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RESUME

L'¢énergie est le facteur simple le plus critique faisant face au monde aujourd'hui.
L'industrie de I’automobile a fait un pas de géant en avant en réduisant le poids des voitures
par le remplacement des produits moulés et malléables en fer avec des produits en
aluminium. Les alliages aluminium-silicium de fonderie se retrouvent dans plusieurs
applications dans ce secteur, en raison de leur rapport élevé de résistance/poids qui
améliore leur performance et 1’économie de carburant. Les coulées des alliages
d’aluminium dans des moules en sable, die casting, et dans des moules permanents ont une
importance critique lors de la construction de moteur, de blocs de moteur, de pistons, de
tétes de cylindre, de chemises, de carters, de vilebrequins, de carburateurs, de valves de
frein et de nombreuses autres composantes se retrouvant dans la conception d’une voiture.

Cinq alliages de fonderie Al-Si, avec différents contenus de silicium s'étendant de 7
a 17%, ont été choisis pour cette étude : les alliages hypoeutectiques LP PM319-F, A356-
T6 et C354-T6, et alliages hypereutectiques AE425 et PM390, tous utilisés intensivement
dans des applications automobile. Le but de ce travail était I’étude de l'effet des défauts de
coulée sur les propriétés de fatigue de ces alliages en corrélant la vie en fatigue
d'échantillons avec les défauts initiant les craques par fatigue et la caractérisation de ces
défauts (c.-a-d., porosités, films d'oxyde, bandes de glissement, etc..), dans le but de
comprendre leur rdle critique sur la vie en fatigue. La porosité a été étudiée en terme de
taille de pore sur la surface de rupture d'échantillon et sa localisation, c.-a-d. pres de la
surface ou a l'intérieur de la pi¢ce. L'effet de la pression isostatique chaude (HIPping) sur la
vie en fatigue de l'alliage C354-T6 a été également étudié, et le comportement des
échantillons non soumis au HIP et ceux soumis au HIP a été a comparé.

Les surfaces de rupture de 157 échantillons de fatigue ont été examinées en utilisant
un microscope électronique a balayage (technique MEB) pour identifier 'emplacement du
déclenchement des fissures par fatigue, complétée par un analyseur d'image pour les
mesures quantitatives des défauts amorgant la fissure par fatigue. Les caractéristiques
microstructurales (espacements secondaires des bras de dendrite, caractéristiques des
particules eutectiques de silicium, taille des grains et phases intermétalliques) ont été
examinées en utilisant des techniques d'analyse d'image et de microanalyse grace a la
microsonde d'électronique (EPMA) pour comprendre le comportement en fatigue.

Les résultats prouvent que la porosité surfacique est le défaut de coulée le plus
important affectant la vie en fatigue, puisqu'elle agit en tant qu'emplacement le plus
favorable pour le déclenchement de craque par fatigue: parmi les échantillons examinés,
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82% ont rompus sous l'effet de la porosité surfacique agissant en tant qu'emplacement de
déclenchement de fissure par fatigue. Par ailleurs, on peut constater que la durée de vie en
fatigue des échantillons diminue a mesure que la taille des pores en surface augmente et
vice versa.

En l'absence de porosités en surface, d'autres défauts de coulée tels que des films
d'oxyde prés de la surface peuvent étre responsables du déclenchement de craque par
fatigue : 3% de tous les échantillons examinés ont rompus en raison de la présence de tels
films d'oxyde. En I'absence de porosités et de films d'oxyde, les bandes de glissement
peuvent agir en tant qu'emplacement principal de déclenchement de craque; dans ce cas, on
observe que, pour 3% de tous les échantillons examinés, la fracture est causée par des
bandes de glissement.

L’initiation de craque par fatigue commence toujours a partir de la surface libre de
I'échantillon quelque soit I'emplacement de 1’amorce de la fissure (porosités, films d'oxyde,
bandes de glissement), soit a I’endroit ou l'effort maximum appliqué est observé; le niveau
de contrainte diminue de la surface vers le centre de I'échantillon (intérieur du spécimen),
ce qui est favorable pour la propagation de craque par fatigue. Ainsi, il est impossible
qu’une fissure se propage de l'intérieur de 1’échantillon vers la surface libre, ¢’est-a-dire
contre le gradient de contraintes.

La localisation de la porosité (c.-a-d. prés du bord ou a l'intérieur de 1'échantillon)
influence également le comportement en fatigue. On constate que, bien que les échantillons
non rompus (fin de bande) contiennent des porosités, I'occurrence de cette porosité a
l'intérieur des échantillons a beaucoup moins d'influence sur le déclenchement de craques
que si la porosité était située au bord de la surface de I’échantillon, comme c'est le cas pour
les échantillons rompus.

La technique de SEM par laquelle les mesures de porosité ont été effectuées, peut
étre appliquée avec une grande exactitude pour des mesures des pores simples responsables
du déclenchement de fissure par fatigue. Cependant quand 1’espace de déclenchement de
fissures contient des pores multiples (comme dans le cas de l'alliage de LP PM319-F) ou
une structure poreuse spongieuse (comme dans le cas d'alliage AE425), les mesures de
SEM ne sont pas assez proportionnées pour déterminer I'emplacement exact du
déclenchement des craques par fatigue. Dans ces cas-ci, les mesures devraient étre
effectuées en utilisant la microscopie optique sur une section longitudinale du spécimen
rompu pour fournir une plus grande exactitude des résultats. Cependant, c'est un processus
long.

La pression isostatique chaude (HIPping) permet d’améliorer la résistance en
fatigue de ’alliage C354-T6 en réduisant ou en éliminant la porosité surfacique, et de ce
fait la vie en fatigue augmente. En l'absence de la porosité surfacique, d'autres
emplacements de déclenchement de fissures tels que des films d'oxyde et des bandes de
glissement deviennent opératifs.
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Les facteurs microstructuraux tels que les caractéristiques de particules de silicium
eutectique (espacement secondaire des bras de dendrite, phases intermétalliques et taille des
grains) ont une influence directe sur la durée de vie en fatigue et affectent fortement la
propagation des fissures. Pour les alliages hypereutectiques, les particules primaires de
silicium contribuent au comportement en fatigue en accélérant la propagation des fissures
par la décohésion et la fissuration de ces particules sous chargement cyclique.



v

ABSTRACT

Energy is the single most critical factor facing the world today. The automotive
industry has taken a giant step forward in reducing the weight of the car by replacing cast
and malleable iron castings with aluminum castings. Aluminum-silicon casting alloys find
extensive applications in this sector, due to their high strength-to-weight ratio which
improves the performance and fuel economy. Aluminum sand, die, and permanent mold
castings are critically important in engine construction, where engine block, pistons,
cylinder heads, intake manifolds, crankcases, carburetors, brake valves and callipers join
mmnumerable components in car design importance.

Five Al-Si casting alloys with silicon contents ranging from 7 to 17% were selected
for this study: hypoeutectic LP PM319-F, A356-T6 and C354-T6 alloys and hypereutectic
AE425 and PM390 alloys, all used extensively in automotive applications. The aim of this
work was to investigate the effect of casting defects on the fatigue properties of these alloys
by correlating the sample fatigue life with the defect that initiated the fatigue crack, and to
characterize these defects (i.e., porosity, oxide films, slip bands, etc.) by their critical role in
affecting the fatigue life. Porosity was investigated in terms of the pore size at the sample
fracture surface and its location i.e. near the edge or close to the interior. The effect of hot
isostatic pressing (HIPping) on the fatigue life of C354-T6 alloy was also studied and the
behavior of HIPped and non-HIPped samples compared.

The fracture surfaces of 157 fatigue samples were examined using a scanning
electron microscope (SEM technique) to identify the fatigue crack initiation site,
supplemented by image analysis for quantitative measurements of the defect(s) that
initiated the fatigue crack. The microstructural characteristics (i.e. secondary dendrite arm
spacing (SDAS), eutectic silicon particle characteristics, grain size and intermetallic
phases) were examined using image analysis and electron probe microanalysis (EPMA)
techniques to help in understanding the fatigue behavior.

The results show that surface porosity is the most important casting defect affecting
the fatigue life, since it acts as the most favoured site for fatigue crack initiation: among the
samples tested, 82% fractured under the effect of surface porosity acting as the fatigue
crack initiation site. It was found that the sample fatigue life decreased as the surface pore
size increased and vice versa.



In the absence of surface porosity, other casting defects such as oxide films close to
the surface can be responsible for fatigue crack initiation: 3% of all tested samples fractured
due to the presence of such oxide films. In the absence of porosity and oxide films, slip
bands can also act as the main crack initiation site, where, in the present case, it was
observed that 3% of all tested samples fractured due to slip bands.

Fatigue crack initiation always starts from the free surface of the sample whatever
the crack initiation site (porosity, oxide films, slip bands), where the maximum stress
applied is found there and the stress distribution from the surface towards the centre of the
sample (sample interior) is favourable for fatigue crack propagation. For the same reason, it
is impossible for the fatigue crack to propagate from the sample interior toward the sample
free surface, against the stress gradient.

The location of the porosity (i.e. near the edge or close to the interior of the sample)
also influences the fatigue behavior. It is found that although non-fractured (run-out)
samples do contain porosity, the occurrence of this porosity within the interior of the
samples has much less influence on crack initiation than if the porosity were located at the
edge of the sample surface, as is the case for the fractured samples.

The SEM technique, by which the porosity measurements were carried out, can be
applied with great accuracy for measurements of single pores responsible for fatigue crack
initiation. However, when the crack initiation area contains multiple pores (as in the case of
LP PM319-F alloy) or a spongy porous structure (as in the case of AE425 alloy), SEM
measurements are not adequate enough to determine the exact fatigue crack initiation site.
In such cases, the measurements should be carried out using optical microscopy and a
longitudinal section of the fractured specimen to provide greater accuracy of results.
However, this is a time consuming process.

Hot isostatic pressing (HIPping) is found to improve the fatigue strength of C354-
T6 castings by reducing or eliminating the surface porosity, thus increasing the fatigue life.
In the absence of surface porosity, other crack initiation sites such as oxide films and slip
bands become operative.

Microstructural features such as the eutectic Si particle characteristics, secondary
dendrite arm spacing, intermetallic phases, and grain size can influence fatigue life when
they strongly affect crack propagation. For hypereutectic alloys, the primary silicon
particles contribute to the fatigue behavior by accelerating crack propagation through the
decohesion and cracking of these particles under cyclic loading.
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CHAPTER 1

DEFINITION OF THE PROBLEM

1.1 INTRODUCTION

In the automotive industry, aluminum-silicon (Al-Si) casting alloys find extensive
application, especially due to their high strength-to-weight ratio which increases the
performance and fuel economy. Aluminum sand, die, and permanent mold castings are
critically important in numerous applications such as engine blocks, pistons, cylinder
heads, etc.

The increasing use of Al-Si casting components under conditions of repeated cyclic
loading has generated a considerable interest in their fatigue properties. The fatigue
performance of these alloys is strongly dependent on two factors: casting defects such as
porosity, oxide films and inclusions found in the castings after production, and the quality
of the microstructure, viz., the type, size and morphology of the microstructural
constituents and features present, such as intermetallics, silicon particles and slip bands.

The main feature of Al-Si casting alloys is that a eutectic is formed between
aluminum and silicon at a Si content of 11.5-12%. Depending on the amount of silicon, the

alloys are divided into three main groups: hypoeutectic alloys with silicon content between



5 and 10%, eutectic alloys with 11-13% Si, and hypereutectic alloys, commonly with a Si
content between 14 and 20%. Aluminum-silicon alloy castings are generally subjected to
heat treatments to improve their mechanical properties and dimensional stability. The T6
treatment is the one most commonly used for these alloys. In the present work, the fatigue
samples were obtained from castings either in the as-cast (F) condition (i.e. no heat
treatment procedure was applied) or in the T6 condition (i.e. solution heat-treated and
artificially aged).

Five different Al-Si casting alloys were selected in this work in order to study the
effect of casting defects on their fatigue life. The alloys were selected to cover a range of Si
contents, and included 319-F, A356-T6, and C354-T6 hypoeutectic alloys, as well as
AE425 and 390 hypereutectic alloys. These alloys are used in a wide range of automotive
applications, many of them under conditions of cyclic loading, where the cast parts can
undergo sudden fracture due to fatigue failure. Therefore, an investigation of the causes of
fatigue failure in the context of the casting defects present in these alloys was considered to
be important and beneficial from both academic and industrial points of view.

In the present study, fatigue samples derived from actual automotive castings were
tested to obtain the fatigue life data. Samples were then sectioned from the fractured fatigue
tested specimens for SEM examination (fractography), to determine the sources (or defects)
responsible for the fatigue failure. Particular emphasis was given to porosity defects, as
porosity is known to play a critical role in affecting the fatigue performance of Al-Si alloys.

Porosity refers to the presence of minute holes or cavities in a solid metal or alloy.

To date, it is well understood that porosity in castings is caused by the cooperative effects



of shrinkage and dissolved gases (mainly hydrogen, which has a high solubility in liquid
aluminum but a very low solubility in the solid state, giving rise to gas porosity in the
solidified casting). Porosity is considered as the major casting defect found in Al-Si casting

alloys and plays a critical role in affecting the fatigue life.

1.2 OBJECTIVES

The present work aimed at investigating the effect of casting imperfections on the
fatigue life of LP PM319-F, A356-T6, C354-T6, AE425, and PM390 Al-Si casting alloys.
This was carried out by means of the following steps:

1. Characterization of the fracture surfaces of fatigue specimens and correlation of

the defect that initiated the fatigue crack with the sample fatigue life.

2. Classification of the defects according to the importance of their role in fatigue

crack initiation; the defects including
e Porosity;
e Inclusions and oxides; and
e Other microstructural constituents and features (e.g., intermetallics, slip
bands, and silicon particles).
3. Classification of the porosity characteristics according to their influence on
fatigue crack initiation. The porosity parameters examined were pore size
(average area and average length) and shape, and pore location (with respect to

the free surface of the sample).



4. Determination of a suitable technique for the qualitative and quantitative
analysis of the porosity associated with the crack initiation site, based on the

fatigue and porosity data obtained.
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CHAPTER 22

LITERATURE SURVEY

2.1 INTRODUCTION

Aluminum, the most plentiful metallic element on the earth, became an economic
competitor in engineering applications as recently as the end of the 19th century. The
properties of aluminum that make this metal and its alloys the most economical and
attractive for a wide variety of uses are appearance, light weight (aluminum has a density
of only 2.7 g/cm’, approximately one third that of steel (7.83 g/cm?)), fabricability, physical
properties (excellent electrical and thermal conductivity), mechanical properties, and
excellent corrosion resistance.’

Aluminum alloys containing silicon as the major alloying element offer excellent
castability, high wear and corrosion resistance, good weldability, good machinability, hot
tearing resistance, fluidity, low specific gravity, high thermal conductivity, reduction of
thermal expansion (by silicon), and good retention of physical and mechanical properties at
elevated temperatures. As a result, aluminum-silicon (Al-Si) alloy castings constitute 85%

to 90% of the total aluminum cast parts produced.” >



The single most critical factor facing the world today is “Energy”. The automotive
industry has taken a giant step forward in reducing the weight of the car (and hence
reducing fuel consumption) by replacing cast and malleable iron castings with Al castings.’
Studies have shown that, a fuel reduction of 1 liter per 120 km is obtained with a weight
reduction of 200 kg. This amounts to 1000 liters over the life of the vehicle. Savings in fuel
consumption range from 3,6 to 6,3 liters per kilogram weight reduction per car over its
average life (estimated at 120,000 km).” Another study has demonstrated that the
replacement of steel components by 50 kg of aluminum results in an 850 liter fuel saving
over a ten-year period.’ It is expected that, by 2015, the total weight of aluminum/vehicle
will rise to 250 - 340 Kg, as the material for engine blocks, one of the heavier parts, is
switched from cast iron to aluminum.®

With respect to automotive applications, aluminum sand, die, and permanent mold
castings are critically important in engine construction, and include engine block, pistons,
cylindrical heads, intake manifolds, crankcases, carburetors, transmission housings, and

rocker arms. Brake valves and brake callipers join other components in car design

. 1
mmportance.



2.2 ALUMINUM CASTING ALLOY DESIGNATION SYSTEM

The most widely used casting alloy designation system in North America is that of
the Aluminum Association (AA).° In the AA alloy designation, there are four numeric
digits, with a period between the third and fourth. The meanings of the four digits are:’

o First digit: Principal alloying constituent(s)

e Second and third digits: Specific alloy designation (number has no
significance but is unique)

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

Variations in the composition limits that are too small to require a change in
numeric designation are indicated by a preceding letter (A, B, C, etc). The first version of
an alloy, say 356.0, contains no letter prefix; the first variation has an A, e.g., A356.0, the
second a B, for example, B356.0, and so forth.

The first digit defines the major alloying constituent or constituents, with the
following categories being defined:

Ixx.x: Pure aluminum (99.00% or greater)

2xx.x: Aluminum-copper alloys

3xx.x: Aluminum-silicon + copper and/or magnesium alloys

4xx.x: Aluminum-silicon alloys

5xx.x: Aluminum-magnesium alloys

6xx.x: Unused series

7xx.x: Aluminum-zinc alloys
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8xx.x: Aluminum-tin alloys

9xx.x: Aluminum + other elements

2.3 TEMPER DESIGNATION SYSTEM

The Aluminum Association casting temper designation system is used in general for
all aluminum and aluminum alloy product forms except for ingot.”° The system uses letters
and numbers to indicate the major types of thermal treatments applicable to engineered
castings:>°
F, as-cast: This applies to products for which no heat treatment procedures are carried out.
O, annealed: Thus applies to cast products that are annealed to improve ductility and
dimensional stability.

W, solution heat-treated: This is applicable only to alloys whose strength naturally changes
at room temperature over a duration of time.

T, solution heat-treated: This applies to alloys whose strength is stable within a few weeks
of solution heat treatment. The T is always followed by one or more digits, each digit
indicating a specific sequence of basic treatments. Some of these treatments are listed
below:

T4, solution heat-treated and naturally aged to a substantially stable condition: this
signifies products that are not cold worked after solution heat treatment and for which

mechanical properties have been stabilized by room temperature aging.
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T5, cooled from an elevated-temperature shaping process and artificially aged: This
includes products that are not cold worked after an elevated temperature shaping process
and for which mechanical properties have been improved by precipitation hardening.

16, solution heat-treated and artificially aged: This includes products that are not cold-
worked after solution heat treatment and for which mechanical properties and dimensional

stability have been improved by precipitation heat treatment.

2.4  SELECTION AND APPLICATIONS OF Al-Si CASTING ALLOYS

The main feature of Al-Si casting alloys is that a eutectic is formed between
aluminum and silicon at a Si content of 11.5-12%, as illustrated by the phase diagram in
Figure 2.1. Depending on the amount of silicon, the alloys are divided into three main
groups: hypoeutectic alloys with a silicon content between 5 and 10%, eutectic alloys with
11-13% Si, and hypereutectic alloys, with a Si content commonly between 14 and 20%.°

Five Al-Si casting alloys with different silicon contents ranging from 7 to 17% were
selected for this study: hypoeutectic LP PM319-F, A356-T6 and C354-T6 alloys, and

hypereutectic AE425 and PM390 alloys used extensively in automotive applications.
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Figure 2.1  Part of the Al-Si phase diagram showing composition ranges of various
alloy types.lo

2.4.1 Al-Si-Cu (319) hypoeutectic casting alloys

Aluminum-silicon-copper alloys such as 319 alloy offer good casting
characteristics, higher strength and hardness, and improved machinability with reduced
ductility and lower resistance to corrosion.” Automotive cylindrical heads, internal
combustion engine crankcases, engine blocks, gear cases, impellers, gas meters and
regulators, fuel pump, transmission cases, machinery, gear blocks, instrument cases, intake
manifolds, lawnmower decks, oil pans, outboard motor propellers, motor parts and

housings are among the many applications for which 319 type alloys are used.>’
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2.4.2 Al-Si-Cu-Mg (354) hypoeutectic casting alloys

Aluminum-silicon-copper-magnesium alloys such as 354 alloy have a greater
response to heat treatment as a result of the presence of both Mg and Cu.!! These alloy
types offer excellent strength and hardness with some sacrifice in ductility and corrosion
resistance. While the properties in the as-cast condition are acceptable for some
applications, these alloys are typically heat treated for optimal properties. These alloys are
used for a wide range of applications, including engine cooling fans, crankcases, high speed
rotating parts (e.g., fans and impellers), structural aerospace components, air compressor

pistons, fuel pumps, compressor cases, timing gears, rocker arms, and machine parts.’

2.4.3 Al-Si-Mg (356) hypoeutectic casting alloys

Aluminum-silicon-magnesium alloys such as 356 alloy have excellent casting
characteristics, weldability, pressure tightness, and resistance to corrosion. These alloys are
heat treatable to provide various combinations of tensile and physical properties that are
attractive to many applications including machinery, and automotive, military, and
aerospace parts. Some typical uses include aircraft pump parts, automotive transmission
cases, aircraft fittings and control parts, water-cooled cylindrical blocks, automotive space
frames, automotive wheels, truck wheels, cylinder heads, compressor body, machine parts,
pump bodies, meter bodies, intake manifolds, suspension saddles, aircraft pylons, truck and

bus frames and chassis components, electronic cases, and fuel pumps.> * !
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2.4.4 Al-Si-Cu-Mg (390 and AE425) hypereutectic casting alloys

Hypereutectic aluminum-silicon-copper-magnesium 390 and AE425 type alloys,
containing silicon concentrations >12% Si, have outstanding wear resistance, a lower
thermal expansion coefficient, low specific gravity, very good casting characteristics, and
elevated temperature strength. Some typical applications include automotive cylindrical
blocks, pistons, brake rotors, cylinder liners, marine engines, four cycle air-cooled engines,
air compressors, pumps requiring abrasive resistance, pulleys, and brake shoes.> %11

Numerous studies on the occurrence of porosity in Al-Si alloys and the factors

controlling its formation were carried out as presented in the following sections.

2.5 POROSITY FORMATION IN Al-Si CASTING ALLOYS

Porosity is the most common defect found in Al-Si alloys, and is the major cause of
rejection of castings. Porosity is the term used to indicate voids or cavities that form within
a casting during solidification. It is often the cause of degraded mechanical properties in
rejected castings, including limited strength and ductility, variable fracture toughness,
irregular crack initiation and propagation characteristics, and lack of pressure tightness.> 12
13, 14

Two main effects contribute to the formation of porosity in Al-Si alloys during
solidification: (1) shrinkage resulting from the volume contraction accompanying
solidification, as well as inadequate liquid metal mobility (bad feeding), and (i) gas
evolution (mainly hydrogen) resulting from the decrease in gas solubility in solid metal

compared to the liquid.'> 6171819



15

2.5.1 Types of porosity

Depending on the origin, porosity may be classified into three types.’

Pure shrinkage porosity: Macroscopic voids found in the casting are almost always due to
shrinkage caused by poor feeding.? Shrinkage occurring during the solidification of Al-Si
casting alloys is a primary source of porosity formation in solidifying castings. Volumetric
shrinkage in metals on transforming from liquid to solid state may range from 3-10%, with
5-8% being typical of most cast alloys. Shrinkage porosity can occur on a much smaller
scale in the form of dispersed “microshrinkage” or “microporosity”. Liquid metal feeding
in the dendritic solidification zone plays a key role in the formation of this type of
porosity.15 The tendency for the formation of shrinkage porosity is related to both the
liquid/solid volume fraction at the time of final solidification and the solidification
temperature range of the alloy.” An example of a shrinkage pore found within a casting is
shown in Figure 2.2(a).

Pure gas porosity: The other main source of porosity arises from the entrapment of a gas
bubble in the solidifying alloy resulting from the decrease in the solubility of the gas on
solidification.> ' Hydrogen is the only gas soluble in aluminum alloys and is thus the
leading contributor to porosity in these alloys.”® An example of a gas pore found within an
Al-8% Si alloy casting is shown in Figure 2.2(b).

Porosity due to gas and shrinkage: The vast majority of porosity encountered in castings is
due to a combination of gas and shrinkage. These pores typically occur in the
interdenderitic regions, which are the last parts of the structure to freeze.> Some examples

are shown in Figure 2.2(c) and (d).



Figure 2.2

:¢7 SUTY

(b) gas pore in an Al-8%S5i alloy|[2]

(c) microporosity (gas plus (d) microporostiy (gas plus shrinkage)
shrinkage)

Typical porosity in cast aluminum alloys.’

16
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2.5.2 Theory of porosity formation

The following equation can be considered to describe the conditions under which a
pore is stable and can grow.>?!
Py + Ps 2 Pyim + P + Py
where P, = equilibrium pressure of dissolved gases in the melt;
P = pressure drop due to shrinkage;
P.m = pressure of the atmosphere over the system;
Py = pressure due to the metallostatic head;
Ps.. = pressure due to surface tension at the pore/liquid interface.
In order for a pore to exist, its internal pressure (P; = Py + Ps) must be sufficient to
overcome all the external forces (Pext = Pam + Py + Ps.) which can act to make it collapse.

The dissolved gas pressure P, and the pressure drop due to shrinkage Ps are the main

driving forces for porosity formation.

2.5.3 Effect of hydrogen

As mentioned above, hydrogen is the only gas soluble in aluminum alloys and is
thus the leading contributor to gas porosity in these alloys. As Figure 2.3 shows, the sharp
decrease in hydrogen solubility in going from the liquid to the solid state results in the
rejection of the dissolved hydrogen with the progress of solidification and, hence, the
formation of gas porosity. As can be seen, both the temperature and the presence of
alloying elements and impurities affect the solubility (and hence the porosity).”> There are

many potential sources of hydrogen contamination in aluminum including:’
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1) The atmosphere;

ii) Incompletely dried refractories;

1i1) Fluxes;

iv) Tools, flux tube, and ladles;

V) Products of combustion in gas-fired furnaces;

vi) Remelt ingots, master alloys, metallurgical metals, and other charge

components.
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Figure 2.3  The solubility of hydrogen in pure aluminum, and 319 and 356 aluminum
alloys.

Most hydrogen which finds its way into molten aluminum comes from the
dissociation of water vapor at the surface of the liquid aluminum according to the reaction®

2Al (Liquid) + 3H,0 - ALO; + 6H
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where hydrogen gas dissolves in liquid aluminum according to an atomistic process that
involves the following steps:*
(i) Dissociation of diatomic hydrogen gas into the atomic form at the boundary
between the atmosphere and the melt;
(i)  Dissolution of the atomic hydrogen into the boundary layer; and
(iii)  Transport of atomic hydrogen into the bulk of the melt through a diffusion process.
Rooy 24 proposed the following steps for hydrogen gas formation in molten
aluminum:
(i)  The diffusion of hydrogen atoms within the liquid pool;
(1)  The formation of subcritical nuclei as a function of time and cooling;
(iii)  The random emergence of stable precipitates exceeding the critical size required for
sustained growth;
(iv)  Continued growth of the precipitated phase as long as hydrogen atoms are free to
diffuse to the melt/bubble interface.
The result of this sequence is a general distribution of voids occurring throughout the solid

structure. A schematic representation is provided in Figure 2.4.
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Fang and Anyalebechi 25 studied the effect of hydrogen content and cooling rate on
porosity formation in Al-4.7 Mg and A356 alloys. They observed that the pore volume
fraction always decreased as the cooling rate increased, and that the amount of reduction
depended on the hydrogen content at each cooling rate as depicted in Figure 2.5, where
curves 3, 4 and 5 show lower pore volume fractions due to their lower hydrogen contents.
As Figure 2.6 shows, the pore volume fraction increases as the hydrogen content increases,
and the slopes of the corresponding curves increase rapidly with the decrease in cooling
rate. There exists a corresponding threshold hydrogen concentration for a given residual
pore volume fraction at a given cooling rate for each alloy. A higher cooling rate gives a

higher threshold value.
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2.5.4 Effect of modification

The addition of certain elements termed modifiers to Al-Si casting alloys aims at
improving their mechanical properties by changing the morphology of the normally
acicular eutectic silicon to a fine, fibrous form that improves the alloy ductility and
strength. Only sodium (Na), strontium (Sr) and antimony (Sb) have found significant
industrial use.’ Today, due to its advantages compared to other modifiers, strontium is the
modifier of choice for Al-Si castings in many foundries. However, it is generally agreed
that the addition of Sr increases the porosity in a casting. Various explanations have been

proposed, as summarized below.”®

Depression of the eutectic temperature and concomitant morphological change

Addition of Sr is observed to result in a depression of the silicon eutectic temperature,
as shown in Figure 2.7. This depression is considered as one of the reasons for the change
in the porosity level observed. As can be seen, the depression extends the alloy freezing
range (i.c., extends the length of the mushy zone), leading to an increase in the

solidification time, resulting in larger pores.”” 2% %
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Figure 2.7  Suppression of the eutectic temperature due to modification.”

Argo and Gruzleski® found that the formation of microshrinkage is a two-stage
process involving both interdenderitic feeding and eutectic solidification. For the
unmodified alloys, the interdendritic feeding distance is short, leading to an easy feeding
which concentrates any porosity in the last solidified region of the casting. As this area is
reached, an irregular solidification of the final eutectic liquid causes small pockets of
eutectic to become trapped behind the advancing solid/liquid interface, resulting in fine
porosity. In the modified alloy, the interdenderitic feeding distance is relatively long as a
result of the depression of the eutectic temperature, where the longer mushy zone makes
feeding more difficult and the possibility of larger isolated pockets of eutectic liquid being
trapped in the interdenderitic regions more likely. A schematic representation of their

explanation is shown in Figure 2.8.
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Reduction of interfacial energy and increase in volumetric shrinkage

Sr modification reduces the surface tension of an aluminum melt which facilitates
pore nucleation, thereby increasing the pore volume fraction and pore size.”’ Emadi et al.>®
measured the effect of Sr and Na modification on the interfacial energy and volumetric
shrinkage of aluminum. They concluded that these two elements decreased the surface
tension of the liquid and increased the volumetric shrinkage, facilitating porosity formation

and increasing the pore size and amount of porosity observed. Addition of about 0.01 wt
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pet St and about 0.005 wt pct Na respectively caused about 19% and 10% reductions in the

surface tension of the liquid, and increased the volume shrinkage by about 12%.

Enhanced hydrogen solubility in the melt

A modification treatment with either Na or Sr could increase the hydrogen content of
a liquid alloy due to one or a combination of the following: 3
(i)  The direct addition of hydrogen to the melt along with the modifier;
(i)  Anincrease in the rate of hydrogen pick-up by the modified melt;
(iii)  Anincrease in the hydrogen solubility of the modified melt.
Bian et al.®' found that Sr addition markedly increases the hydrogen content in Al-
Si melts and accelerates the gassing rate of the melt. In contrast, in unmodified melts the

hydrogen level decreases with time, finally reaching a stable level, as shown in Figure 2.9.
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Figure 2.9  Hydrogen content vs. holding time in the unmodified and modified Al-10

wt%Si melts. Holding temperature: 750°C, a) Unmodified, b) Modified with
addition of 0.05 wt%Sr at 720°C.”!
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Changes in the concentration and type of the oxide formed

Addition of Sr to the melt increases the tendency for oxide formation due to the
high affinity of oxygen for Sr. Liu et al. 32 reported that the microporosity observed in Sr-
modified alloys is frequently associated with Sr oxides (films or particles). These
particles/films are formed during melting due to the high oxygen affinity of Sr. The
stoichiometric composition of these oxides was found to be Al,3SrO;3 or AlLSrOs, from

wavelength dispersion spectroscopic (WDS) analysis.

2.5.5 Effect of grain refining

Grain refining is another important melt treatment carried out for Al-Si alloys to
refine the grain size in the cast structure, a small grain size being known to enhance the
alloy properties. The grain refining is carried out by the addition of grain refiners, usually
Al-Ti, Al-Ti-B or Al-B master alloys, to the Al-Si alloy melt, which introduces TiAl; and
TiB, particles in the melt, these being known to act as nucleation sites for the primary « -
Al dendrites. The introduction of a large number of these nuclei assists in significantly
increasing the number of grains formed, thus refining the grain size. Addition of TiB; as a
grain refiner results in increasing nucleation sites as well as the number of grains, which
lead to a remarked reduction in pore size with an increase in the pore density.

Lee and Sridhar *® found that the addition of TiB, to Al-Si casting alloys as a grain
refiner has the effect of increasing the pore density and the pore nucleation temperature,
while decreasing the pore length. They attributed this to (a) a greater supersaturation due to

more nucleated grains causing a higher fraction solid at a given temperature and, hence, an
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increase in H content in the liquid during the initial stages of solidification, or (b) the effect

of TiB; as a nucleation agent for pores. A combination of these is also possible.

2.5.6 Effect of alloying elements

Magnesium and copper are two important alloying elements generally added to Al-
Si alloys to improve their properties through precipitation hardening following heat
treatment. The addition of magnesium is known to reduce the percentage porosity without a
noticeable change in the pore size or shape.> Dash and Makhlouf ** found that copper has a
negative effect on porosity formation. Copper has two important effects: (i) it significantly
increases the hydrogen gas pressure associated with a given amount of dissolved gas, and
(ii) its presence in the melt results in a ternary eutectic reaction that occurs at much lower
temperatures than the solidification of both primary & -Al and the Al-Si eutectic.

Lig—> «a-Al+Si+ ALCu

This ternary liquid solidifies when the bulk of the casting is already solid and thus this part

of the liquid is very difficult to feed where there is no liquid metal flow.

2.5.7 Effect of iron

The presence of impurity or trace elements in an alloy can affect the microstructure
and, consequently, its properties. Among the impurity elements present in Al-Si alloys, iron
is perhaps the most deleterious as, together with other alloying elements, it leads to the
formation of intermetallics among which the §-AlsFeSi iron intermetallic phase, due to its
brittle platelet form, is detrimental to the alloy properties. The presence of these platelets

limits the flow of the liquid metal in the surrounding areas, leading to feedability-related
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porosity formation in the solidified casting. The addition of ‘neutralizing” elements such as
Mn or Cr helps in controlling the precipitation of iron in the script-like a-Al;s(Fe,Mn);Si,
from which, due to its more compact morphology, is less harmful to the properties.

In their studies on porosity formation in 380 type aluminum alloys, Roy et al.'®

reported that the S -AlsFeSi platelets (which appear as needles in an optical micrograph)

are very active sites for pore nucleation. Figure 2.10 shows clearly how pores nucleate

along the sides of the f -iron intermetallic needles. On the other hand, these £ -needles also

limit the growth of both gas and shrinkage pores, as illustrated in Figure 2.11.

Taylor et al. ** studied the role of iron in the formation of porosity in Al-Si-Cu-based
casting alloys. They found that iron exhibits a strong threefold influence on porosity and
shrinkage defect formation:

(1) The overall porosity level decreases with iron content until a minimum value occurs
at 0.4 pct Fe, as shown in Figure 2.12. As further additions are made, the overall
porosity level increases.

(i) A change in the pore morphology from discrete isolated pores to spongy
interdenderitic pores occurs even at small, deliberate additions of iron. These
spongy regions become increasingly connected as the iron content increases above
0.4 pct.

(iii) Under the poorest cooling and feeding conditions, increases in iron content above

0.4 pct lead to the development of a major, localized shrinkage defect.
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Figure 2.11 Role of S -AlsFeSi needles in the restricting the growth of (a) a gas pore,
and (b) a shrinkage pore.'®
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2.5.8 Effect of inclusions

Pore nucleation is also influenced by the presence of impurities viz., surfaces of gas
bubbles and solid inclusions within the melt, as well as other surfaces such as the mold wall
(i.e., the crevices and irregularities present on the mold surface).’® The presence of
inclusions in the melt leads to problems in the casting in terms of casting quality and
machinability-related tool wear. In addition, such inclusions also affect porosity formation
in that they act as nucleation sites and increase the amount of porosity observed in the
casting.

The inclusion level present in the molten metal determines the melt cleanliness, and
processes such as degassing and filtration are applied to the liquid metal to minimize the

amount of gases and inclusions present in the melt before pouring/casting is done. Melt



31

cleanliness, particularly in the context of oxides and inclusions, is well recognized as an

important factor influencing hydrogen gas nucleation in the melt (and hence porosity).>”*8

Tian et al. *®

studied the effect of melt cleanliness on the formation of porosity
defects in automotive aluminum high pressure die castings, and found that the probability
of rejection due to excessive porosity present at critical locations in the castings increased
as the number of inclusions in the melt increased. They also observed that the effect of
inclusions on porosity formation depends not only on the number, size and spatial
distribution but also on the nature i.e., type and shape of the inclusions.

Laslaz and Laty ** studied the effect of metal cleanliness in aluminum casting alloys
and provided experimental evidence of the effect of inclusions or oxides on porosity. They
reported that melts that are deliberately oxidized by addition of chips or by stirring in
natural atmosphere lead, after solidification, to a higher gas porosity level than the
reference melt for the same hydrogen content, where the number of pores is increased in the
case of the oxidized melt, all other parameters remaining constant. Also the shape of the

pores is rounder in comparison, due to the presence of many oxide/inclusion nucleation

sites.

2.5.9 Effect of mold design

The design of a mold comprises many parameters including the mold type
(material/casting process used), the mold shape, application of chilling and insulation, and
the gate and riser design (gating system). All these parameters affect the solidification and

feeding conditions of the melt and, as a result, the soundness of the casting produced. Irani
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and Kondic * reported that thin sections are generally sounder than thick sections in a
casting, as determined by the porosity level observed in these sections. This is related to the
solidification time, as shown in Figure 2.13, which decreases as the cooling rate increases,

which is the case with thinner sections (see Figure 2.5 and Figure 2.6).

The section geometry also affects the feeding conditions and hence the porosity
level of the casting. The authors*® suggested that the casting soundness could be improved
by using a tapered form of the feeder. The application of chilling and insulation also affect
the solidification time and, consequently, the casting soundness. The appropriate location

and sizing of risers is thus very important in the production of high-quality castings.”*’

Sigworth and Caceres * reported that in directionally solidified castings, a
significant increase in the amount of dispersed microporosity is observed when moving
from a location near the chill to a location near the riser. This can create problems in alloys
which have extremely long freezing range, in that the riser section may become mushy and

stiff long before the interior of the casting freezes completely.
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Figure 2.13  Effect of solidification time on porosity of Al-Cu-Si alloys.*

2.6 FATIGUE PROPERTIES

Fatigue is considered the most common mechanism by which engineering
components fail, and accounts for at least 90% of all service failures due to mechanical
causes. Failures occurring under conditions of dynamic loading are termed fatigue failure.
A fatigue failure is particularly insidious because it occurs without any obvious warning,
resulting in sudden or catastrophic failures.*’ Fatigue can be defined as “the process of
progressive localized permanent structural change occurring in a material subjected to
conditions that produce fluctuating stresses and strains at some point or points and that may

culminate in cracks or complete fracture after a sufficient number of fluctuations”.**
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Three factors are necessary for the occurrence of fatigue failure:**
(1) A maximum tensile stress of sufficiently high value;
(ii) A large variation or fluctuation in the applied stress; and
(iii) A sufficiently large number of cycles of the applied stress.
The fatigue process can be roughly divided into four stages: cyclic hardening/softening,
crack nucleation, crack propagation, and overload (fracture). At low amplitudes, the
nucleation stage can occupy the majority of the fatigue life time, while at high amplitudes

nucleation is usually accomplished within a small fraction of the fatigue life.**

2.6.1 General types of stress cycles causing fatigue failure

Figure 2.14 illustrates the three main types of fluctuating stress cycles which can
cause fatigue failure.*” These constitute:
(1) A completely reversed stress cycle of sinusoidal form, shown in Figure
2.14(a), in which the minimum stress and maximum stress are equal.
(i) A repeated stress cycle, illustrated in Figure 2.14(b), in which the maximum
and minimum stress are not equal.

(iii)) An 1irregular or random stress cycle, as shown in Figure 2.14(c), a
complicated type of stress cycle which might be encountered in a part such
as an aircraft wing that is subjected to periodic unpredictable overloads due
to gusts.

A fluctuating stress cycle can be considered to be made up of two components, a

mean stress,o,,, and an alternating stress, o,. Taking into consideration the maximum
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stress, o, » the minimum stress, o,,, , and the stress range o, (defined as o, -0,, )
o, and o, are defined as follows:

o} + 0

max min

Mean stress, o, =
2

r

Alternating stress, o, =

Fatigue data is generally presented in terms of the stress ratio, R, and A, where these terms
are defined as:
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Figure 2.14 Typical fatigue stress cycles: (a) Reversed stress cycle; (b) Repeated stress
cycle; and (c) Irregular or random stress cycle.
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2.6.2 The S-N curve

The basic method for presenting engineering fatigue data is the S-N curve, which is
a plot of stress (o ) against the number of cycles to failure (N), as shown in Figure 2.15. A

log scale is almost always used for N. The value of stress that can be plotted is o o

max ? min
or o,. The S-N relationship is determined for a specified value of mean stress o, and

stress ratio R. For a few important engineering materials such as steel and titanium, the S-N
curve becomes horizontal at a certain limiting stress, termed the fatigue or the endurance
limit, at which the material can endure an infinite number of cycles without failure. Most
non-ferrous metals like aluminum, magnesium, and copper alloys, however, do not have a

true fatigue limit as the S-N curve never becomes horizontal.*
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Figure 2.15 Typical fatigue curve for ferrous and nonferrous metals.*
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2.6.3 Fracture characteristics of fatigue failure

On the macroscopic scale, a fatigue failure can usually be recognized from the
appearance of the fracture surface, which consists of two main region: (i) a smooth region,
due to the rubbing action as the crack propagates through the section (top portion of Figure
2.16), and (ii) a rough region, where the component has failed in a ductile manner when the
cross section is no longer able to carry the applied load. The progress of the fracture is
indicated by a series of rings, or “beach marks” progressing inward from the point of
initiation of the failure.*® Fracture surfaces similar to that shown in Figure 2.16 are often
called typical fatigue failures because they exhibit the following common features:*

(1) A distinct crack nucleation site (or sites);
(i) Beach marks indicative of crack growth; and

(iii) A distinct final fracture region.

Brittle fracture
(smooth region)

Ductile fracture

(rough region)

Figure 2.16 Fatigue fracture surface of a torsion shaft.*’



38

2.6.4 Factors affecting fatigue life of aluminum alloy castings

The general factors affecting fatigue life of cast aluminum alloys include the stress
amplitude, mean stress, stress concentration, surface effects (surface roughness, stress raiser
at the surface, surface hardening), size and design of the component, effects of environment
(corrosion, oxidation, fretting, temperature), thermal stresses, and the effect of
metallurgical variables.*** The metallurgical factors taken into account to ensure optimum
fatigue performance include heat treatment, alloying additions, stacking fault energy, grain
size, and inclusion and porosity content. The present work concentrated on the effect of

porosity on the fatigue life of the five cast aluminum alloys that were studied.

2.7 EFFECT OF POROSITY ON FATIGUE PROPERTIES OF Al-Si CASTING
ALLOYS

The presence of porosity - either gas or shrinkage type, is one of the potentially
damaging factors with respect to casting quality. While porosity can be detrimental to a
casting by reducing its pressure tightness or its surface quality after machining, its effect on
the mechanical properties is of critical importance. Numerous studies have shown that
porosity plays an important role in determining the fatigue performance of Al-Si casting
alloys.

Wickberg et al.*®

studied the effect of porosity on fatigue strength of A356 alloy.
Figure 2.17 shows the fatigue behavior of A356-T6 alloy specimens with different porosity
levels in terms of S-N curves. The porosity levels were varied by adding hydrogen gas to

the alloy melt. The corresponding porosity ratings according to ASTM E155 and volume

fractions measured from polished sections are listed in Table 2.1. As shown in Figure 2.17,
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Figure 2.17 Influence of porosity on fatigue strength of Al17SiMg-T6 casting alloy.*

the pores have a negative effect on the fatigue strength in that as the porosity volume

fraction in the specimen increases, the fatigue life decreases. Using scanning electron

microscopy to examine the fatigue fracture surface, they found that the fatigue crack is

often nucleated at pores.

Table 2.1 Porosity data for the fatigue-tested specimens of Figure 2.17 *®

0.2-0.3 0-1 0.5

0.4 4-5 3.0

0.5 6-7 43
Donlon ez al.*’ studied the effect of porosity on fatigue properties of low pressure

permanent mold cast 356-T6 aluminum wheels. They found that fatigue life curves

exhibited a large amount of scatter due to the effect of casting defects, mostly shrinkage
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and gas porosity. They verified the concept that fatigue testing is a better indicator of
casting quality than either X-ray inspection or metallographic examination.

Inguanti*® studied the effect of porosity on the fatigue properties of A201.0 and
A357-T6 cast alloys. He found that any foundry or post-foundry process which reduces
shrinkage porosity in A201.0 alloy will substantially increase its fatigue strength, and that
A357-T6 alloy castings free of large shrinkage voids exhibit the optimum combination of
tensile and fatigue properties.

Stanzl-Tschegg et al.*’ studied the effect of microporosity on fatigue crack initiation
and propagation in AISi7Mg cast alloy at very high (10°-10°) numbers of cycles. They
concluded that crack initiation sites are casting voids, which lead to stress concentrations.
Using two (almost identical) alloys with different microporosity levels, they showed that a
reduction of the number of voids increases the number of cycles necessary for crack
initiation. Also, there is no obvious correlation of static and fatigue properties of both
alloys: microporosity mainly governs fatigue crack initiation but has no significant
influence on the static strength.

Sonsino and Ziese™ studied the effect of porosity on the constant and variable
amplitude fatigue of age-hardened G-Al-7Si-0.6Mg and non-age-hardened G-Al-11Si-Mg-
Sr alloys. They found that the porosity level influences fatigue strength in different ways. If
the porosity level is increased from about O to 8%, fatigue strength in the un-notched
condition is reduced by about 17% for both alloy groups. In the notched condition, the age-
hardened alloy displays a 7% drop in fatigue strength, while for the non-age-hardened

alloy, the fatigue strength drops by 20% because of the lower yield point in the notched
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condition. They found no evidence that the size of the solidified cross-section had any
influence on fatigue strength in the porous condition. Thus, they proposed that even in
safety parts porosity can be tolerated, however, not in highly-stressed fatigue-critical areas.

Couper et al.”' measured the fatigue properties of un-notched polished specimens of
Al-7Si-0.4Mg (Australian designation CP601) aluminum casting alloy for various heat
treatment conditions and at various mean stresses. They observed that failure initiated at
interdendritic shrinkage defects. Although evidence of classical crack initiation from
persistent slip bands was also seen, such cracks, being less severe than the casting defects,
never caused failure. They attributed the insensitivity of the fatigue (S-N) behavior to heat
treatment to the fact that fatigue crack initiation occurred at casting defects, notably
shrinkage porosity. Reducing the size of shrinkage defects would increase the fatigue life,
but only up to the stage at which crack initiation from persistent slip bands on the surface
became operative.

Suzuki and Kunio® carried out rotating fatigue tests on two types of Al-Si-Cu
aluminum casting alloys containing pores of different sizes resulting from solution heat
treatments at 470°C (L material) and 495°C (H material), respectively. Lowering the
temperature of the solution treatment improved the fatigue strength due to the reduction in
the pore size. Fractographic analysis using scanning electron microscopy revealed that the
origin of fatigue fracture in both materials was a porous defect (casting porosity or blister).

The quantitative relation between the fatigue strength and the porous defects was

determined as follows: the S-N diagram was replotted in the form of an S+ —N diagram,

d being the dimension of the porous defect in the direction of the centre of the specimen
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and S the stress amplitude. Figure 2.18 shows the corresponding S+/7d N plot. As can be

seen, the relation between Sv7zd and N is correlative. It can be comprehended that the
scatter in the fatigue strength values with the solution treatment is controlled by the

dimensions and distributions of the porosity defects in the tested specimens.
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Figure 2.18  S+/zd -N diagram.”

Ting and Lawrence™® studied the influence of casting porosity on the fatigue life of
as-cast and smooth (polished surface (30 pm)) specimens of AA 319 cast aluminum alloy
containing casting porosity. Fatigue initiating sites were observed using a scanning electron
microscope. Fatigue cracks were observed to initiate from the near-surface casting pores in

the polished specimens and from the as-cast surface texture discontinuities in the as-cast
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specimens. Plots of the observed fatigue life against the depth of the fatigue initiating

defect for various stresses of smooth specimens are shown in Figure 2.19.
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Figure 2.19 Linear regression analysis of the fatigue life of smooth specimens of AA319
as a function of the depth of the casting pore that caused fatigue failure.”

Gundlach et al>* studied the effects of microstructural variables such as
solidification rate, dendrite arm spacing (DAS), level of porosity, eutectic silicon
modification and Fe-rich intermetallic phases on the thermal fatigue properties of 319 and
356 alloys. They found that when the increase in porosity content was accompanied by an
increase in DAS, thermal fatigue life dropped by 66%, probably as a result of an increase in
the size of microporosity voids. Figure 2.20 shows the effect of void (pore) size on the
thermal fatigue life of the 319 casting alloy. As expected, thermal fatigue life decreased as

the void size increased.
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Figure 2.20 Influence of microporosity void size on thermal fatigue life in alloy 319.*

Mayer et al.> studied the fatigue properties of some magnesium and Al1Si9Cu3
aluminum alloys (produced by high-pressure die-casting) in ambient air in the regime of
10° to 10° cycles. They concluded that in 98.5% of the specimens, the fatigue crack initiated
at a pore (or porous region). The smallest pore size at the crack initiation location was
0.025 mm®. All investigated alloys showed a pronounced fatigue limit, meaning that while
cracks may have initiated at a pore, they did not propagate to failure. They proposed that
the critical stress intensity amplitude can be used to correlate the most damaging porosity in

a specimen to its critical stress amplitude. If porosity is considered as equivalent to an
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initial crack, the fatigue limit can be determined by the critical stress intensity amplitude,
K... The stress amplitude with fracture probability is determined by the critical stress
intensity amplitude K,,, the probability of porosity to exceed a certain size (defect area) and
the probability of crack initiation either at the surface or in the interior.

1.°® studied the microstructure and the fatigue properties of three model

Buffiere et a
AS7GO03 cast aluminum alloys with different contents of artificial pores, using three-
dimensional characterization of porosity by means of synchrotron X-ray tomography. They
observed that two types of pores are present in the material: microshrinkage pores and
artificial gas pores. The amount of gas introduced in the alloys during processing has
almost no influence on the volume fraction of microshrinkage but increases exponentially
the volume fraction of gas pores. Most pores are intergranular, their convex parts
corresponding to interdenderitic zones containing brittle eutectic silicon particles. With
respect to the fatigue properties, the porosity level of the alloys was found to be a first order
parameter which greatly altered both the average number of cycles to failure and the
lifetime scatter, specially at high stress levels. The initiation of fatigue cracks occurred by
decohesion of Si particles located near the convex parts of pores located at or below the
surface of the samples.

1”7 studied the effect of porosity and other casting defects on the static

Avalle et a
and fatigue properties of specimens and components of an Al-Si-Cu alloy obtained by high
pressure die casting. For the three batches of specimens tested, obtained from castings that

had different sprue-runner designs, the observed decrease in fatigue strength for the three

batches was related to a combination of the increased porosity level and metallurgical
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defects. The authors also proposed that for castings subject to fatigue loading, criteria used
for quality control based on a maximum acceptable level of porosity are not appropriate if
the average density is not affected and if the cavities are located at the centre of thick
sections.

1.°% %% carried out different studies on the effect of casting defects on the

Wang et a
fatigue performance of cast aluminum alloys. It was observed that casting defects have a
detrimental effect on fatigue life by shortening not only the crack propagation period, but
also the crack initiation period. Castings with defects exhibited fatigue lives at least an
order of magnitude lower compared to that of defect-free ones. The decrease in fatigue life
was directly related to the increase in the defect size. For defects of the same size (projected
area) oxide films were often less detrimental to fatigue life than pores, this could be
attributed to the nature of the microstructures adjacent to porosity and oxide films and also
porosity is a 3-D cavity which results in its isotropic adverse influence on fatigue
properties, whereas oxide films tend to be 2-D morphology and their adverse effect on
fatigue thus depend more on the applied stress direction. Porosity played the most
important role in determining fatigue performance of the material. According to Wang et
al.,’® % % there is a critical defect size for fatigue crack initiation, below which the fatigue
crack initiates from other competing crack initiators such as eutectic particles and slip
bands. Figure 2.21 and Figure 2.22 show the effect of pore size on the fatigue life of Sr-

modified A356-T6 alloy specimens obtained at high and low cooling rate, and that of pore

size and shape on the fatigue life of Al-Si-Mg alloys obtained from their work.
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Figure 2.22  The effect of pore size and shape on fatigue life in an Al-7Si-0.6Mg casting
tested at R=0 and 190MPa maximum stress.”

Boileau e al. 12 %% 9 carried out different studies on the fatigue properties of cast
319 and A356-T6 aluminum alloys. It was observed that pore size was found to have a
statistically significant effect on the fatigue life of T7-treated W319 alloy (this alloy differs
in composition from Aluminum Association 319 alloy, and so is referred to as W319). A
comparison between porosity-containing, non-hot isostatic pressed (non-HIPped) and pore-
free, hot isostatic pressed (HIPped) W319 alloy specimens revealed that the absence of
porosity increased the fatigue resistance and fatigue strength, as shown in Figure 2.24, the
magnitude of this increase being dependent upon the solidification time.

Porosity was found to dramatically affect the fatigue life of the A356-T6 Al alloy.

In the samples containing porosity (non-HIPped), all initiation sites contained large pores
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that arose from microshrinkage. Such porosity-containing material showed an approximate
ten-fold decrease in the fatigue life compared to as-cast + HIPped material, as shown in
Figure 2.25. This trend was observed regardless of the solidification time of the tested
samples. In the as-cast + HIPped specimens, the initiation sites contained a large, irregular,
flat-shaped feature, believed to be the remnants of microshrinkage pores that were closed

and welded during the HIPping process.
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Figure 2.25 Statistical analysis of the effect of porosity on the fatigue lives of as-cast and
as-cast + HIPped A356-T6 aluminum (30 mm SDAS) tested at 138 MPa.®

1.2 studied the effect of HIPping on the high-cycle fatigue properties of

Lee et a
investment cast A356 Al alloys. The results indicated that the fatigue strength of HIPped
alloys was higher than that of non-HIPped alloys due to the significant reduction in volume
fraction of pores by HIPping. In the non-HIPped specimens, fatigue cracks initatited at
large pores adjacent to the specimen surface and then propagated down to several hundred
micrometers depth while coalescing with other large pores. The HIPped specimens showed
40-50% improvements in fatigue strength over the non-HIPped specimens, and where the
fatigue crack initatited mainly at eutectic Si particles and propagated along them. These

results are in keeping with those reported by Wang™ and Boileau®' on the effect of HIPping

in improving the fatigue performance of Al-Si casting alloys.
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Odegard and Pedersen® studied the fatigue properties of an A356 (AISi7Mg) alloy
by comparing materials free from, and containing, casting defects. It was observed that in
an A356 alloy free from casting defects such as shrinkage and pores, persistent slip bands
(PSBs) acted as sites for crack initiation. Material containing pores showed approximately
50% reduction in fatigue life compared to the defect-free material, and the fatigue strength
at 107 cycles was reduced by 20%. It was also found that cracks initatited from the casting
defects and that most of the fatigue life was spent in the fatigue crack growth regime.

Rading ez al.%

studied the fatigue crack growth (FCG) characteristics of cast Al-Cu
A206 alloy samples containing different levels of porosity. It was observed that the fatigue
crack growth rate increased with increasing levels of porosity, particularly close to the
threshold level. This enhancement in FCG rate is attributed to the size and morphology of
the interdendritic pores, which lead to initiation of secondary cracks ahead of the main
crack as well as intermittent jumps in the crack length. Hot isostatic pressing is effective in
reducing the porosity level. However, its effect on FCG rate is limited to the near-threshold
regime.

6 studied the effect of porosity on the fatigue behavior in A356-T61

Major®
aluminum alloy and found that the parameters that directly affect fatigue life are the largest
pore size, DAS, and the stress amplitude. Once these parameters are taken into account,
indirect parameters-which are important in determining the largest pore size - lose their
significance. The parameter that had the largest impact on the fatigue life was the largest

pore size. The impact of DAS on the fatigue life was weaker than that of the largest pore

size and tended to decrease with decreasing stress amplitude.
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Savelli e al.” studied two AISiMg0.3 alloys with different porosity contents with
regard to fatigue properties. It was observed that quantitative parameters characterizing size
or shape of internal pores could be measured on three dimensional reconstructed images
and correlated to the fatigue properties. For the two alloys investigated, the fatigue
properties appeared to be dependent on the size rather than the shape of the pores.

Skallerud et al.®® studied the effect of casting defects on the fatigue life of
AlSi7Mg(0.4) alloy. It was observed that shrinkage cavities (interdendritic pores) in
components cast from the alloy have a significant effect on the lifetime. With pores present,
the initiation period of the total lifetime was very short, and almost negligible, and a typical
fatigue crack initiated around pores at or near the specimen surface, due to the high stress
concentration associated with the shrinkage pores.

Zhang et al.*’ investigated the influence of SDAS and porosity on high cycle fatigue
(HCF) crack initiation and propagation in A356.2-T6 alloy. The HCF cracks initiate at
porosity, oxides, or eutectic constituents, depending on the SDAS. When the SDAS is
greater than 25-28 um, pores with lengths greater than ~100 um act as the main crack
initiation site. For HCF, the effect of SDAS is overshadowed by the effect of porosity. At
SDAS below 25-28 um, the pore size is below the critical value; in this case large eutectic
constituents initiate the HCF cracks.

Seniw et al.” studied the influence of pore morphology and location on the fatigue
life of die cast aluminum A356 alloy. They found that in cases when the pore size is small
and at a large distance form the free surface, the samples exhibited the longest fatigue life.

This is shown in Figure 2.26, which shows the relation between cycles to failure, Ny, pore
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area, A, and its distance from the surface, d. The curved line in the x-y plane suggests an

accept/reject boundary, based on the influence of the pore parameters A and d on the

fatigue life.
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Figure 2.26 Relation between Ny, A, and d. The curved line in the x-y plane suggests an
accept/reject boundary for pore size/location in terms of the fatigue life.”

From the literature review “*7° it appears that porosity is the key factor which
controls the fatigue properties of Al-Si casting alloys. Pores are preferred crack initiation
sites in these alloys, and thus constitute the main effect on fatigue performance,
independent of the loading condition and of the applied stress. Compared with porosity,

eutectic structure and intermetallic phases play a minor role in crack initiation.
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The effect of porosity on fatigue life may be summarized as follows: pores reduce
the time for crack initiation by creating a high stress concentration in the material adjacent
to the pores. As a result, most of the fatigue life is spent in crack growth. In terms of its
importance in crack initiation, a single shrinkage pore close to or at the surface is
considered to be the most critical, followed by a series of shrinkage pores at the surface,
with a gas pore at the surface being the least critical.

In the present study, the effect of casting imperfections on the fatigue properties of
various Al-Si casting alloys was investigated, in terms of the importance of these defects on
fatigue crack initiation, with emphasis on the role of porosity on the latter. The effects of
casting process, heat treatment conditions, and alloy chemistry were also incorporated. The
alloys investigated, namely LP PM319-F, A356-T6, C354-T6, AE425 and PM390, include
both hypoeutectic and hypereutectic alloys, of the type employed in automotive

applications.
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CHAPTER 3

EXPERIMENTAL PROCEDURES

The five Al-Si alloys studied in the present work were 319, A356, C354, AE425
and 390 alloys. The fatigue specimens were sectioned from real automotive castings
prepared from these alloys, and machined according to ASTM E466 specifications. One
hundred and fifty seven (157) fatigue-tested samples were received from General Motors
Powertrain corresponding to the five alloys. Samples sectioned from the fractured samples
were examined using scanning electron and optical microscopy to characterize the casting
defects present on the fracture surface, and to subsequently determine the correlation
between the fatigue properties and these defects. The experimental procedure, covered in

six steps, is described in Sections 3.1 through 3.6 below.

3.1 CLASSIFICATION OF SPECIMENS

The castings prepared from the five alloys were obtained from various casting
processes and used in the as-cast (F) or, more often, the T6 heat-treated condition.
Accordingly, the samples were classified as LP PM319-F, A356-T6, C354-T6, AE425 and
PM390 alloy samples, where the 319 alloy castings were obtained using low pressure
permanent mold die casting (LP PM), and employed in the as-fabricated (F) condition, i.e.,

without any heat treatment; the A356 and C354 castings were heat-treated following the T6



58

regime. In the case of the AE425 and the permanent mold cast PM390 alloy castings, each
alloy was fatigue tested at two temperatures: 150 °C and 300 °C. The C354 alloy castings
were produced in two groups - with or without the use of hot isostatic pressing (HIP) to
provide hipped and non-hipped casting samples. The aim was to study the effect of hipping
on the porosity and hence fatigue life in the two cases. The chemical compositions of the

five alloys are presented in Table 3.1.
3.2 SPECIMEN PREPARATION AND DIMENSIONS

3.2.1 Fatigue specimens

The fatigue test specimens were prepared according to ASTM E466 standard
specifications, where the specimens have circular cross-sections with tangentially blending
fillets between the test section and the ends. According to these standards, the diameter (D)
of the test section should preferably be between 0.200 in. (5.08 mm) and 1.000 in. (25.4
mm). The grip cross-sectional area should be at least 1.5 times but is preferably selected to
be at least 4 times the test section area for most materials and specimens. The blending
fillet radius (R) should be at least 8 times the test section diameter. The test section length
(L) should be greater than three times the test section diameter.’!

In the present work, while the dimensions of the fatigue samples obtained from any
one alloy were identical, the dimensions of the samples obtained from one alloy varied
from those obtained from another alloy (for the five alloys studied), dictated by the type of
casting and the selected test locations from which these samples were sectioned. More

importantly, the ratios of D, R and L were kept the same to maintain uniform geom-



Table 3.1

T

BT,

s

T

T

%5 =

T

Chemical compositions of the Al-Si alloys studied in the present work
R—— i : —

0.4000 0.0190 | 0.3600 | <0.005 0.0390 | 0.1300 | <0.005 | 0.0290
7.190 | 0.1200 | 0.0100 | 0.0060 | 0.2700 | <0.005 | <0.005 | 0.0060 | 0.1200 | <0.005 | <0.0050 | Bal
8.828 | 0.0674 | 1.7072 | 0.0054 | 0.5456 <<< <<< 1 0.0086 | 0.1933 | <<< 0.0143 | Bal
17.000 | 0.6500 | 4.2300 | 0.2000 | 0.5100 | <0.005 | 0.140 | 0.5100 | 0.0630 | 0.008 | <0.0050 | Bal
é 16.400 | 0.6300 | 2.0900 | 0.7000 | 0.7000 | <0.005 | 0.550 | 0.4300 | 0.0670 | 0.008 | <0.0050 | Bal

6S



60

etry, always in keeping with the ASTM E466 norms. A sketch of the specimen used is
shown in Figure 3.1. The specimens were sectioned and prepared from different positions

in the casting, as shown in Figure 3.2 and Figure 3.3.

B exvae | e

Figure 3.1  Geometry and dimensions of the ASTM E466 standard specimen used for
fatigue testing.”!

Near vent window

Fatigue specimen
(ASTM E466)

Near journal

Figure 3.2  Location of fatigue sample taken from the bulkhead of a “V” engine block.%
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Sample ID.: Casting No - (1,2,..7) = (A,B,...F)

Figure 3.3  Fatigue samples taken from different positions (A to F) from the real cast.

3.2.2 Specimens for SEM examination

Samples for SEM examination were prepared from the fatigue-tested specimens by
sectioning them about 1 cm below the fracture surface, and mounting them carefully for
fracture surface examination using scanning electron microscopy. Some examples of the

samples prepared for SEM examination are shown in Figure 3.4.
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Figure 3.4  Samples prepared for SEM examination.

33 METALLOGRAPHY

The microstructural characteristics of the LP PM319 and A356-T6 alloy samples
were examined using an optical microscope-image analysis system, where quantitative
measurements of the grain size, average secondary dendrite arm spacing, and eutectic
silicon particle characteristics were carried out. In each case, the samples were examined in
a regular, systematic manner to cover the entire sample surface. The intermetallics present
were identified using an electron probe microanalyzer (EPMA) coupled with energy
dispersive X-ray (EDX) and wavelength dispersive spectroscopic (WDS) facilities. Figure
3.5 shows the Jeol JXA-8900L WD/ED Combined Microanalyzer (operating at 20 kV and

30 nA) used in the present study.
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Figure 3.5  The electron probe microanalyzer (EPMA) system used in the present study.

3.4 TENSILE AND FATIGUE PROPERTIES

The tensile and fatigue tests were carried out at Westmoreland Mechanical Testing
and Research, Inc. Youngstown, PA, U.S.A. The tensile properties of the alloys, namely
ultimate tensile strength (UTS), yield strength (YS) and percentage elongation (%EL),
corresponding to the samples received and the conditions of testing are listed in Table 3.2.
The fatigue testing conditions and data obtained for these alloys are provided in Appendix

A, in Tables A.1 through A.9.

Table 3.2 Tensile properties of the alloys studied

LP PM319-F (25°C) 223 172 1.7
A356-T6 (25°C) 244 225 0.63
C354-T6 (25°C)-Non-HIPped 244 244 0.11
C354-T6 (25°C)-HIPped 317 301 0.40
AEA425 (150°C) 191 178 0.37
AEA425 (300°C) 70 57 5.42
PM390 (150°C) 201 172 0.63
PM390 (300°C) 72 56 7.12
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3.5 EXAMINATION OF THE FATIGUE FRACTURE SURFACE

In order to better understand the effect of casting imperfections on the fatigue
properties and to create a quantitative database of measurements of the features associated
with the fatigue failure, the fracture surfaces of the fatigue specimens were examined using
a JEOL 840A scanning electron microscope (SEM) attached with an EDAX Phoenix
system for image acquisition and energy dispersive X-ray (EDX) analysis. The voltage
selected for this work was 15 kV, with a filament current of 3 amp max. Figure 3.6 shows a

photograph of the SEM used.

Figure 3.6  Scanning electron microscope system used in the present work.
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3.6 CHARACTERIZATION OF CRACK INITIATION SITES

The characteristics of porosity and other crack initiation sites on the fracture
surfaces of the fatigue samples were also examined using optical microscopy. For
quantification purposes, a Clemex Vision PE4 image analysis system was used, as shown in
Figure 3.7. Quantitative measurements of the pore or porous region containing multi-pores
were carried out for which the pore areas were measured. For this, the SEM images of the
fatigue fracture surfaces obtained were transferred to the image analysis system to carry out
the measurements. The magnifications used when obtaining the SEM images ranged from
25X to 350X, depending on the surface pore size and with the aim of obtaining the clearest
image of the surface pore(s) responsible for the fatigue crack initiation.

The SEM image transferred to the image monitor screen of the Clemex system was
first calibrated to obtain the correct magnification with respect to the image analysis
system. Porosity measurements were carried out by outlining the surface pore region, then
using a program designed to calculate the pore area automatically.

In the case when oxide films or slip bands were identified as being responsible for

the fatigue crack initiation, no quantitative measurements were carried out.



Figure 3.7

Clemex Vision PE4 image analysis system used in the present work.

66



CHAPTER 4

RESULTS AND DISCUSSION



68

CHAPTER 4

RESULTS AND DISCUSSION

4.1 INTRODUCTION

The fatigue properties of an Al-Si alloy casting are controlled by a number of
factors including the alloy microstructural features (size and morphology of the eutectic Si
particles, secondary dendrite arm spacing, intermetallics, slip bands, and grain size) and
casting defects (porosity and oxides) present in the casting. Surface porosity plays an
important role in determining the fatigue life as, with the increase in the surface
porosity/pore size, the fatigue life decreases, and vice versa.

Qualitative and quantitative analysis of porosity was carried out on the fracture
surface of 157 fatigue-tested samples obtained from LP PM319-F, A356-T6, C354-T6,
AE425 and PM390 Al-Si alloys using scanning electron microscopy and image analysis.
The SEM fractographs were analyzed using image analysis to obtain a comprehensive
understanding of the defects (pores) responsible for the fatigue crack initiation observed on
the fracture surface. The results are reported separately for the hypoeutectic and

hypereutectic alloys.
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With respect to the hypoeutectic alloys, the fracture surface of 94 fatigue-tested
samples of LP PM319-F, A356-T6 and C354-T6 alloys were examined in order to correlate
the defect that initiated the fatigue crack with the sample fatigue life. The results for each
alloy are presented separately. A comparison of the fatigue behavior of the 319 and A356
alloys has been made, while in the case of the C354 alloy, the effect of HIPping on the
fatigue life is presented, through a comparison of the fatigue behavior of HIPped and non-
HIPped samples.

The two hypereutectic alloys studied, namely AE425 and PM390, are Al-Si-Cu-Mg
alloys that are used in a wide range of automotive applications. The high Si content of these
alloys (between 14 and 20%) results in the formation of a large volume fraction of hard,
polygonal primary silicon particles in the microstructure, giving them their high strength
and hardness and a high degree of wear resistance at medium or elevated temperatures. On
the other hand, low ductility and toughness and an unfavourable shrinkage behavior are the

disadvantages that result from the presence of such massive primary silicon particles. * %

72,73

As will be observed, the data presented in some of the sections that follow are
limited due to the number of fatigue-tested samples received for the corresponding alloy in
question. Also, as mentioned previously in Chapter 3, the fatigue test data are listed

separately in Appendix A at the end.
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42 METALLOGRAPHIC ANALYSIS OF LP PM319-F AND A356-T6 ALLOYS

The microstructural features examined included the grain size, the secondary
dendrite arm spacing, and the eutectic silicon particle characteristics (area, length, and
aspect ratio). Intermetallic phases observed were also identified, using electron probe
microanalysis (EPMA) and wavelength dispersion spectroscopy (WDS). Representative
examples are provided in this section.

Table 4.1 lists the average grain size, SDAS and eutectic Si particle characteristics
typically observed in the samples obtained from the LP PM 319-F and A356-T6 alloys. The
SDAS measurements were made over 25 fields for the 319 alloy, and over 14 fields for the
A356 alloy, each at 5X magnification. The eutectic Si particle measurements were carried
out over 50 fields for the 319 and A356 alloys, at 50X and 20X magnifications,
respectively, to obtain a correct and reliable assessment of the range of particle sizes
observed in the microstructure. The 319 alloy being Sr-modified (0.029 wt% Sr), and the
A356 alloy being slightly modified (<0.005 wt% Sr), resulted in fine well-modified eutectic

Si particles in the former case and coarse acicular Si particles in the latter.

Table 4.1 Average grain size, SDAS, and eutectic Si particle characteristics measured

for LP PM319-F and A356-T6 alloys

Tav. | 21 3 25 =N 383
LP PM319-F SD. | 645 6.41 2.66 0.94 &3
Av. | 63 51 14 3 1182
AIOTO TSP 1 1529 | 745 135 L6 316
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As the optical micrographs of Figure 4.1 and Figure 4.2 show, the LP PM319-F
alloy exhibits a much more refined structure both in terms of the « -Al dendrite size and
the eutectic Si particle characteristics. Similarly, the macrographs of Figure 4.3 bring out
the significant difference in the grain sizes observed in the two cases (¢f- 343um with 1182
um). The samples shown in the figure were etched using a solution composed of 66% HCI,
33% HNO; and 1% HF to reveal the grains. The high cooling rate associated with the low
pressure permanent mold die casting technique used for the 319 alloy, and the relatively
slower cooling rate obtained with the lost foam casting technique used for the A356 alloy

would explain the values obtained in the two cases.

Intermetallic phases present in the two alloys were identified using EPMA and
WDS analysis, employing a Jeol JXA-8900L WD/ED Combined Microanalyzer, operating
at 20 kV and 30 nA, with an electron beam size of ~ 2um. In the 319 alloy the « -Fe
Al >(MnCuFe);Si, phase, the Mg-containing AlgMgsCu,Sis phase, and the Al,Cu phase
were identified, while in 356 alloy only the 5-Fe AlsFeSi phase and Mg,Si were observed,

as shown in Figure 4.4 and Figure 4.5, respectively.
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Figure 4.1  Optical micrographs showing the size of the «-Al dendrites in: (a) LP
PM319-F, (b) A356-T6 alloys.

\‘\n 1y

‘\h 9_{[ e

Figure 4.2  Optical micrographs showing the size and morphology of eutectic silicon
particles in: (a) LP PM319-F, (b) A356-T6 alloys.
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Figure 4.3  Macrographs comparing the grain sizes in etched samples of (a) LP PM319-
F and (b) A356-T6 alloys.
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The intermetallic phases observed in 319 alloy influence the matrix stiffness,
where the formation of the « -Fe intermetallic in the form of Chinese script inside the
a -Al dendrites increases the matrix strength and improves the material resistance to
crack propagation. In addition, the Mg and Cu phases - considered as hardening phases -
also improve the matrix strength. The chemical compositions of the « -Fe intermetallic

phase and the Mg-Cu phase observed in the 319 alloy are shown below in Table 4.2.

Table 4.2 Chemical compositions of investigated (-Fe intermetallic phase and Mg-Cu

phase observed in 319 alloy
Phase# Element Wt% At%  Calculated formula Shape & Suggested
colour formula
1 Al 57.77 69.961
Si 10.44 12.141 Chines
Fe 13.54 7.919 Allz(MnCuFe)3Si2 SCI‘ipt- Al]2(MﬂFC)3Si2
Cu 1.79  0.919 grey
Mn 13.60 8.089
Total 97.14 99.029
2 Al 32.075 29.667
Si 25.635 23.386 AlgMg3Cu25i6 Particles A15MgsCu28i(,
Mg 27.595 29.179 - grey + Al

Cu 18.335 7.380
Total  103.64 89.612
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Figure 4.4  Backscattered images obtained from LP PM319-F alloy. The various phases
marked 1 to 3 in (a), (b), (c) and (d) are 1-Al;,(MnCuFe);Si; 2-
AlgMgsCu,Sig; 3-AlCu.
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Figure 4.5  Backscattered images obtained from A356-T6 alloy showing the AlsFeSi
and Mg,Si phases.

The processing variables such as eutectic modification, solidification rate, heat
treatment as well as composition have a profound influence on the resultant cast structure.
In turn, these processing and compositional variables significantly influence the fatigue
properties.74 The metallographic characterization of both alloys showed that the LP
PM319-F alloy has a much more refined structure compared to that exhibited by A356-T6
alloy, as well as a larger amount of the strengthening phases, which must be taken into

consideration when studying the fatigue behavior of the two alloys.

43 FRACTOGRAPHY OF LP PM319-F AND A356-T6 ALLOYS

The fatigue fracture surfaces of 63 hypoeutectic alloy specimens (LP PM319-F and
A356-T6) were examined using scanning electron microscopy (SEM) to identify the fatigue

crack initiation sites. Following this, quantitative measurements of these crack initiation
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sites were carried out using an image analyzer. To identify the fatigue crack initiation site
we had to take into consideration that the fatigue fracture surface generally consisted of
three main regions:'> (i) fatigue crack initiation, (i) fatigue crack growth, and (iii) fast
fracture regions.

To identify the exact crack initiation site using scanning electron microscopy, the
initiation sites were located in regions that contained “beach marks” (macroscopic arc-
shaped features that are concentric with and move away from the initiation site) and/or
“river lines” (macroscopic linear features that radiate away from the initiation site), as

indicated in section 2.6.3. The following results were obtained.

4.3.1 LP PM319-F alloy

The fatigue fracture surfaces of 23 specimens of LP PM319-F alloy were examined
to show the effect of casting defects on the fatigue life. It was found that, in 22 of the 23
samples (i.e. in 96% of all samples examined), the fracture occurred due to the presence of
a pore at the surface which acted as the main crack initiation site. Figure 4.6 shows
examples of the SEM images obtained from the fatigue fracture surface of an LP PM319-F
alloy sample. The arrow in Figure 4.6(a) points to the pore which initiated the fatigue
crack.

Quantitative measurements of the surface pores which initiated the fatigue crack
were carried out using the image analysis system and the results of the effect of surface
pore size, perimeter, length, and width on the fatigue life of LP PM319-F alloy are shown

in Figure 4.7 and Figure 4.8. The fatigue tests were carried out at room temperature (25°C),
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Figure 4.6 SEM images of the fatigue fracture surface of an LP PM319-F alloy
specimen, taken at (a) low magnification, showing the bright area and the
crack initiation site, (b) high magnification, showing the surface porosity
associated with the crack initiation site.

using a stress ratio R = -1, a sinusoidal waveform, and under high cycle fatigue conditions

(i.e., the number of cycles to failure were greater than 10* cycles). The stress applied

ranged from 76 MPa to 83 MPa. The values for all stress levels are plotted together in

Figure 4.7(a) through Figure 4.7(d) and show the effect of surface pore dimensions (area,

perimeter, length and width) on the fatigue life, and separately in Figure 4.8 for the

different stress levels, showing the effect of surface pore size (area) on the fatigue life at
each stress level.

The effect of surface porosity on the fatigue life is obvious: as the surface pore
dimensions increase (i.e. surface pore area, perimeter, length, and width), there is a marked
decrease in the fatigue life. This decrease in fatigue life is related to the high stress
concentration at these surface pores which leads to the setting up of a stress gradient

between the sample free surface (extremity) where the pore is located, and the centre of the

specimen (sample interior). This stress gradient acts as the driving force for crack propaga-
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Figure 4.7  Effect of surface pore (a) area, (b) perimeter, (c) length, and (d) width on the

fatigue life of LP PM319-F alloy.
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Figure 4.8  Effect of surface pore size (area) on the fatigue life of LP PM319-F alloy at
different stress levels.

tion toward the interior or centre of the sample, where this direction is favored, since the
stress gradient decreases on progressing toward the sample interior. When the crack has
propagated to a certain extent, the material fails at the point where the cross section of the
specimen becomes unable to carry the applied load. A schematic representation of this is
shown in Figure 4.9. As the surface pore dimensions increase, the stress concentration
associated with the pore increases, as does the stress gradient towards the sample interior,
thereby increasing the driving force for fatigue crack propagation and shortening the fatigue
life of the sample. The results of Figure 4.8 confirm those shown in Figure 4.7(a),

emphasizing, in addition, the effect of an increase in stress amplitude on the fatigue life.
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Figure 4.9 A schematic representation of the stress concentration and stress gradient associated with a surface pore.
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4.3.2 A356-T6 alloy

The fatigue fracture surfaces of 40 specimens were examined in two conditions: 26
specimens were tested under high cycle fatigue (HCF-where the number of cycles to failure
should be greater than 10* cycles) conditions, while the other 14 specimens were tested
under low cycle fatigue (LCF-where the number of cycles to failure should be less than 10
cycles) conditions. The fatigue tests were carried out at room temperature (25°C), at a stress
ratio R= -1, using a sinusoidal waveform. The stress applied for HCF A356-T6 alloy
ranged from 54 MPa to 86 MPa while that for LCF A356-T6 alloy ranged from 157 MPa to
182 MPa.

Here, too, surface porosity was found to have a great influence on the fatigue life of
A356-T6 alloy. It was found that in 23 of the 26 samples tested under HCF conditions and
7 of the 14 samples tested under LCF conditions, the fracture occurred due to the presence
of a pore at the surface which acted as the main crack initiation site i.e. 75% of all tested
specimens of A356-T6 alloy fractured due to the effect of surface porosity.

Figure 4.10 shows examples of the SEM images obtained from the fatigue fracture
surfaces of two A356-T6 alloy samples tested under high and low cycle fatigue conditions.
The arrows in Figure 4.10 (a) and (c) point to the surface pore which initiated the fatigue

crack in each case.

The effect of the surface pore parameters on the fatigue life of A356-T6 alloy is
shown in Figure 4.11 through Figure 4.13. All conditions are plotted together for the HCF

samples in Figure 4.11(a) through Figure 4.11(d), and separately in Figure 4.12 for the
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Figure 4.10 SEM images of the fatigue fracture surfaces of A356-T6-HCF and A356-
T6-LCF alloy specimens, taken at: (a, ¢) low magnification showing the
bright area and the crack initiation site; (b, d) high magnification, showing
the surface porosity associated with the crack initiation site.
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different stress levels used for the HCF samples. As in the case of the 319 alloy, Figure
4.12 shows that for the A356 alloy also, the fatigue life decreases with the increase in stress

amplitude and surface pore size.

For the LCF samples, tested at stress levels ranging from 157 MPa to 182 MPa, the
results are plotted together in Figure 4.13(a) through Figure 4.13(d), and again reveal the
marked decrease in fatigue life with increase in the pore dimensions. As discussed
previously, the negative effect of surface pores on the fatigue life is due to the high stress
concentration at these surface pores which makes them favoured sites for fatigue crack
initiation. Fatigue crack propagation is accelerated in the presence of surface pores, as the
stress gradient associated with these pores increases the driving force for crack propagation,

shortening the sample fatigue life.
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Figure 4.11 Effect of surface pore (a) area, (b) perimeter, (c) length, and (d) width on the
fatigue life of HCF-A356-T6 alloy.
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Figure 4.13  Effect of surface pore (a) area, (b) perimeter, (c) length, and (d) width on the
fatigue life of LCF-A356-T6 alloy.

4.3.3 Effect of slip bands on fatigue life of A356-T6 alloy

Slip bands are regions where there is intense deformation due to the shear motion
between crystal planes. When a dislocation emerges at the surface, a slip step of one
Burgers vector is created. During perfect reversed loading on the same slip plane, this step
is cancelled; however, slips occur on many planes, and the reversal is never perfect.
Accumulation of slip steps in a local region leads to severe roughening of the surface. This
44

severe localization of plastic strain lowers the resistance to fatigue failure.

In the present study, slip bands acted as the crack initiation site for only two

specimens of all the A356-T6 alloy samples examined, where they provided regions of high
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stress concentration, making them preferred fatigue crack initiation sites. An example of the
SEM image of the fatigue fracture surface of an A356-T6 alloy sample showing the slip
bands is given in Figure 4.14. Thus, in the absence of surface porosity, other
microstructural constituents such as slip bands can act as preferred fatigue crack initiation

sites. However, these constituents have less effect on the fatigue behavior than surface

porosity.

Figure 4.14 SEM image of the fatigue fracture surface of an A356-T6 specimen,
showing the slip bands (arrowed) at the crack initiation site.
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4.3.4 Comparison of porosity in fractured and run-out samples of LP PM319-F and
A356-T6 alloys

The total pore area of fractured and run-out samples (i.c., samples whose fatigue life
exceeded 107 cycles without fracture - termed run-out or non-fractured samples) of both LP
PM319-F and A356-T6 alloys was measured to determine the effect of porosity on the
fatigue life in the two cases. The corresponding samples were sectioned from the shoulder
and polished for metallography. The total porosity on the polished surface was measured
using the image analyzer over 40 fields at 50X magnification for LP PM319-F alloy and
over 20 fields at 50X magnification for A356-T6 alloy. Table 4.3 and Figure 4.15 compare
the results obtained. As can be seen, porosity is observed in both fractured and run-out
samples.

The run-out samples are not sound since they contain porosity, as shown in Figure
4.16. In fact, as Table 4.3 and Figure 4.15 show, the run-out samples exhibit higher
porosity than the fractured samples, even when their fatigue life is greater than that of the
latter. This can be explained in terms of the effect of pore location (at the surface periphery
or interior) on the fatigue life, where the occurrence of porosity within the interior of the
sample has much less influence on fatigue crack propagation than if it were located near the

fatigue sample surface periphery, as illustrated in Figure 4.9.

Table 4.3 Porosity in fractured and run-out samples

Fractured Sample 1448445 22195

LP PM3IO-F 3 nout Sample 2397488 18153
Fractured Sample 671320 22322

A356-T6 Run-out Sample 1215643 19349
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Figure 4.15 Comparison between total pore areas in fractured and run-out samples.

Figure 4.16 Optical micrographs showing porosity observed in run-out samples of
(a) LP PM319-F and (b) A356-T6 alloys.
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4.3.5 Comparison of the fatigue behavior of LP PM319-F and A356-T6 alloys

Based on the results obtained, a comparison of the effect of surface pore size on the
fatigue behavior of LP PM319-F and A356-T6 alloys was made, as shown in Figure 4.17.
Apparently, the LP PM319-F alloy showed a better fatigue life in spite of the fact that the

surface pore sizes measured were larger than those observed in the A356-T6 alloy samples.

100000000
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Figure 4.17 Comparison of the effect of surface pore size on the fatigue life of LP
PM319-F and A356-T6 alloys.

To understand the reason for this contradiction in behavior, the SEM technique by
which the porosity measurements were carried out was re-evaluated, to determine the actual
pore size responsible for the fatigue crack initiation in the two alloys. Porosity
measurements were carried out using both optical microscopy and scanning electron

microscopy. In the first case, longitudinal sections of the fractured samples were employed,
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as shown in Figure 4.18. The porosity measurements were carried out at 10X magnification
s0 as to cover the extent of the porosity observed (arrowed), and the average pore size was
determined accordingly. It is clear from Figure 4.18 that the nature of the surface porosity
in the two alloys is different: in the LP PM319-F alloy, the surface porosity seems to
consist of many small individual pores or multiple pores, whereas that in A356-T6 consists
of a large single pore. In the second case, the pore sizes were determined from SEM images
similar to those shown in Figure 4.19, which provides examples of the multiple pores and
single pore observed in samples of LP PM319-F and A356-T6 alloys, respectively. The
higher magnification images in (b) and (d) clearly show the small individual pores within
the delineated regions marked in (a) and (¢) in the two cases.

Table 4.4 and Figure 4.20 summarizes one set of the results obtained using the two
porosity measurement techniques. From Figure 4.18 and the results plotted in Figure 4.20,
we can observe that the actual pore size that initiated the fatigue crack in LP PM319-F
alloy is much smaller than that in A356-T6 alloy, indicating that the fatigue life for LP
PM319-F alloy is expected to be greater than that of A356-T6 alloy, which is what is

actually observed.

Table 4.4 Porosity measured by the SEM and optical microscopy/image analysis
techniques.
| LPPM319-F = . A356-T6 ;

SEM, pore area | OM, aﬁeragézpore SEM, pore z 1 OM, pore area*
(pm® area (um’) -~ (um?) ()
890374 361 178465 63747
1420595 161 143324 66348

* pore responsible for crack initiation was easily identified, OM: optical microscopy
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Figure 4.18 Longitudinal sections of fractured fatigue samples, showing the surface pore
size responsible for fatigue crack initiation in (a) LP PM319-F and (b)
A356-T6 alloys.
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Figure 4.19 SEM images showing the pore responsible for fatigue crack initiation in (a,
b) LP PM319-F, and (c, d) A356-T6 alloys.
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Figure 4.21 compares schematically, the effect of small multiple pores in the 319
alloy sample versus that of the large single pore in the A356 alloy sample. In the first case,
the propagation of the crack from one small pore to the next will take a longer time, as the
crack will have to cross the solid matrix between these pores (represented by the short
dashed lines), increasing the resistance to crack propagation and, hence, the fatigue life. In
the case of the A356 alloy sample, the high stress concentration associated with the large
single pore at the periphery of the sample will increase the driving force for crack

propagation and thus reduce the fatigue life of the sample.

The microstructural characteristics in the two cases are also another factor to
consider. As was shown in Figure 4.1 through Figure 4.5, the SDAS, eutectic Si particle
characteristics and grain size in the LP PM319-F alloy were much finer than those
observed for the A356-T6 alloy. The presence of the « -Fe, and Mg and Cu phases in

the former also improved the matrix stiffness and resistance to crack propagation.

In view of the above, it is then possible to understand why the fatigue life of LP
PM319-F alloy is much better than that of A356-T6 alloy, in spite of the fact that the
porosity measurements using the SEM technique/images show a larger porosity in the LP
PM319-F alloy. In the case of multiple pore crack initiation sites (LP PM319-F alloy), the
SEM technique is not adequate enough to determine the actual pore size which initiates the
fatigue crack. In the case of a single pore fatigue crack initiation site (A356-T6 alloy), the

SEM technique can be applied with great accuracy.
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Figure 4.20 The surface pore size responsible for fatigue crack initiation in LP PM319-F
and A356-T6 alloys, measured by the SEM and optical microscopy

techniques.

(b)

Figure 4.21 A schematic representation showing the nature of surface porosity which
initiates the fatigue crack in (a) LP PM319-F and (b) A356-T6 alloys. The
thin arrows refer to the fatigue crack initiation site, while the thick arrows

indicate the crack propagation direction.
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44  EFFECT OF HIPPING ON THE FATIGUE LIFE OF C354-T6 CASTING
ALLOY

Aluminum-silicon-copper-magnesium hypoeutectic alloys such as C354 alloy have
a greater response to heat treatment as a result of the combination of Mg and Cu. These
alloy types offer excellent strength and hardness with some sacrifice in ductility and
corrosion resistance. The alloy castings used in the present work were typically T6 heat-
treated for optimal properties. As mentioned previously, there is a wide area for the
applications of these alloys, including engine cooling fans, crankcases, high speed rotating
parts such as fans and impellers, structural aerospace components, air compressor pistons
and fuel pumps.

Hot isostatic pressing (HIPping) of castings is recognized as a process of forming or
bonding materials at high temperatures with high hydrostatic pressure acting on all surfaces
simultaneously. It is considered as a means of providing improved internal soundness or
integrity, increased density and improved properties. The process was developed to
significantly improve the mechanical properties and fatigue strength of aluminum alloys

since it helps to minimize or eliminate pores. >*%*7°

4.4.1 Fatigue behavior of HIPped samples

The effect of HIPping on the fatigue life of 31 fatigue-tested samples of C354-T6
alloy was investigated by comparing the fatigue behavior of both HIPped (11 specimens)
and non-HIPped samples (20 specimens). In the HIPped samples, it was found that the
fatigue fracture occurred due to the presence of different types of crack initiation sites: a

surface pore of much smaller size was observed to be responsible for fatigue crack
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initiation in one sample only, four samples fractured under the effect of oxide films acting
as the main crack initiation site, two samples fractured under the effect of slip bands, and
the other samples fractured due to unidentified sources. In the non-HIPped samples, it was
observed that all the specimens tested fractured on account of a large surface pore acting as
the main crack initiation site, indicating that porosity was 100% responsible for fatigue
crack initiation in this case. The reduced number of pores and the elimination of large pores
in the HIPped samples is normal due to the effect of the HIPping process. In comparison,

the non-HIPped samples contain large pores, as shown in Figure 4.22.

A comparison of the fatigue behavior of HIPped and non-HIPped samples is
presented in Figure 4.23 which shows clearly that the fatigue life of the HIPped samples is
much higher compared to that of non-HIPped samples, related directly to the elimination of
porosity as a result of the HIPping process. In the absence of surface porosity, other crack
initiation sites become operative, such as oxide films and slip bands. The short fatigue life
of the non-HIPped samples is directly related to the presence of large surface pores,
considered the most detrimental of crack initiation sites. Figure 4.24 presents examples of

the crack initiation sites observed in HIPped samples.
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Figure 422 Optical micrographs showing porosity in (a) HIPped, and (b) non-HIPped

C354-T6 alloy samples.
1000
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©® C354-T6-non-HIPed
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Figure 4.23 Comparison between the fatigue life of HIPped and non-HIPped samples of
C354-T6 alloy.
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Figure 4.24
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Figure 4.24 SEM images showing the fatigue crack initiation sites observed in HIPped
samples: (a) surface pore, (b) oxide films, and (c) slip bands.

4.4.2 Fatigue behavior of non-HIPped samples

In the non-HIPped samples, all the 20 specimens tested fractured due to the
presence of large surface pores that acted as the main crack initiation site, indicating that
porosity was 100% responsible for fatigue crack initiation. Figure 4.25 shows an example
of the SEM images obtained from the fatigue fracture surface of a non-HIPped C354-T6
alloy sample. The arrow in Figure 4.25(a) points to the pore which initiated the fatigue
crack. Quantitative measurements of the surface pores which initiated the fatigue crack
were carried out using image analysis and the results of the effect of surface pore size,

perimeter, length, and width on the fatigue life of non-HIPped C354-T6 alloy are shown in
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Figure 4.26 and Figure 4.27. The fatigue testing was carried out at room temperature
(25°C), using a stress ratio R= -1, a sinusoidal waveform, and under high cycle fatigue
conditions. The stress applied ranged from 65 MPa to 100 MPa. The results obtained are
plotted together in Figure 4.26 showing the effect of surface pore dimensions on the fatigue
life, and separately in Figure 4.27 showing the effect of surface pore size on the fatigue life
at each stress level, confirming the results shown in Figure 4.26(a): as surface pore size
increases, the fatigue life decreases at each stress level. At the same time, the fatigue life

also decreases with the increase in stress amplitude.

Figure 4.25 SEM images showing the fatigue fracture surface of a non-HIPped C354-T6
alloy sample, taken at (a) low magnification, showing the bright area and the
crack initiation site, (b) high magnification, showing the surface porosity
associated with the crack initiation site.
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Figure 4.26 Effect of surface pore (a) area, (b) perimeter, (c) length, and (d) width on the
fatigue life of non-HIPped C354-T6 alloy.
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Figure 4.27 Effect of surface pore size (area) on the fatigue life of non-HIPped C354-T6
alloy at different stress levels.
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4.5 EFFECT OF POROSITY ON THE FATIGUE LIFE OF HYPEREUTECTIC
AE425 AND PM390 CASTING ALLOYS

Two Al-Si-Cu-Mg hypereutectic alloys were selected for study in the present work,
PM390 (i.e., permanent mold die-cast process 390) and AE425 alloys, as they have a wide
range of application in the automotive industry. The fracture surfaces of 63 fatigue-tested
samples obtained from these alloys were examined, as in the case of the hypoeutectic

alloys, to correlate the porosity observed on the fracture surface with the fatigue life.

4.5.1 Microstructure of PM390 and AE42S5 alloys

The microstructure exhibited by the AE425 and PM390 alloys is characterized by
the presence of a number of polygonal dark grey primary Si particles, as shown in Figure
4.28. Such hypereutectic alloys are used mainly for their wear resistance which is enhanced
due to the presence of the hard primary silicon particles.

In order to improve the properties, especially the wear resistance, phosphorous was
added (0.008 wt%) to both alloys, to provide refined, well-dispersed primary silicon
particles in the microstructure. A small amount of clustering of the primary silicon particles
is observed in the microstructure of the AE425 alloy sample shown in Figure 4.28(a), while
the high cooling rate associated with the die cast PM390 alloy provides somewhat finer

primary silicon particles as shown in Figure 4.28(b).
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Figure 4.28 Optical micrographs showing the microstructures of (a) AE425, and (b)
PM390 alloys.
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4.5.2 Fractography of AE425 and PM390 alloys

The fatigue fracture surfaces of the AE425 and PM390 alloy specimens were
examined using scanning electron microscopy (SEM) to identify the fatigue crack initiation
sites, following which quantitative measurements of these crack initiation sites were carried
out using the image analyzer in order to make a correlation between the defect (porosity)

that initiated the fatigue crack and the sample fatigue life.

4.5.3 Effect of surface porosity on fatigue life of AE425 alloy

The fatigue fracture surfaces for 34 alloy specimens (tested at two different
temperatures, 150°C and 300°C) were examined to show the effect of porosity on the
fatigue life of AE425 casting alloy. It was found that 31 of the 34 specimens (i.e. 91% of all
specimens examined) fractured due to the effect of surface porosity acting as the main
crack initiation site.

Figure 4.29 through Figure 4.32 show examples of the SEM images obtained from
the fatigue fracture surfaces of AE425 alloy samples tested at two different temperatures.
The nature of the surface porosity at the crack initiation site is observed to be of two types:
a single surface pore from which the crack initiates, or a sponge-like area containing
multiple pores in the form of a porous or spongy structure at the crack initiation site; this
porous structure covers a large portion of the total bright area where the crack initiated and
propagated. As before, the arrow refers to the crack initiation site (single surface pore or
spongy structure) which created the fatigue crack. The reason for the spongy structure

observed in these alloy samples is not understood.



112

SEI 15.0kV x13 1000 pm p——i

SEl 15.0kV x180 70 ymp————ri

Figure 4.29 SEM images of the fatigue fracture surface of an AE425 alloy sample taken
(a) at low magnification, showing the bright area and the crack initiation
site, and (b) at high magnification, showing a single pore acting as the crack
initiation site (sample was tested at 150°C).
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SEl 15.0kV x150

Figure 430 SEM images of the fatigue fracture surface of an AE425 alloy sample taken
(a) at low magnification, showing the bright area and the crack initiation
site, and (b) at high magnification, showing a part of the spongy structure
observed in this area (sample was tested at 150°C).
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Figure 4.31 SEM images of the fatigue fracture surface of an AE425 alloy sample taken
(a) at low magnification, showing the bright area and the crack initiation
site, and (b) at high magnification, showing the single pore acting as the
crack initiation site (sample was tested at 300°C).
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Figure 4.32 SEM images of the fatigue fracture surface of an AE425 alloy sample taken
(a) at low magnification, showing the bright area and the crack initiation
site, and (b) at high magnification, showing a part of the spongy structure
observed in this area (sample was tested at 300°C).
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The fact that many individual pores exist is evidenced by the dendrites that can be
seen clearly in these regions together vﬁth the rest of the fracture surface. Due to the
difficulty in determining the exact pore size responsible for the crack initiation,
measurements of the porous area using the SEM and image analysis techniques pose a lot
of limitations. It is expected, therefore, that the measurements for the hypereutectic alloys
will show some scatter. In view of this, the SEM technique must be re-evaluated similar to
the case of 319 alloy to determine an alternate, more precise means of measuring the
porosity in such samples.

However, as this is a very time consuming process, the measurements were carried
out using the conventional process of quantification of the SEM images using image
analysis. The results for AE425 alloy are shown in Figure 4.33 and Figure 4.34. The fatigue
tests were carried out at two temperatures (150°C and 300°C), at a stress ratio R= -1, using
a sinusoidal waveform, and under high cycle fatigue conditions. The stress applied ranged
from 70 MPa to 100 MPa for the samples tested at 150°C, and from 36 MPa to 45 MPa for
those tested at 300°C.

The scatter in the results obtained in such cases makes some difficulties to analyse
these results according to the type of crack initiation observed and the test temperatures.
The effect of surface porosity (either type) on the fatigue life is obvious: as the surface pore
size increases, there is a marked decrease in the fatigue life, for the same reasons as those

mentioned previously in section 4.3.1.
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Figure 4.33  Effect of (a) surface pore size and (b) surface spongy area on the fatigue life
of AE425 alloy samples tested at 150°C.
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Figure 4.34  Effect of (a) surface pore size and (b) surface spongy area on the fatigue life
of AE425 alloy samples tested at 300°C.
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4.5.4 Effect of surface porosity on fatigue life of PM390 alloy

The fatigue fracture surfaces of 29 specimens were examined to show the effect of
porosity on the fatigue life of PM390 alloy. As in the case of the AE425 alloy, the tests
were carried out at two temperatures, 150°C and 300°C. It was found that 25 of the 29
specimens (i.e. 86% of all the specimens examined) fractured due to the effect of porosity
acting as the main crack initiation site.

Figure 4.35 and Figure 4.36 show examples of SEM images obtained from the
fatigue fracture surface of two PM390 alloy samples tested at the two temperatures. The
arrows point to the pore which initiated the fatigue crack.

Quantitative measurements of the surface porosity observed on the fatigue fracture
surfaces of these PM390 alloy specimens were carried out using same procedures as those
used for the AE425 alloy. The results for PM390 alloy are shown in Figure 4.37 through
Figure 4.40. The fatigue tests were carried out at two temperatures (150°C and 300°C), at a
stress ratio R= -1, using a sinusoidal waveform, and under high cycle fatigue conditions.
The stress applied ranged from 69 MPa to 94 MPa for the samples tested at 150°C, and
from 35 MPa to 41 MPa for those tested at 300°C.

The results obtained have been plotted together in Figure 4.37 and Figure 4.39, and
separately in Figure 4.38 and Figure 4.40 for the different stress levels applied, showing
that the fatigue life decreases with the increase in both the surface pore size and the stress

amplitude.
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Figure 4.35 SEM images of the fatigue fracture surface of a PM390 alloy sample
taken (a) at low magnification, showing the bright area and the crack
initiation site, and (b) at high magnification, showing the single pore
acting as the crack initiation site (sample was tested at 150°C).
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Figure 4.36 SEM images of the fatigue fracture surface of a PM390 alloy sample taken
(a) at low magnification, showing the bright area and the crack initiation
site, and (b) at high magnification, showing the single pore acting as the
crack initiation site (sample was tested at 300°C).
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Figure 4.37 Effect of pore size on the fatigue life of PM390 alloy samples tested at
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Figure 4.38 Effect of pore size on the fatigue life of PM390 alloy samples tested at
150°C at different stress levels.
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Figure 4.40 Effect of surface pore size on the fatigue life of PM390 alloy samples tested

at 300°C at different stress levels.
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4.5.5 Effect of Si particles on the fatigue behavior of hypereutectic alloys

Primary silicon particles in hypereutectic Al-Si casting alloys influence their fatigue
behavior. These particles are hard and brittle in nature, and act as favored sites for crack
propagation. The crack is attracted towards them, increasing the crack growth rate. The
damage and decohesion of primary silicon particles during cyclic loading results in
facilitating the fatigue crack propagation and, as a consequence, lowers the fatigue life.
Figure 4.41(a) and (b) shows examples of optical micrographs of the fatigue fracture
surface typically obtained from the AE425 and PM390 samples, while Figure 4.41(c)
shows an example of an optical micrograph taken from the matrix far from the fracture
surface. The decohesion and damage of silicon particles at the fracture surface (circled
regions) can be clearly seen, indicating that these particles contribute to the fatigue
cracking, increasing the fatigue crack growth rate and shortening the fatigue life. In
comparison, the primary silicon particles observed within the matrix (Figure 4.41(c)), and

far from the fracture surface, are not affected.
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Figure 4.41
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Figure 4.41 Optical micrographs showing damage and decohesion of primary Si particles
(a, b) on the fracture surface compared to the undamaged particles within the
matrix (c), typically observed in AE425 and PM390 hypereutectic alloy
samples.
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CHAPTER 5

CONCLUSIONS

The effect of surface porosity on the fatigue life of LP PM319-F, A356-T6, C354-

T6, AE425 and PM390 Al-Si casting alloys was investigated in the present work. From an

analysis of the results obtained, the following can be concluded.

1.

Surface porosity is the most important casting defect affecting the fatigue life, as it
is found to be the most favored site for fatigue crack initiation: from among the 157
specimens tested, 129 specimens (82%) fatigue fractured due to this effect.

The sample fatigue life decreases as the surface pore size increases (and vice versa)
where, due to the increase in the stress concentration associated with the increase in
the surface pore size, the driving force for fatigue crack initiation and propagation is
also increased.

In the absence of surface porosity, other casting defects such as oxide films near to
the surface can be responsible for fatigue crack initiation. In the present study, 3%
of all tested samples fractured on account of oxide films acting as the main crack
initiation site.

Apart from casting defects (porosity and oxide films), some microstructural features

can also act as crack initiation sites. In the present case, slip bands were mainly
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responsible, where 3% of all tested samples fractured on account of slip bands
acting as the main crack initiation site.

Fatigue crack initiation always starts at the free surface of the sample, regardless the
type of defect involved (porosity, oxide films or slip bands). The maximum stress is
found at this point and the stress gradient from the free surface toward the centre of
the sample (sample interior) favors fatigue crack propagation. It is impossible for
the fatigue crack to propagate in the opposite direction i.e., from a low stress region
(sample interior) to a high stress region (sample free surface).

While run-out samples are not sound since they contain porosity, however, the
occurrence of this porosity within the interior of the samples has much less
influence on crack initiation than if the porosity were located on the sample surface,
which is why they do not fracture even after a large number of cycles (>107).

The SEM technique can be applied with great accuracy for measurements of single
pores responsible for fatigue crack initiation. When the crack initiation area contains
multiple pores (the case of LP PM319-F alloy) or a spongy porous structure (the
case of AE425 alloy), these measurements are not enough to determine the exact
fatigue crack initiation site, and the technique must be re-evaluated to provide
greater accuracy of the results.

When the crack initiation area contains multiple pores, the actual fatigue crack
initiation site can be determined employing optical microscopy and a longitudinal

section of the fractured specimen. However, this is a time consuming process.
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The HIPping process has a positive effect on the fatigue strength of Al-Si casting
alloys as it eliminates the large surface porosity and results in increasing the sample
fatigue life. In the absence of surface porosity, other crack initiation sites such as
oxide films and slip bands which have less effect on fatigue strength compared with
surface porosity become operative.

The primary silicon particles in hypereutectic alloys contribute to the fatigue
behavior in that the decohesion and damage of these particles under cyclic loading
weakens the structure and accelerates the fatigue fracture.

Microstructural constituents/features such as the eutectic Si particle characteristics,
the secondary dendrite arm spacing, intermetallics, and grain size can influence the

fatigue life if they are responsible for the fatigue crack propagation.
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RECOMMENDATIONS FOR FUTURE WORK

Based on the results obtained in the present study on the effect of casting defects in
relation to the fatigue life of Al-Si type casting alloys, the following may be recommended
for future work.

1. The crack initiation area in hypereutectic Al-Si alloys should be investigated in
detail to determine the nature of the spongy porous structure normally associated
with the crack initiation site in these alloys. Such an analysis would help in
determining a suitable technique for quantitative analysis of crack initiation sites
consisting of multiple pores or other features such as slip bands, etc.

2. Apart from the different casting techniques employed for producing the
castings/samples used in the present study, the effect of other factors such as the
melt treatments applied (degassing, grain refining and modification), the
intermetallics and other second phase constituents present in the structure, as well as
the heat treatment regime employed on porosity formation would provide further

insight into the fatigue properties.
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APPENDIX A

FATIGUE DATA



Table A.1

Fatigue data summary of LP PM319-F aluminum alloy, tested at 25°C, stress ratio: R= -1, waveform:
sinusoidal, high cycle fatigue (HCF) (# fatigue-tested samples: 23).

Spé((:)l‘;r;en Test log No. Specimen ID Location Dg::;;er * (Ii?; d :Izs[t;zs)s Cg:ilﬁl sr;o
Ll 818541 1242 Bulkhead 8.91032 4986 80 6339412
L2 818549 1257 Bulkhead 8.88238 4711 76 4971141
L3 818484 1103 Bulkhead 8.93064 5200 83 433195
L4 818519 1203 Bulkhead 8.91032 4986 80 1294079
L5 818493 1116 Bulkhead 8.92302 4942 79 9858710
L6 818539 1237 Bulkhead 8.90778 4986 80 9988892
L8 818499 1125 Bulkhead 8.91540 4933 79 2710537
L9 818551 1261 Bulkhead 8.79840 4955 80 5119092
L10 818537 1233 Bulkhead 8.91032 4488 72 5000739
L12 818532 1222 Bulkhead 8.88492 4217 68 4373482
Li3 818496 1120 Bulkhead 8.91540 4933 79 217053
L14 818533 1224 Bulkhead 8.87730 4706 76 1995876
L15 818488 1109 Bulkhead 8.92810 4946 79 379614
L17 818508 1145 Bulkhead 8.91794 4933 79 457637
L18 818536 1229 Bulkhead 8.88238 4711 76 918072
L19 818485 1104 Bulkhead 8.92556 4941 79 324254
L20 818526 1213 Bulkhead 8.91032 4488 72 4547537
L21 818486 1105 Bulkhead 8.91540 5182 83 573352
L22 818538 1236 Bulkhead 8.91540 4746 76 1104851
L23 818500 1127 Bulkhead 8.92302 5191 83 616287
L24 818507 1143 Bulkhead 8.93064 5200 83 167265
L25 818475 1140 Bulkhead 8.90270 5169 83 793754
L26 818531 1220 Bulkhead 8.89000 4719 76 4465850
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Table A.2

Fatigue data summary of A356-T6 aluminum alloy, tested at 25°C, stress ratio: R= -1, waveform:
sinusoidal, high cycle fatigue (HCF) (# fatigue-tested samples: 26).

Specimen Specimen . Diameter + Load + Stress Cycles to
Code Test log No. D Location (mm) (N) (MPa) lglailure
HA2 809584 837 L5 Bolt Boss 5.08762 1241 61 410230
HA3 809533 708 L5 Bolt Boss 5.10032 1174 57 6158643
HA4 809601 672 L4 Bulkhead 5.07492 1303 64 969942
HAS 809598 668 L4 Bulkhead 5.09524 1246 61 4037010
HA6 809591 653 L4 Bulkhead 5.09778 1317 64 1918653
HA7 809538 729 LS Bolt Boss 5.07746 1094 54 1697819
HAS 809569 634 L4 Bulkhead 5.08762 1383 68 1438144
HA9 809594 658 L4 Bulkhead 5.09016 1312 64 1825455
HA10 809567 628 L4 Bulkhead 5.09016 1219 60 5434782
HAll 809561 616 L4 Bulkhead 5.10286 1392 68 1445587
HA13 809560 615 L4 Bulkhead 5.10032 1388 68 2058124
HA14 809547 766 L5 Bolt Boss 5.08508 1099 54 7197321
HA15 809553 795 L4 Bolt Boss 5.08762 1383 68 5587221
HA16 809545 754 L5 Bolt Boss 5.07746 1165 57 4029112
HAI18 809585 838 L5 Bolt Boss 5.06984 1161 57 627215
HA19 809558 611 L4 Bulkhead 5.09270 1383 68 4260419
HA21 809546 761 L5 Bolt Boss 5.08508 1237 61 1621077
HA22 809592 656 L4 Bulkhead 5.09524 1246 61 6098732
HA23 809543 745 L5 Bolt Boss 5.09524 1103 54 3251510
HA24 809537 722 L5 Bolt Boss 5.07492 1094 54 2660302
HA25 809559 614 L4 Bulkhead 5.09016 1241 61 2199769
HA27 809595 662 L4 Exhaust Rail 5.08508 1308 64 3001301
HA28 809564 622 L4 Bulkhead 5.09270 1312 64 2527976
HA29 809532 705 L5 Bolt Boss 5.10286 1321 64 813316
HA30 809582 828 L4 Bolt Boss 5.10032 1103 54 2668523
HA31 809597 666 L4 Bulkhead 5.09270 1312 64 4258450
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Table A.3

Fatigue data summary of A356-T6 aluminum alloy, tested at 25°C, stress ratio: R= -1, waveform:
sinusoidal, low cycle fatigue (LCF) (# fatigue-tested samples: 14).

Spéf:;;en Test log No. Specimen ID Location Dl(z;nnel;er * L?;d) i(l\Sdt;:s)s Cg:ilﬁfr ;0
LAl 809611 741 L4 Exhaust Rail 5.10286 3314 162 4352
LA2 809631 816 L4 Exhaust Rail 5.11048 3323 162 2259
LA3 809606 719 L4 Exhaust Rail 5.08762 3292 162 4887
LA4 809624 791 L4 Exhaust Rail 5.11048 3221 157 7317
LAS 809614 755 L4 Exhaust Rail 5.12572 3447 167 7283
LA6 809625 792 L4 Exhaust Rail 5.11810 3229 157 9653
LA7 809610 740 L4 Exhaust Rail 5.09778 3407 167 1371
LAS 809630 815 L4 Exhaust Rail 5.09270 3301 162 9733
LA9 809613 751 L4 Exhaust Rail 5.10286 3314 162 9830
LA10 809618 769 L4 Exhaust Rail 5.10286 3621 177 6456
LA12 809627 799 L4 Exhaust Rail 5.11048 3527 172 3390
LA13 809628 800 L4 Exhaust Rail 5.08000 3686 182 1581
LA14 809605 711 .4 Exhaust Rail 5.10032 3616 177 97
LA16 809632 824 L4 Bulkhead 5.09524 3505 172 5378
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Table A.4 Fatigue data summary of C354-T6 (non-HIPped) aluminum alloy, tested at 25°C, stress ratio: R= -1,
waveform: sinusoidal, high cycle fatigue (HCF) (# fatigue-tested samples: 20).

Specimen Code Specimen ID Dz?::z;er * (Ii?; d dzl\Sdtlr)zs)s Cycles to Failure
NH1 354-20-6F 5.12 1750 85 144365
NH2 354-2-6F 5.12 1338 65 384935
NH4 354-13-4F 5.12 1338 65 1211357
NHS 354-16-2A 5.11 1333 65 1029498
NH6 354-18-2A 5.12 1544 75 1801532
NH7 354-19-4F 5.13 1757 85 432675
NHS8 354-10-6C 5.12 1750 85 185776
NH9 354-2-6C 5.11 2564 125 51739
NH10 354-7-4C 5.11 1538 75 419954

NHI11 354-4-6C 5.12 1544 75 233754
NHI12 354-18-4F 5.13 1757 85 156875
NH13 354-16-6C 5.11 3076 150 8122
NHI14 354-6-2C 5.10 1532 75 143604
NHI15 354-4-2F 5.11 2051 100 25815
NHI18 354-10-4C 5.13 2067 100 281001
NH20 354-19-2C 5.11 1333 65 199337
NH22 354-2-2A 5.13 1757 85 426433
NH23 354-19-6C 5.11 1538 75 601051
NH24 354-13-2C 5.11 2051 100 99861
NH25 354-7-6F 5.12 1338 65 269420
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Table A.5  Fatigue data summary of C354-T6 (HIPped) aluminum alloy, tested at 25°C, stress ratio: R=-1,

waveform: sinusoidal, high cycle fatigue (HCF) (# fatigue-tested samples: 11).

Sample Code Sample ID Dl(amn:s;er Lﬂma)d Stress (MPa) Cycles to Failure
HP1 354-19-1C 5.13 3617 175 115282
HP2 354-4-5C 5.13 3100 150 1208107
HP3 354-16-3A 5.11 3079 150 1073791
HP4 354-6-1C 5.11 2051 100 8870295
HPS5 354-2-3F 5.12 2574 125 2827385
HP6 354-20-3A 5.11 2564 125 4748988
HP7 354-6-5A 5.13 3100 150 1294594
HP8 354-13-3C 5.11 2564 125 9021791
HPS 354-16-3F 5.13 3617 175 328071
HP11 354-2-3A 5.13 3617 175 371325
HP12 354-19-3C 5.12 2059 100 5231141
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Table A.6

waveform: sinusoidal, high cycle fatigue (HCF) (# fatigue-tested samples: 18).

Fatigue data summary of AE425 aluminum alloy, tested at 150°C (302°F), stress ratio: R=-1,

Spézlg;en Test log No. Specimen ID Location Dl(?::z;er * (I.‘[\(I); d dzI\S/Itlr)ZS)s Cycles to Failure
ael 795014 111 Dome 6.35762 2335 74 5236892
ae2 795012 105 Dome 6.35508 2331 74 993563
ae3 795017 119 Dome 6.35508 2602 82 1616578
ae4 794994 27 Dome 6.37286 2567 81 442006
ae$ 795013 108 Dome 6.35254 2331 74 619245
aeb 795003 56 Dome 6.36778 2340 74 1594362
ae7 795004 57 Dome 6.36016 2447 77 527696
ae8 795006 60 Dome 6.35000 2406 76 1919035
ae9 837277 39 Dome 6.35508 2331 74 2394630
ael0 795015 114 Dome 6.35762 2335 74 7966125
aell 795002 55 Dome 6.35000 2215 70 1540921
ael2 795016 117 Dome 6.35508 2331 74 1098768
ael3 837278 71 Dome 6.35254 2220 70 1558724
ael4 794995 30 Dome 6.35762 3176 100 243068
ael5 794996 32 Dome 6.36016 2669 84 908713
ael6 794988 10 Dome 6.34492 2433 77 1560476
ael?7 794998 41 Dome 6.34746 2438 77 930086
acl8 794987 7 Dome 6.36016 2224 70 8576256
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Table A.7

Fatigue data summary of AE425 aluminum alloy, tested at 300°C (572°F), stress ratio: R=-1,

waveform: sinusoidal, high cycle fatigue (HCF) (# fatigue-tested samples: 16).

Sp éf:;en Test log No. Specimen ID Location Dzﬁ;ﬂ * (Ii?)ad :i:(sdtlr)zs)s Cycles to Failure
AEl 795084 107 Dome 6.32714 1259 40 754881
AE3 795073 72 Dome 6.36524 1432 45 622889
AE4 795082 99 Dome 6.36524 1241 39 3470703
AES 795060 25 Dome 6.33730 1134 36 1956935
AE6 795065 42 Dome 6.35508 1143 36 1542358
AE7 795069 53 Dome 6.37286 1148 36 5856554
AES8 795063 35 Dome 6.35000 1139 36 2086139
AE9 795083 106 Dome 6.35000 1330 42 969637

AE10 795055 3 Dome 6.36016 1143 36 9784305
EAll 795075 77 Dome 6.37540 1148 36 7821612
AE12 795088 118 Dome 6.37032 1241 39 3746476
AE13 795070 54 Dome 6.33476 1228 39 4303409
AE14 795064 37 Dome 6.34746 1139 36 1628781
AE1S5 795086 112 Dome 6.34492 1139 36 3197862
AE16 795089 123 Dome 6.32206 1223 39 3135978
AE17 795087 113 Dome 6.34238 1228 39 7882044
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Table A.8

Fatigue data summary of PM390 aluminum alloy, tested at 150°C (302°F), stress ratio: R=-1,
waveform: sinusoidal, high cycle fatigue (HCF) (# fatigue-tested samples: 14).

Sp(e:c;l(rit;en Test log No. Specimen ID Location Dl(?:;lz;er * (Iffl);l d :I:(Sltlr)zs)s Cycles to Failure
pm2 795032 235 Dome 5.13080 1695 82 945261
pm3 795022 206 Dome 5.12572 1641 80 1878157
pm4 795023 208 Dome 5.12318 1548 80 784870
pmS5 795021 205 Dome 5.13080 1819 88 352663
pmé6 795050 314 Dome 5.12826 1499 73 1604666
pm7 795054 323 Dome 5.12318 1939 94 298687
pm8 735039 265 Dome 5.13080 1570 76 1253872
pm9 795026 217 Dome 5.11556 1566 76 2238223
pmll 795049 310 Dome 5.12572 1570 76 650423
pmi2 795020 201 Dome 5.12826 1641 80 2261543
pml3 795044 290 Dome 5.12064 1495 73 674769
pml4 795025 211 Dome 5.12318 1423 69 1955648
pml5 795035 242 Dome 5.11556 1561 76 8855065
pm20 795043 289 Dome 5.13080 1499 73 9976007
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Table A.9

Fatigue data summary of PM390 aluminum alloy, tested at 300°C (572°F), stress ratio: R= -1,
waveform: sinusoidal, high cycle fatigue (HCF) (# fatigue-tested samples: 15).

Sp g(:,l:;;en Test log No Specimen ID Location Dzinrﬁfr iilﬁ)ad i(ﬁS/{t}r)zsis Cycles to Failure
PM1 795112 284 Dome 5.10540 778 38 9569129
PM2 795097 230 Dome 5.12064 783 38 5048161
PM3 795105 257 Dome 5.12318 720 35 9725712
PM4 795120 308 Dome 5.09016 774 38 3957913
PMS5 795113 285 Dome 5.12064 783 38 9892293
PM6 795099 241 Dome 5.09778 778 38 4514636
PM7 795117 294 Dome 5.11302 840 41 2451621
PM3 795090 203 Dome 5.11556 720 35 8229600
PM9 795096 229 Dome 5.12318 783 38 1841109

PM11 795104 253 Dome 5.10286 778 38 1674078
PM12 795108 273 Dome 5.09778 716 35 9331552
PMI13 795094 222 Dome 5.10794 778 38 4380928
PM14 795119 300 Dome 5.10286 818 40 1396396
PM15 795091 213 Dome 5.11556 783 38 2647294
PM16 795102 251 Dome 5.11810 783 38 9519347
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