloy can form a long-range 3D hybrid network and
has a retarding effect on the disintegration of the Si network during ST. Contrarily to
AlSi12, the networks in the AlISi12Ni alloy remain highly interconnected after ST
(540°C/24h) owing to high contiguity between aluminides and Si (see Fig. 16 (c-f)),

grey areas indicate contiguity between Si and aluminides) [14,47,52,53].
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‘ (d) (f)
Fig. 16.AlISi12Ni alloy before (a,c,e) and after ST at 540°C for 4 hours (b,d,f): (a-b) synchrotron
tomography slices (voxel size = (0.3 um)?), (c-d) 3D visualization of Si and (e-f) 3D visualization of
aluminides. [52]

2.2. Strength of cast Al-Si alloys

The mechanical properties of Al-Si piston alloys depend on their casting structure and
on microstructural features such as grain size, secondary dendrite arm spacing
(SDAS), size, precipitation condition and architecture of eutectic and primary Si as
well as of intermetallic phases and casting defects [44,46]. Features providing
strength in cast Al-Si piston alloys can be summarized as follows: precipitation
hardening, solid solution strengthening, grain size and dendrite arm spacing, strain

hardened regions and the load partition between Al-matrix and rigid phases.
2.2.1. Casting defects

The most common casting defects in Al-Si alloys are porosity and inclusions whose
formation/presence and distribution strongly depends on the condition of the melt, the
manufacturing process and thermal treatments. Depending on their size and
morphology distribution, casting defects can significantly degrade the alloy’s
performance. High Cu and Mg contents promote the formation of shrinkage porosity
(e.g. for A356 (AlISi7Mg) this is particularly relevant for Cu contents > 0.2 wt.%

[54]). An increase of porosity level and pore size has adverse effects on mechanical
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properties of cast Al-Si alloys (e.g. [17,55-58]). Pores cannot bear mechanical loads
and are usually stress concentration sites, resulting in the formation and propagation
of microcracks [54]. Investigations of unmodified AlSiXCu4Ni3Mg alloys with 0.67
wt.% < X < 12.5 wt.% (< 0.1 vol.% of casting porosity for all alloys) under fatigue
conditions revealed that in the case of the AlSi(0.67 wt.%) alloy, crack initiation was
predominantly associated with large clusters of casting porosity (max. pore diameter
> 400 um). However, casting pores with max. pore diameter ~ 210 -240 um play a
minor role as crack initiator for Si contents > 6-7 wt.%. In this case, crack initiation
was observed to occur predominantly at Si and (Cu, Ni, Fe)-rich intermetallic phases

[57,58].
2.2.2. Precipitation strengthening

Cu and Mg contribute to the strengthening of Al-Si alloys in a temperature range
25°C < T <£~200°C owing to the formation of precipitates such as 68-Al,Cu, M-Mg>Si
and/or S-AlL,CuMg (see Fig. 17) [59]. However, at temperatures above 200°C, the
strengthening effect is lost owing to dissolution or Ostwald ripening [59,60].

\
Fig. 17.TEM mlcrograph of AlzCu/Mngl/AlzCuMg platelets in a cast AlSllZCuNlMg alloy (a) after
aging (T6), (b) after exposure at 300°C during tensile testing [59].

The addition of traces of alloying elements such as Zr and Ti, which are hardly
dissolvable in the a-Al-matrix, results in enhanced high temperature stability of the
alloy (solid solubility of Zr in Al = 0.28 at.% at 660.5°C - peritectic reaction L +
AlzZr < (Al) and 0.05-0.06 at.% Zr at 427°C; solid solubility of Ti in Al = 1.3 at.% at
665°C - peritectic reaction L + Al;Ti < (Al) and 0.2-0.3 at.% Ti at 527°C [12])
[22,61]. Ti acts as a substitute for Zr in metastable Al3(Zr,Ti) L1, structured
precipitates which are found to nucleate homogeneously in high number densities
during the decomposition of supersaturated solid solution in the center of dendrites.

They are more resistant to coarsening and thermodynamically more stable than the
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traditional secondary Mg>Si and Al,Cu precipitates, thus, these coherent particles
provide strengthening even above 200°C. Depending on processing conditions, they
occur in various morphologies such as rod-like, petal-like, cauliflower, cellular or
disk-like shapes [62-64]. Fig. 18 shows L1 spherical Al3Zr nano-particles in Al-
0.22wt.%Zr (Fig. 18 (a)) and cauliflower-shaped ones in Al-0.1 Zr—0.1 Ti(b) alloys
(Fig. 18 (b)) after ageing at 425°C for 100h and 400h, respectively [62,63]. Fig. 18 (c)
shows disk-shaped thermodynamically stable tetragonal DO0»3 precipitates with 150—
200 nm in diameter and 50-60 nm in thickness and three possible orientations [64].
AlzZr (L1») particles were found to remain coherent up to 400h at 375°C or 425°C at
the center of dendrites, while a loss of coherency was detected at the periphery of
dendrite branches after aging at 375°C/400h [63]. The transition from coherency to
semi-coherency was found to occur at a radius of about 35 nm for AlZr (L1»)
precipitates [62]. Furthermore, this was also the radius at which surface perturbations

responsible for the cauliflower shape in Fig. 18 (b) could be first observed [63].

Fig. 18.TEM dark field image of (a) fine spherical Al;Zr(L1,) precipitates in an Al-0.22wt.%Zr alloy

aged at 425°C/100h, (b) Cauliflower shaped Al3(Zri«,Tix) (L12) precipitates in an Al-0.1 Zr—0.1 Ti(b)

alloy aged at 425°C/400h and (c) disk-like Al3Zr (D0,3) precipitates in Al-0.1Zr(b) aged at 500°C for
100 h (after peak aging at 375°C for 100 h) [62-64].

The loss of coherency was also proposed to contribute to the growth instabilities in
interdendritic L1> particles [62]. After ageing at 460°C in a time range of 24h <t <
700h, a size increase of L1, AlsZr particles from 20 to 70 nm was reported in [65].
Amounts of Zr > 0.2 wt.% promote the formation of large, brittle needle-like particles
attached to primary phases which have detrimental effect on the mechanical
performance [62].

Modification of AlzZr (L12) particles can be achieved by additions of Yb, which
promotes a two-peak hardening during isochronal ageing due to Al(Zr,YDb)
precipitation owing to higher coarsening- and creep-resistance compared to AlzZr or

AlYD [66]. Also, an addition of Zr, Sc and Er results in the formation of coherent,
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spheroidal, L1>-ordered Al3(Zr,Sc,Er) precipitates consisting of an Er-enriched core
surrounded by a Sc-enriched inner shell and Zr-enriched outer shell. These particles

were found to provide excellent coarsening and creep resistance at 400°C [67].
2.2.3. Solid solution strengthening

Mg and Cu contribute to increasing creep resistance and retarding the strength
degradation at elevated temperatures by strengthening the a-Al-matrix [59,68]. Even
though the effect of solid solution strengtheneing is negligable at room temperature
(RT) (only 0.05 wt.% of Cu is soluble in Al), at temperatures up to 200°C, hardness,
ultimate tensile strength (UTS) and yield strength (YS) are increased owing to the
higher solubility in Al [12,69]. Nevertheless, solid solution strengthening provided by
the alloying elements Mg and Cu is limited. Mg contents > ~ 0.7 wt.% [69] do not
result in further strengthening but decrease the plasticity of heat treated Al-Si alloys
owing to the formation of intermetallic phases such as MgzSi, Al7Cu4Ni,
Al4Cu2Mg8Si7 and AlSiFeNiCu [45,68,70,71]. Other major alloying elements such
as Si (max. solubility in Al = 1.6 wt.%), Ni and Fe (solubility in Al =~ 0.04 wt.% at
eutectic temperatures 640°C and 655°C, respectively) do not provide any significant

solid solution strengthening effect [12,72].
2.2.4. Strain-hardened regions

Intermetallic phases in Al-Si alloys display a thermal expansion coefficient (CTE)
between 12 - 17 ppm/°C, while Si has a CTE of 3.4 ppm/°C. Both are smaller than
that of the a-Al matrix (26.3 ppm/°C) [27,62]. The different CTE between rigid
phases and a-Al, can promote strain-hardened regions during solidification or cooling
from heat treatment temperature. This is especially relevant for Si/Al-matrix
interfaces, since Si shows the largest difference in CTE compared to the soft a-Al-
matrix. This type of strengthening is typical for metal matrix composites and shows
its effect especially at RT. However, at elevated temperatures, the strengthening effect

is lost owing to relaxation processes [73].
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2.2.5. Grain size and dendrite arm spacing

Coarse microstructures, i.e. large secondary dendrite arm spacing (SDAS), in general,
show higher sensitivity towards damage initiation, enhancing the probability of failure
[74]. Small SDAS commonly helps to improve the thermo-mechanical properties of
cast Al-Si alloys [9,19,74,75]. For a cast AlISi8Cu2Mg0.3FeZnMn0.2 alloy an
increase of SDAS from 10 to 50 um (achieved by varying solidification rates) was
found to result in a decrease of tensile strength by ~ 50% and elongation at fracture by
~ 80% [19]. Fig. 19 illustrates the superior tensile strength of a fine microstructure
(SDAS = 10 pum) compared to a coarser one (SDAS = 25 um) in a temperature range
RT < T <500°C for the aforementioned alloy [19].

Tensile strength of Al-Si-Cu-Mg cast alloy

i \‘ ® SDAS 10um
i ) . O SDAS 25 um

0 100 200 300 400 500
Temperature (°C)

Fig. 19.Ambient and elevated temperature tensile strength of a cast AISi8Cu2Mg0.3FeZnMn0.2 alloy
in dependence of SDAS [19].

A decrease in SDAS (from 84.1 um to 0.82 pum) and grain size provoked by
increasing the solidification rate (from 0.15 to 1.5 x 10° °C/s) of an
AlSi13Cu4Mg2Ni alloy was found to result in an increase of Brinell hardness by
about 64% and RT tensile strength by about 49% [9]. Very fine grain sizes and
structures (SDAS ~ 0.8 - 2 um) acquired by controlled laser-melting promote
excellent thermo-shock and fatigue-resistance of near-eutectic Al-Si alloys [7,75]. It
was observed that the local re-melting of the bowl rim area of automotive pistons
results in an increase of fatigue properties by 90% compared to the cast piston in this
critical area. This method provides higher process stability compared to the casting

process, however, production costs are very high [7].
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Chapter 2 State of the Art

2.2.6. Morphology and size distribution of rigid phases

Eutectic and primary Si

The amount of Si in Al-Si alloys has been found to have significant effects on
mechanical properties such as Young’s Modulus, YS, UTS as well as corrosion and
wear resistance of Al-Si alloys [55,76,77]. An increase of Si content typically results
in a decrease of thermal conductivity and ductility [78]. The RT mechanical
properties of cast binary Al-Si alloys with Si contents in a range from 2 < Si wt.% <
20 were tested in [78]. It was reported that Vicker’s hardness shows a continuous
increase with increasing Si-content, while UTS and YS reach a maximum (189 MPa)
at 12.5 wt.% Si followed by a decline with further increasing Si-content. Elongation at
fracture displays a continuous decrease with increasing Si-content (see Fig. 20) [78].
Furthermore, at 250°C, the increase of Si-content from 7 to 12 wt.% in a cast Al-Si

alloy was observed to improve UTS by ~25 MPa and YS by ~ 20 MPa [72].
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Fig. 20.Effect of Si content on UTS, YS, elongation and Vickers-hardness of an Al-Si alloy [78].

Eutectic and primary Si are known to play a decisive role in damage formation and
accumulation of cast Al-Si alloys. It has been suggested that microstructural extrema
like the largest Si particle size are the controlling factors of fracture and ductility of
Al-Si alloys rather than the average microstructural features [79]. For better
mechanical performance, fine, fibrous eutectic Si morphologies are preferable to
flake-like ones (see Fig. 6 (a) vs (b)) [18,20]. Those structures result in a change of
fracture mode from transgranular/brittle to intergranular and thus, enable higher
ductility and UTS [19,80,81]. Microscopic three-point bending tests to measure the

strength of coarsened eutectic Si particles extracted from a cast AlSil12.6 alloy
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revealed that microstructural flaws, such as pinholes and particularly trench-like
interfaces along their facets, can drastically reduce the strength (typically 9 GPa) of
these particles and thus, limit their reinforcing capability [82]. Joyce et al. reported
that the primary Si morphology is the controlling factor for fatigue crack growth in
near eutectic Al-Si alloys [83]. Generally, fracture of Si particles in Al-Si alloys was
reported to appear in three stages: (1) cracks initiate at Si particles, (2) propagation of
cracks throughout interdendritic regions and (3) fracture of the Al matrix [84].
Fracture in eutectic A413.1 (AIlSill1.7Cu(0.8-2.8)Ni(0.02-1.4)Mg(0.08-0.4))
automotive alloys during RT tensile deformation was reported to preferentially occur
at brittle acicular Si particles rather than spherical ones [44]. Several works indicate
that the fraction of fractured Si particles in alloys with small and uniform primary Si
is always less than that in alloys with large, non-uniform Si particles owing to a size
effect [57,85,86] and to possible flaws such as sharp edges or narrow junctions

between coalesced particles (see Fig. 9) (e.g. [44,46,57,74,84, 86]).

Intermetallics

Cast Al-Si microstructures which contain intermetallic phases have frequently been
reported to exhibit increased tensile strength at ambient (e.g. [87-90]) as well as
elevated temperatures (e.g. [14,36,91-94]) compared to binary alloys. On the other
hand, the interaction between alloying elements such as Si, Cu and Mg can have a
negative effect on the elevated temperature tensile strength owing to the formation of
brittle intermetallics (e.g. AlsMggCuzSis) which can serve as crack initiators during
tensile deformation [95]. Moreover, besides porosity and oxides, Fe is one of the most
common impurities and prone to be present in brittle intermetallic phases with
undesired needle-like morphologies (primarily AlsFeSi, B-phase) which reduce
ductility and fatigue resistance [96,97]. Especially in coarse microstructures (SDAS >
20 pm) large Fe-rich intermetallics were observed to play a predominant role in
damage formation and propagation (cracks with lengths up to a few hundred pum)
[19,98].

Furthermore, volume fractions of connected rigid phases > ~ 5 vol.% may result in
damage onset at early stages during deformation [36,49,52]. Closely packed rigid
particles can facilitate the propagation of damage, leading to abrupt failure of the
alloy [99]. For instance, it has been found that damage during tensile deformation in a

cast AlSi12Ni alloy is strongly related to the architecture of networks formed by
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Chapter 2 State of the Art

intermetallic phases [100]. Small clustered aluminide structures are prone to break off
at earlier deformation steps than larger ones (see Fig. 21) owing to higher stress

concentrations [100].

300

200
00 100

Fig. 21.Damage evolution of a complex intermetallic 3D network from the initial condition until failure
in an AISil12Ni alloy. The parents and sons are colored in blue and red, respectively. Axis-units are
given in voxels (voxel size = (1.4 pm)*) [100].

2.2.7. Degree of connectivity

2.2.7.1. Global interconnectivity of the 3D hybrid network

The global interconnectivity, I, of the 3D hybrid networks formed by Si and
intermetallic phases plays a relevant role in the mechanical performance of Al-Si
alloys at RT and elevated temperatures (e.g. [6,14,15,101]). It is defined for a given
volume of material as the ratio between the volume, V, of the largest particle and the

volume of all particles of the same phase [14,35,37]:

J = Vtargestperstcte [%](Equ. 1)

Vau paticles

Fig. 22 shows the strength in several cast Al-Si alloys as a function of solution
treatment time. The presence of about 20 vol.% of highly globally interconnected 3D

networks formed by eutectic Si and Ni- , Cu-, and/or Fe-rich aluminides leads to
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higher strength after solution treatment at 490° compared to the binary AISi12, which
completely loses the global interconnectivity of eutectic Si (see Fig. 22, right side)

[12,14,36,48,52,102].

AlSi10Cu5Ni2 (500°C/4h)

aluminides

100
- )
90 T =300°C o
g0 Ma & AISi10Cu5Ni2 . o
1 _ AISi10Cu5Ni1 ~15%1 AISi10Cu5Ni1 (500°C/4h)
| | ® ® ~ )
o aluminides . Si
= 60- : ;
i @ \
bg 50 e pro— ~100% Aluminides 28 :
1 I
40 - b 4 "
& : ) ; .
A . : A :
3012 AISi12 i ' ol . ;
s A i 1, E A
20 —r - . - I Tt 1 " 214 & x ; 00 pm x 100 m

L LA AlSi12 (500°C/4h) AISi12Ni (500°C/4h
i12 (500° i12Ni (500°
Solution Treatment Time [h] ( ) ( )

L

Fig. 22.Proof stress 6.2 at 300°C for different Al-Si alloys as a function of ST time at 490°C and
corresponding 3D networks of aluminides and Si after ST (490°C/4h) [14,36].

2.2.7.2. Local connectivity — Euler number

Owing to the morphological complexity of the 3D hybrid networks in cast Al-Si
alloys, it is insufficient to simply consider the global interconnectivity for a full
understanding of their thermo-mechanical behavior. Changes in local connectivity of
the 3D hybrid networks (i.e. loss or formation of connecting branches within a 3D
network) can take place as a result of thermal treatment or during service while global
interconnectivity practically remains constant. These changes can be quantified using
the topological parameter Euler number, y, [103,104,105] which can be calculated as

follows:

N N N ... number of isolated particles
x=N+ Z N; — z N; (Equ.2) N! ... number of cavities for i isolated particle
i=1

i=1 N& ... number of tunnels for i™ isolated particle
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It has been proposed that a decrease of local connectivity (increase of Euler number)
owing to a loss of connecting branches within the 3D network is directly related to a
loss of load carrying capability of globally fully connected 3D networks [106,107].
Silva et al. [106] investigated theoretically the strength of a periodic 2D
microstructure after randomly removing connections. A loss of 10 % of existing
connections within the model material resulted in a decrease of strength by ~35 %.
Kruglova et al. [107] correlated also theoretically, an increase in strength of an AlSi7
alloy to a more negative Euler number of the 3D network of eutectic Si (see Fig. 23).
The compressive strength of the material was investigated by generating and
analyzing virtual 3D microstructures with varying degrees of interconnectivity and
branching of Si particles. In their stochastic model, higher branching and lower
distances between branches leads to increased local connectivity (see Fig. 23).
Furthermore, the strength of the material increases with branching and local
connectivity of eutectic Si. This theoretical study has shown that the Euler number
can be an effective parameter to characterize local connectivity of 3D networks in Al-

Si alloys.

60
55

50

—s—experimental sample no. 1

Stress (MPa)

45 —=—experimental sample no. 2
——sample no. 1 (t_external = 40)
4 —4—sample no. 2 (t_external = 20)
4
40 ¢ —+—sample no. 3 (t_external = 10)
sample no. 4 (t_external = 5)

. sampleno. 5 (t_external =0.1)
35 P — — ——

0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12
Compressive strain (%)

Fig. 23.FEM simulations on virtual structures with different local connectivities of eutectic Si networks
in an AlSi7 alloy [107].

2.3. 3D imaging

In the case of Al-Si alloys, 3D characterization methods have proven to be more

efficient compared to conventional 2D investigations to reveal non-uniformly
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Chapter 2 State of the Art

distributed  microstructural  features that influence damage  processes
[108,109,110,111]. Tomography provides a non-destructive way to visualize the
internal structure of complex materials three-dimensionally in a wide range of spatial
resolutions from sub-pm (nano)-range to cm scale (see Fig. 24) [112,113].
X-raz 3D microscopy
electron tomography neutron tomography
s

atom probe

X-fa‘ u-lomgiraﬁh‘

Fig. 24. top: 3D imaging methods and sample sizes (end of the bars) over a range of resolutions
(beginning of the bars) from | nm to 1 m [113].
bottom: Multiscale X-ray tomography of cast Al-Si piston alloys: (a) 3D distribution of Ni (blue) and
Cu (yellow) revealed using K-edge subtraction with a focused synchrotron beam — voxel size = (24
nm)?, (b) larger region studied by parallel beam synchrotron tomography revealing large 3D structures
formed by several interconnecting particles of different aluminide types (shown in different colors) —
voxel size = (0.3 um)?, (c) large 3D structures of aluminides revealed by laboratory cone-beam X-ray
tomography — voxel size = (3 pm)?. Adapted from [39,42].

2.3.1. X-ray computed tomography

Fig. 24 shows examples of the internal architecture of cast Al-Si piston alloys
acquired by multiscale x-ray tomography with voxel sizes between (24 nm)® and (3
um)? [39,42].

Laboratory cone beam x-ray computed tomography (XCT) represents the most
common method for non-destructive investigations and 3D characterizations of
materials and components [114,115]. Fig. 25 depicts a schematic illustration of a
laboratory XCT setup. A cone beam is produced by the X-ray source. Different
magnifications can be achieved depending on the sample-to-detector distance. The X-
ray beam penetrates the rotating sample and strikes the planar CCD detector. Owing

to interactions (photoelectric effect, Compton scattering) within the sample the beam
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is attenuated depending on the density, the atomic number of material constituents
and the energy of the X-ray beam. Radiographic projections are acquired at several

angular positions.

Fig. 25.Schematic illustration of

ci: setup for XCT with cone beam
: geometry.

A number of limitations experienced with laboratory-based XCT can be overcome
using synchrotron x-ray computed tomography (sXCT). First of all, the brilliance of
3™ generation synchrotron sources is many orders of magnitude higher than that of
laboratory x-ray tubes. This yields images with a high signal-to-noise ratio on short
time-scales and thus, enables fast acquisition times. Moreover, the coherence of the
beam can be used for quantitative phase contrast imaging [116], while focusing optics
can lead to resolutions down to about 50 nm [117,118]. Reviews of the historical
development of sXCT can be found in [119,120]. Fig. 26 shows an overview of

available energy ranges,

1000

E NINA-ESRF 7C-PLS-I  DanMAX-MAX IV : ‘s
F 18ID-NSLS-Il  IDI9-ESRF  ANATOMIX-SOLEIL achievable minimum
XU47-Spring-8  112-DLS 113-DIAMOND ) ]
32ID-APS 13W1-SSRF , misa | voxel sizes and scanning
b POS-Petra-lll  F3-CHESS 1n2
IMX-LNLS TOMCAT-SLS ;
100} 13W1 times at  synchrotron
> ] 32D |TOMCAT ) .
B 2lL .
2 xmé/ ~J_ - Duas beamlines with
[ n3 | :
g I m.\zm : H . F3| tomographic setups
@ . . .
10 f U 1 H suitable for 3D imaging of
[ 18ID RUS7 7C-PLS-I metallic structures [120].
POS
ANATOMIX
1 o MR o Fig. 26.0verview of
0.01 0.1 1 10 capabilities of synchrotron
Spatial resolution (pum) beamlines with tomographic

setups [120].
Another advantage of synchrotron sources is the possibility to combine different

techniques available at the same beamline, such as simultaneous tomography and

diffraction experiments [121].
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2.3.2. Contrast imaging mechanisms

Absorption contrast is caused by the difference in the linear absorption coefficients of
the material’s constituents, i.e. it depends on the atomic number of the elements
present, the density of a material and the energy of the X-ray beam [122]. For Al-Si
cast alloys, absorption contrast can reveal highly X-ray absorbing intermetallic phases
such as Al7CusNi, AI3Ni or AlgFeNi. However, it is not sufficient to reveal Al and Si
separately owing to their very similar X-ray absorption coefficients [14,120], i.e.
phase contrast is necessary. For a quantitative utilization of phase contrast, the phase
shift of x-rays must be retrieved using techniques such as single-distance phase
retrieval [123,124] or the propagation technique holo-tomography [118,125].
Propagation-based imaging relies on the interference of coherent x-rays at interfaces
for the enhancement of visibility of edges and boundaries within the material. In holo-
tomography, phase retrieval is achieved after scanning the region of interest at
multiple sample-to-detector distances (see Fig. 27). Closest to the detector (see Fig.
27, di = 3mm) mainly absorption contrast is achieved. The phase contrast increases
with increasing sample-to-detector distance (see Fig. 27) [126,127]. This imaging
technique has already been successfully applied for Al-Si alloys [47].

phase

=

retrieval

Phase Map

sample
Fig. 27.Phase contrast in radiographies of polystyrene foam achieved by increasing distance between
sample and detector [128].

2.3.3. Investigation methods during tomography

The simplest experimental procedures to study the microstructure evolution and
damage behaviour of metallic materials are ex-situ investigations of post mortem
specimens (different samples at different conditions) or of same specimens after
having been subjected to external loads (e.g. conditions with increasing heat treatment

time). For damage analysis, more appropriate techniques would be in-situ
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investigations where the same sample is investigated under (thermo-) mechanical
loading conditions [125]. XCT, with resolutions close to 1 um but relatively long
acquisition times of typically 30 — 200 min is an appropriate tool for interrupted in-
situ investigations [111,118,120,129]. Owing to the fast acquisition times (down to
less than 1 sec with voxel sizes of ~ (1 um)?) [118,129], sXCT is an excellent choice
for conducting in-situ investigations [130], e.g. experiments to monitor fatigue crack
growth [131,132] or damage evolution during (thermo-) mechanical loading [15,133-
137]. Fig. 28 and Fig. 29 (a-b) present a schematic illustration and experimental
setups for in-situ synchrotron imaging experiments during tensile testing at ambient
and elevated temperatures used in this work [138,139].

sample to detector

tensile rig * camena

in-situ HT i CCD optics

induction

furnace \

scintillator [~ =&
sample )

incident
synchrotron ( ;.
x-ray beam 6

. rotating table

Fig. 28. Schematic illustration of the setup used in this work for in-situ tensile tests at synchrotron
facilities.

(b) ESRF motor +
loadcell
Fig. 29.(a) setup for the interrupted in-situ RT tensile tests conducted at DESY/P05 (tensile rig

provided by IMDEA Materials), (b) setup for interrupted in-situ elevated temperature tensile tests
conducted at ESRF/ID19 (tensile rig provided by INSA de Lyon)
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Effect of local and global connectivity of phases on damage evolution in cast Al-Si Alloys
Chapter 3
SUMMARY OF RESULTS & DISCUSSION

3.1. Hypothesis

3.1.1. Challenge

The strength of Al-Si piston alloys is influenced by the 3D architecture of Si and
intermetallics. High service temperatures of modern combustion engines and heat
treatments can lead to the coarsening of precipitates as well as to the spheroidization
of Si and dissolution of intermetallics and thus, to a decrease of the interconnectivity
which is essential for retaining high temperature strength. A crucial factor for the
further development of these alloys lies in finding an appropriate compromise
between sufficient ductility at RT, while retaining the highest possible strength at
elevated temperatures. Even though the effect of 3D architecture (especially
connectivity) on strength of cast Al-Si alloys has been subject to numerous
investigations in recent years, the correlation between damage behavior and 3D
connectivity of phases has received much less attention and has yet to be fully
understood. Until now, the process and sequence of damage initiation and
accumulation under external loads relevant for service conditions have mostly only
been studied by 2D techniques. Owing to the advance of modern characterisation
methods that allow observing the evolution of the microstructure in-situ and/or three-

dimensionally, new insights on this crucial topic can be gained.
3.1.2. Aim and objectives

The capability of alloys to withstand external thermo-mechanical loads is determined
by the mechanical and physical properties of the microstructural constituents, their
thermal/mechanical stability and their geometrical arrangement (volume fraction, size,
morphology, distribution, interconnectivity, contiguity). Intermetallic phases, formed
by thermally stable alloying elements such as Cu, Ni, Mg and Fe, can contribute to the
enhancement of the high temperature strength of cast Al-Si alloys by bearing

mechanical loads.
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Chapter 3 Summary of Results and Discussion

In the present thesis, this is investigated in the frame of the following hypotheses:

1. Variations in chemical composition and thermal treatments can affect the
architecture of the 3D interpenetrating network formed by Si and aluminides in

cast Al-Si alloys.

2. The damage mechanisms during ambient and elevated temperature tensile
deformation and the sequences of initiation and accumulation of damage can be
fully revealed and analysed using in-situ 3D imaging methods. Microstructural
features provoking damage initiation and failure can be univocally identified and

evaluated qualitatively and quantitatively.

3. There is a correlation between the 3D architecture and the load bearing capability
of rigid phases in cast Al-Si alloys. Especially the amount of connecting branches
within the highly interconnected 3D hybrid network formed by Si and
aluminides, i.e. the local connectivity, affects strength as well as damage

evolution during tensile deformation at ambient and elevated temperatures.

3.1.3. Methodology

These hypotheses were investigated with the implementation of state of the art ex-situ
and in-situ 3D imaging methods (XCT, sXCT) complemented by conventional 2D
metallography investigations. This allows to reveal the internal architecture of the
alloys and to monitor in-situ the formation and evolution of damage. The effect of
microstructural features and test conditions on damage behaviour and also the
sequence of damage mechanisms were determined. Room and high temperature in-
situ tensile tests were conducted and their results were correlated with the 3D

microstructure of Al-Si alloys as a function of alloy composition and heat treatment.

The obtained results and discussion of this research are presented as a collection of
three articles published in peer-reviewed journals, which make up the basis of this
Ph.D. thesis. K. Bugelnig planned and performed the experiments, analyzed the data,
while she was also in charge of interpretation and discussion of results, and wrote the

papers in close collaboration with G. Requena.
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Chapter 3 Summary of Results and Discussion

3.2. Summary of published results

1 - Influence of 3D connectivity of rigid phases on damage evolution during tensile

deformation of an AlSi12Cu4Ni?2 piston alloy

Materials Science and Engineering A 709 (2018), 193-202.
Authors: K. Bugelnig, F. Sket, H. Germann, T. Steffens, R. Koos, F. Wilde, E. Boller,
G. Requena.

The 3D microstructural evolution of a cast AISi12Cu4Ni2 piston alloy during solution
treatment (ST) was identified and quantified. The microstructural changes were
correlated with the process of damage formation and accumulation during tensile
deformation at room temperature (RT). Ex-situ and in-situ synchrotron tomography as
well as conventional metallography were combined to analyse microstructural
evolution and damage evolution as a function of ST condition.

ST at 500°C for 4h provokes partial dissolution and morphological transformation of
the Al,Cu phase from blocky into coral-like structures. Also, slight spheroidization
and fragmentation of eutectic and primary Si was observed. These changes result in a
loss of connecting branches, i.e. loss of local connectivity (quantified by the Euler
number ) while matrix hardness and global interconnectivity of the 3D hybrid
network, formed by Si and intermetallics, remain practically unaffected by the
solution treatment.

The alloy in both conditions (as cast and 500°C/4h) shows that damage during RT
tensile deformation occurs as a mixture of micro-cracks through primary Si particles
agglomerated in clusters and occasional decohesion at the Si/Al-matrix interfaces.
Coalescence of voids leads to final failure, with the main crack propagating
exclusively along micro-cracks and rigid phases. Owing to the reduced local
connectivity of the solution treated alloy, the alloy in this condition is capable of
accommodating larger amounts of damage and plastic strain inducing an increase of
ductility compared to the as cast condition.

The loss of local connectivity during solution treatment provokes a loss of load
bearing capability of the 3D hybrid networks, thus decreasing strength and increasing

ductility of the alloy in 4h ST condition compared to the as cast alloy.
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Chapter 3 Summary of Results and Discussion

II - Revealing the effect of local connectivity of rigid phases during deformation at

high temperature of cast AlSi12Cu4Ni(2,.3)Mg alloys

Materials 11 (2018), 1300.
Authors: K. Bugelnig, H. Germann, T. Steffens, F. Sket, J. Adrien, E. Maire, E.
Boller, G. Requena.

The microstructure of cast AlSi12Cu4Ni(2,3)Mg alloys and its effect on damage
during tensile deformation at 300°C was investigated by 2D metallography and in-situ
sXCT experiments.

An increase of Ni-content from 2 to 3 wt.% promotes the formation of the needle-like

AlzCuNi (8-phase) which attributes to a significant increase in local connectivity by ~

40% (quantified by the FEuler number %) at practically unchanged global

interconnectivity (~ 95 %) of the 3D hybrid networks.

At 300°C, AlSi12Cu4Ni2Mg exhibits ~ 10% higher strength and ~ 30 % larger

elongation at fracture compared to AlSi12Cu4Ni3Mg. For both alloys, damage forms

in shape of micro-cracks through primary Si clusters as well as voids at matrix/rigid
phase interfaces and in the matrix. Contrarily to RT observations, the main crack not
only propagates along micro-cracks at rigid phases, but also through the Al-matrix.

While the lower local connectivity of the hybrid network in the 2 wt.% Ni alloy

allows for the accumulation of larger amounts of plastic strain in the matrix and

damage prior to failure, the higher rigidity of the network in the 3 wt.% Ni alloy
results in damage onset and failure at lower strains.

A simple load partition model based on sXCT data acquired during in-situ tensile tests

was established, considering the continuous changes in local connectivity of the rigid

networks with damage accumulation. Based on this model, the following conclusions
are drawn:

(1) the lower local connectivity of the rigid networks in AISi12Cu4Ni2Mg permits
local plastification and strain hardening of the a-Al matrix resulting in the higher
strength at 300°C compared to AISi12Cu4Ni3Mg.

(2) the lower local connectivity of the rigid networks in AISi12Cu4Ni2Mg also
allows for accommodation of larger amounts of damage prior to failure resulting

in the higher ductility of AlSi12Cu4Ni2Mg
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Chapter 3 Summary of Results and Discussion

II1 - Optimized segmentation of the 3D microstructure within cast Al-Si piston alloys

Practical Metallography 55(4) (2018), 223-243.
Authors: K. Bugelnig, H. Germann, T. Steffens, B. Plank, F. Wilde, E. Boller, G.

Requena.

Even with the phase contrast provided by sXCT, an automatic segmentation of Si
particles over a large volume is still problematic by simple global grey value
thresholding. Analyzing the presence or absence of connecting branches, i.e. local
connectivity of the 3D hybrid network of Si and aluminides in the magnitudes of only
a few microns is essential for the full understanding of the thermo-mechanical
behavior of cast near eutectic Al-Si alloys (see articles I + II). An optimized
segmentation method with emphasis on a more accurate and automatic evaluation of
local connectivity over large, representative volumes was developed. The 3D
microstructure taking into account all microstructural constituents has been
characterized by means of combined x-ray tomography, synchrotron tomography and
chemical deep etching + tomography.

A quantitative and qualitative comparison between results of the conventional semi-
automatic and the optimized segmentation method reveals that the results of the
quantification are strongly influenced by the accuracy of the segmentation method.
The optimized method provides a more realistic representation of Si-aluminide
interfaces and thus, a more accurate consideration of local connectivity of the 3D
hybrid network is made possible. Furthermore, a crucial improvement is the automatic
segmentation of all microstructural constituents by simple global grey value
thresholding. This provides a more accurate evaluation of all the phases present
within the material and their interaction with each other (e.g. local connectivity) over

large, representative volumes.
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Effect of local and global connectivity of phases on damage evolution in cast Al-Si Alloys
Chapter 4
CONCLUSIONS

The aim of this work was the identification of microstructural features affecting
damage formation, damage accumulation and sequence of occurring damage
mechanisms during tensile deformation at ambient and elevated temperatures in cast
Al-Si piston alloys. A quantitative relationship between 3D architecture of the
investigated alloys and microstructural features affecting damage processes during
external loading could be univocally established. Besides the specific conclusions
given in the three peer-reviewed publications, the following general conclusions can

be drawn.

1. Tomography data processing (article III)

A combination of different 3D imaging methods (XCT, sXCT, chemical deep etching
+ tomography) was utilized to develop an optimized segmentation method focusing
on more accurate evaluation of local connectivity over large, representative volumes.
This method allows avoiding the problem of local contrast variations owing to the
presence of highly absorbing intermetallic phases neighboring Si particles and phase
contrast artefacts at aluminide/Al-matrix interfaces. Image segmentation of all
microstructural constituents within the material can thus be achieved in large volumes
by simple global grey value thresholding. The results may be used as ground truth
segmentation for training deep learning algorithms that can produce fully automatic

segmentation of the 3D architecture of this type of alloys.

2. Correlation between 3D microstructure, damage and strength (articles I & II)

The topological parameter Euler number has proven to be a useful tool for
characterizing local connectivity, providing information about the 3D architecture of

cast Al-Si alloys.

It has been demonstrated that, for the investigated alloys, variations in applied
solution treatment (0h/500°C vs 4h/500°C) and alloy composition (2 wt.% Ni vs 3
wt.% Ni) primarily result in a change of local connectivity of the 3D interpenetrating

networks of Si and aluminides, while other parameters such as volume fraction, global
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Chapter 4 Conclusions

interconnectivity of rigid phase networks and matrix hardness remain practically

constant.

In-situ synchrotron tomography during tensile testing allowed to monitor and analyze
damage mechanisms and their sequence of occurrence. Damage mechanisms during
ambient and elevated temperature tensile deformation were identified to be strongly

associated with primary Si particles grouped in clusters.

Furthermore, a correlation between strength, elongation at fracture and local
connectivity of rigid phases could be determined. While parameters usually associated
to damage remain unchanged for the different alloys and alloy conditions studied
(volume fraction and global interconnectivity of rigid phases), it is revealed that the
degree of branching within the 3D hybrid networks formed by Si and intermetallic
phases, i.e. the local connectivity (quantified by Euler number y), poses the main
factor responsible for differences in tensile behavior and damage evolution during
tensile deformation at RT and 300°C. Even though a change in local connectivity of
the hybrid network (by ~ 40%) does not seem to affect the types of damage
mechanisms regardless of test temperature, the amount of damage accumulated prior
to failure increases (by ~ 55% and ~ 66% at RT and 300°C, respectively), while
damage at the same applied strain decreases with decreasing local connectivity. At
RT, 40% lower local connectivity results in a decrease in strength (by 8 %) while
elongation at fracture increases by 44 %. At 300°C, the lower local connectivity
allows for the accommodation of larger amounts of plastic strain in the matrix and
thus, additional strain hardening leads to 10% higher tensile strength, while the
elongation at fracture increases by 30% owing to the larger amount of damage

accumulated compared to the alloy with 40% higher local connectivity.

The integration of 3D data acquired experimentally into load partition models gives
further insight on the effect of damage on strength in cast Al-Si alloys, successfully

allowing to rationalize the effect of global interconnectivity and local connectivity.
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Effect of local and global connectivity of phases on damage evolution in cast Al-Si Alloys
Chapter 5
FUTURE DIRECTIONS

In the course of this thesis, several challenges, which still need further investigation,

came to light:

Alloy design

Further consideration should be given to the composition of intermetallic phases to
determine the role of alloying elements such as Fe or Mn as well as the effect of
specific ratios of Ni/Cu, Ni/Fe or Cu/Mg which could provide more thermal and
mechanical stability to the 3D hybrid network. This could be investigated
theoretically using thermodynamic calculations combined with high resolution 3D
elemental sensitive imaging.

Furthermore, this work revealed the significant role that clusters of primary Si
particles play regarding damage formation and accumulation in near eutectic Al-Si
alloys. It is recommended to further investigate ways to reduce the size and
inhomogeneous distribution of primary Si to retard damage formation. Possible routes
would be Sr modification or further reduction of Si content. However, the effect of
these measures on castability, machinability and wear resistance requires further

investigation.

Experimental methods

The in-situ sXCT data should be complemented by in-situ bulk diffraction methods to
get insights on the load-carrying capability and load partition of 3D reinforcing

structures.

Data processing

At present, the characterization of all microstructural constituents in cast Al-Si alloys
in large tomographic volumes is associated with very time-consuming segmentation
methods. It is highly recommended to introduce machine learning/deep learning
approaches to increase time-efficiency as well as accuracy and representativity during

image segmentation.
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Chapter 5 Future Directions

Implementation of experimental data into finite element models

The voxel-based tomography datasets are well suited for the combination with
simulation tools. In the frame of this work, first modelling approaches considering the
correlation between the load bearing capability of the rigid phases and Al-matrix, and
the local connectivity of the 3D hybrid networks, were established. In a next step,
physical models based on the experimental observations (tomographic and diffraction
data) should be implemented into simulation tools. The creation of representative 3D
finite element models for the simulation and rationalization of the damage evolution

during thermo-mechanical loading is of high interest.
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Effect of local and global connectivity of phases on damage evolution in cast Al-Si Alloys
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