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ABSTRACT

PRODUCTION AND CHARACTERIZATION OF ALUMINA FIBER
REINFORCED SQUEEZE CAST ALUMINUM ALLOY MATRIX
COMPOSITES

Keles, Ozgiir
M.S., Department of Metallurgical and Materials Engineering
Supervisor: Prof. Dr. Ali Kalkanl

July 2008, 113 pages

The aim of the present study was to investigate the effects of different levels of
Saffil alumina fiber addition, magnesium content in aluminum alloy matrix and
casting temperature on the mechanical behavior, microstructure and physical
properties of short fiber reinforced aluminum matrix composites. The main alloying
element silicon was kept constant at 10 wt%. Magnesium contents were selected as
0.3 wt% and 1 wt%. Saffil alumina fiber preforms varied from 10 to 30 vol%. The

casting temperatures were fixed at 750 °C and 800 °C.

Micro porosity was present at the fiber-fiber interactions. Closed porosity of the
composites increased when fiber vol% increased, however, variation in casting
temperature and magnesium content in matrix did not have influence on porosity.
Hardness of the composites was enhanced with increasing fiber vol%, magnesium
content in matrix and decreasing casting temperature. Alignment of fibers within
the composite had an influence on hardness; when fibers were aligned
perpendicular to the surface, composites exhibited higher hardness. The highest
hardness values obtained from surfaces parallel and vertical to fiber orientation
were 155.6 Brinell hardness and 180.2 Brinell hardness for AlSi1l0Mgl matrix 30

iv



vol% alumina fiber reinforced composite cast at 800 °C and at 750 °C, respectively.
30 vol% Saffil alumina fiber reinforced AlSi10Mg0.3 matrix composite cast at 750
°C showed the highest flexural strength which is 548 MPa. Critical fiber content

was found as 20 vol% for all composites.

Keywords: Metal Matrix Composites, Saffil Fiber, Alumina Fiber, Pressure Die
Casting
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ALUMINA FIBER TAKVIYELI ALUMINYUM ALASIM MATRIS
KOMPOZITLERININ SIKISTIRMA DOKUM ILE URETIMI VE
KARAKTERIZASYONU

Keles, Ozgiir
Yuksek Lisans, Metalurji ve Malzeme Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Ali Kalkanl

Temmuz 2008, 113 sayfa

Bu ¢alismanin amaci farkli miktarlardaki Saffil alimina fiber katkisi, aliminyum
alasim matrisindeki magnezyum igerigi ve dokiim sicakliginin kisa fiber takviyeli
alliminyum matris kompozitlerin mekanik davranis, i¢ yap1 ve fiziksel 6zelliklerine
etkisini incelemektir. Ana alagim elementi silikon agirlikca % 10°da sabit
tutulmustur. Magnezyum igerigi agirlikga % 0.3 ve % 1 olarak sec¢ilmistir. Saffil
alimina fiber preformlar1 hacimce % 10°dan 30’a degismistir. Dokiim sicakligi 750
°C ve 800 °C’de sabitlenmistir.

Fiber-fiber kesismelerinde mikro bosluklar bulunmaktadir. Kompozitlerin kapali
bosluklar1 fiber hacim ylizdesi arttiginda artmistir, fakat, dokiim sicakligi ve
matristeki magnezyum igeriginin bosluga etkisi olmamistir. Kompozitlerin sertligi
artan fiber hacim yuzdesi, matristeki magnezyum igerigi ve azalan dokiim sicakligi
ile iyilesmistir. Kompozit i¢indeki fiber hizalanmasmin sertlige etkisi olmustur;
fiberler yiizeye dik olarak hizalandigi zaman, kompozitler daha yiiksek sertlik
gostermistir. Fiber yonlenmesine paralel ve dik yizeylerden elde edilen en yiksek
sertlik degerleri 800 °C ve 750 °C’de dokiilmiis AISi10Mgl matris hacimce % 30
alimina fiber takviyeli kompozitler igin sirasiyla 155.6 Brinell sertlik ve 180.2
Brinell sertliktir. Hacimce % 30 Saffil alumina takviyeli 750 °C’de dokiilmiis
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AlISi10Mg0.3 matris kompozit 548 MPa olan en yiliksek biikkme dayancim
gostermistir. Biitlin kompozitler ic¢in kritik fiber igerigi hacimce % 20 olarak

bulunmustur.

Anahtar Kelimeler: Metal Matris Kompozit, Saffil Fiber, Aliimina Fiber, Basin¢h

Dokum.
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CHAPTER 1

INTRODUCTION

Composite materials are obtained by artificial combination of two or more phases
where the resulting properties cannot be attained by the components individually [1,
2]. Generally composites are composed of a reinforcing material and a matrix
material. The reinforcing phase is embedded and dispersed in the matrix to increase
strength, stiffness, fatigue, creep and other material properties [3, 4]. Composites
can be divided into three main groups according to their matrixes:

1. Polymer matrix composites: These materials consist of a polymer based
resin as the matrix material and glass, carbon, aramid, boron, etc. as
reinforcing material. Polymer matrix composites are relatively easy to

fabricate due to low temperatures required during manufacturing [2].

2. Metal matrix composites: In these materials aluminum, magnesium,
titanium, copper, etc. alloys are generally used as the continuous matrix and
carbon, boron, ceramic oxides and carbides in the form of fiber, particulate

or whisker are used as the reinforcement [1].

3. Ceramic matrix composites: These composites gained attention due to their
good oxidation resistance and used at high temperature applications like
aerospace and engine components. Fibers and whiskers are mainly used to

increase toughness and strength of these composites [2].

Composites can be used for structural, electronic, thermal, biomedical, etc.
applications because of their higher elastic modulus, tensile strength, high

temperature stability, fatigue, wear resistance, electrical conductivity and lower

1



thermal expansion compared to unreinforced materials [2, 5]. The increase in
stiffness, yield strength, tensile strength and/or decrease in density of material
accounts for reduction in structural weight. Accordingly, the combination of low
density, high stiffness and strength led the aerospace and automotive industry to

research and develop for new composite materials [6- 9].

Metal matrix composites are used in these industries if there is a reasonable cost-
performance relationship in the part production or a specific material property is
only achieved by the composite part. Light materials like aluminum and magnesium
alloys are generally used as matrix material due to their low density, good
castability and high mechanical properties. The improvement of yield strength and
tensile strength at room and elevated temperature while maintaining toughness,
increase in creep resistance, fatigue strength, corrosion resistance, elastic modulus
at high temperatures and decrease in thermal expansion are the main aims in metal

matrix composite production [1, 2, 4].

Metal matrix composite reinforcements can be separated into five main categories:

Particulates
Whiskers
Discontinuous fibers
Continuous fibers
Wires

o M N

Wires which can be regarded as metal fibers aren’t used in structural applications
due to their high density but used as contacts, conductors and superconductors. The
first four categories are generally nonmetal inorganic materials like carbon, boron,
metal oxides, borides, nitrides and carbides. The use of particulate reinforcements
results in slight enhancement in physical properties but the composite cost is low
and show isotropic properties. Continuous fiber reinforced composites have high
strength and elastic modulus but the properties are anisotropic and the cost is high
due to expensive fibers. The short fiber or whisker reinforced composites show
properties between continuous fiber and particulate reinforced ones. The production
2



costs can be lowered due to cheaper short fibers and isotropic profile can be

changed. Some properties of particulate, whisker, short and continuous fiber

reinforcements are seen in Tables 1.1, 1.2 and 1.3 [4, 7].

Table 1.1 Various properties for continuous fiber reinforcements of metals [4].

15 SiO;

Fiber Chemical Fiber Densit Young’s | Tensile
Name Manufacturer com Diameter ( cm'% Modulus | Strength
P- um) |9 (GPa) | (MPa)
] ] 96 Al,O3
Saffil Saffil ) 3.0 3.3-3.,5 | 300-330 2000
4 SiO,
70 Al,O3
Nextel 440 3M 28 SiO, 10-12 3.05 190 2000
2 B,O4
> 99
Nextel 610 3M 12 3.9 373 3100
AlL,O;
Mitsumi
Almax o 99.5 Al,O4 10 3.6 330 1800
Mining
Saphikon Saphikon 100 Al,O3 125 3.98 460 3500
) ) 85 Al,O3
Sumica Saphikon ] 9 3.2 250 7000
15 SiO,
) 85 Al,O3
Altex Sumitomo 15 3.3 210 2000




Table 1.2 Various properties of short fiber and whisker reinforcements [4].

Fiber Chemical _Fiber Density Young's | Tensile
Name Manufacturer com Diameter (g cm’) Modulus | Strength
P- @m) | ' (GPa) | (MPa)
Saffil RF Saffil 3-Al,03 1-5 3.3 300 2000
62 Al,O;
Nextel 312 3M 24 SiO; 10-12 2.7 150 17
14 B,03
Tateho )
SCW #1 . B-SiCw) 0.5-1.5 3.18 481 2600
Silicon
Fiberfrax ] 50 Al,O4
Unifrax 1.5-25 2.73 105 1000
HP 50 SiO;
50 Al,O3
Kaowool | Thermal Cer. ) 2.5 2.6 80-120 1200
50 SiO;
] Otsuka K,0Ox
Tismo ) 0.2-0.5 3.2 280 7000
Chem. 6TiO; w)
Table 1.3 Various properties for particle reinforcements [4].
Types of Particle SiC Al,O3 AIN B.C TiB, TiC
Type of Crystal Hex. Hex. Hex. Rhomb. Hex. Cubic
Melting point (°C) 2300 2050 2300 2450 2900 3140
Young’s Modulus
480 410 350 450 370 320
(GPa)
Density (g cm™) 3.21 3.9 3.25 2.52 4.5 4.93
Heat conductivity
4 59 25 10 29 27 29
(Wm™ K™
CTE (10° K™ 4.7-5.0 8.3 6.0 5.0-6.0 7.4 7.4
Mohs-hardness 9.7 6.5 - 9.5 - -




Numerous metals can be used as matrix material for metal matrix composites some

of the examples are given in Table 1.4.

Table 1.4 Examples of matrix alloys used in metal matrix composites [4].

Conventional cast Conventional wrought .
Special alloys
alloys alloys
AISi12CuMgNi AIMgSiCu (6061) A"C“"V('ga\g)‘ Fe-alloy
AlSi9Mg AICuSiMn (2014) Al-Cu-Mg-Li-alloy (8090)
AlSi7 (A356) AlZnMgCul.5 (7075) AZ91Ca
AZ91 TiAl6V4
AEA42

The determination of suitable matrix alloy is related to specific application of
composite material. The conventional light alloys are widely used due to their easy
processing and low density. Oversaturated or metastable matrixes can be used by
powder metallurgical methods. Moreover, heat treatment can be applied to have

optimum properties via dispersion hardening [4].

Aluminum alloys are the most commonly used matrix material due to their low
melting point, low cost, low density, excellent strength, toughness and resistance to
corrosion. These properties give rise to usage of aluminum matrix composites in
aerospace and automotive industries. Aerospace industry have the major research
on low density Al-Li alloys where automotive industry conducts research on all
kind of aluminum alloys. The common applications consists of the engine parts like
piston, piston rod, piston pin, valve train, cylinder head, crankshaft main bearing,
cylinder liners, etc. where oscillation and thermal fluctuations are present. Figure
1.1 shows an example of fiber reinforced aluminum piston where recess area is

partially reinforced with short Al,O; fibers.



Figure 1.1 Partially short Al,O5 fiber reinforced aluminum diesel piston [4].

The use of such reinforcement increases the thermal shock resistance and high
temperature fatigue strength drastically as shown in Figure 1.2 [2, 4].
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Figure 1.2 Temperature shock resistance of the fiber reinforced piston alloy
AlSi12CuMgNi for different fiber contents for a temperature of 350
°C: a) Non-reinforced, b) 12 vol% Al,Os short fibers, c) 17.5 vol%
Al,O3 short fibers and d) 20 vol% Al,O3 short fibers [4].

The problem with the limited commercial use of the fiber reinforced composites not
only related to the cost but also to the intricate production routes. One of the
6



consequential obstacles during alumina fiber reinforced aluminum matrix composite
processing is the relatively high temperatures required during infiltration. The roots

of the problem may lie in the matrix alloying and casting temperature.

The main objective of the present thesis work was to conduct research on low
mould temperature infiltration of various vol% Saffil alumina fiber preforms and
was to characterize produced composites. Liquid metal temperature and magnesium
content of the alloy was changed to observe the effects on infiltration, mechanical
behavior and physical properties of the composites. Five different vol% Saffil
alumina short fiber reinforced composites were produced at 190 °C mould
temperature. Liquid alloy casting temperature was 750 °C and 800 °C. The

magnesium content of the alloy was 0.3 wt% and 1 wt%.



CHAPTER 2

THEORY AND LITERATURE SURVEY

2.1 Processing Techniques of Fiber Reinforced Metal Matrix Composites

Several techniques can be used for metal matrix composite production. The
selection of the right process is based on the type, distribution, quantity of the
reinforcement, the matrix alloy and the application. In addition, limiting factors like
fiber vol% and part geometry should be taken into consideration for different kind

of manufacturing processes [4]. These techniques can be divided into three groups

[1]:

1. Liquid state processes
2. Solid state processes
3. Insitu processes

2.1.1 Liquid State Processes

There are mainly three procedures used in liquid state processes [4]:

1. Melt stirring
2. Gas pressure infiltration

3. Squeeze casting



2.1.1.1 Melt Stirring

In this process particulates or fibers are added to molten metal and intense stirring is
applied to avoid agglomeration and contamination films which promote interfacial
bonding [10]. It is vital to avoid gas entrapping which can cause porosities or
reactions during stirring [4]. There are many approaches for introducing particles

and/or fibers to a molten alloy [9]:

a) Vortex method; particles mixed through the melt by mechanical agitation
b) Injection method; particles are injected to the melt by an inert gas gun

c) During mould filling particles are added to molten stream

d) Particles are mixed into melt by reciprocating rods

e) Particles are mixed into melt by centrifugal action

f) Injection of particles to ultra sound irradiated melt [11].

Stirring time and melt temperature must be carefully arranged to avoid excess
reactions to occur between reinforcement and melt which can dissolve particles and
fibers. Fibers have higher tendency for such reactions due to their high surface to

volume ratio than spherical particles.

2.1.1.2 Gas Pressure Infiltration

Infiltration of ceramic preforms is a suitable process for high fiber volume and
complex shaped metal matrix composite production [12, 13]. In this method a gas
which is inert to matrix material is used to infiltrate molten metal into heated up
preform. There are two routes for gas pressure infiltration where the preform can be
dipped into a molten bath and gas pressure is applied or the molten metal is pressed
to the preform [4]. In the second method vacuum can be applied to assist infiltration
which is analogous to low pressure die casting which is shown in Figure 2.1 [14].
As a result, gas entrapment is avoided which is detrimental for mechanical
properties [15, 16]. The use of vacuum also decreases the infiltration pressures
significantly with respect to squeeze casting method [17]. Moreover, the risk of

9



inhomogeneous fiber distribution and fiber damage is reduced with the use of lower

pressures [18].

divided form
with fiber preforms

RISER—} |

vacuum pressure /_’ -

— p— 1

melt oo a ]

Figure 2.1 Gas pressure infiltration technique analogous to low pressure die casting

[4].

2.1.1.3 Squeeze Casting

Squeeze casting is an old and important process which combines casting and
forging. Molten metal is poured into a die and pressure is applied to closed die until
solidification is completed [19]. This method is the commonly used for metal
matrix composite production which has high productivity and near net shape
formability [20].

The advantages of this process are elimination of shrinkage and fine grained
structure due to the high pressures applied during solidification. In addition, there
are no gas inclusions in the parts so thermal treatment can be done safely.
Accordingly, the resulting mechanical properties are better than conventional
casting methods [4, 20].

10



Figure 2.2 shows the types of squeeze casting which are direct and indirect squeeze
casting. In the first method infiltration of molten metal to prefabricated preforms is
done by applying direct pressure to the melt. There is no gate so the tooling is
simple in this method. But there are disadvantages like the need to have an exact
amount of molten metal and resulting oxide inclusions. In the indirect squeeze
casting the molten metal is pressed through a gate system and the oxide inclusions
are eliminated. Molten metal flow rate through a gate is less so the turbulent is less

during mould filling and gas entrapment is avoided [4].

a) pressure b) — core
direction ) =
counter die
melt form
preform heating . casting
é - die
~——— gating

press table

h
base plate shoot

cylinder

pusher

T piston

Figure 2.2 a) Direct and b) Indirect squeeze casting [4].

2.1.2 Solid State Processes

2.1.2.1 Powder Metallurgy

Powder metallurgy is used in composite production where rapidly solidified matrix
alloy can be in a metastable or oversaturated state without any segregation problem
[4]. In figure 2.3 main steps are given for powder metallurgy production of metal
matrix composites. First both reinforcement and matrix powders are sieved, than
they are blend to have desired composition and compressed to theoretical densities
of % 75 and more. In the end degassing and final processes like forging, extrusion,

rolling, etc. are done to get the desired composite [7].

11



2.1.2.2 Diffusion Bonding

This process is a solid state welding technique where inter-diffusion of atoms at
metal contact points at high temperature result in welding. The important
parameters are the pressure and temperature for production of a metal matrix
composite which have predetermined order of metal foils and fiber arrays. In
diffusion bonding different metals can easily be used and fiber orientation with
volume fraction can be controlled. Disadvantage of this process is long process
times at high temperature and high pressure which accounts for high cost. In

addition, size of the parts produced is limited [1].

1 |
Aluminum Alloy Powder Silicon Carbide Powder

Blend I

Consolidate I

Billet

Forging

Extrusion I

Sheet and Plate

Figure 2.3 Main steps for powder metallurgy production of metal matrix
composites [6].

2.1.2.3 Deposition Techniques

In this process, individual fibers are coated in a tow with the desired matrix material
and then they are diffusion bonded to get the final metal matrix composite plate or

structural materials. Coating of fibers takes long time but control of interfacial
12



bonding give way to make interfacial diffusion barriers and graded coatings.
Immersion plating, electro-plating, chemical vapor deposition and physical vapor

deposition are some of the coating techniques [4].

2.1.3 In Situ Processes

In this process the reinforcement phase is formed in situ. A specific alloy is poured
and the reinforcement is precipitated during solidification. As a result, the problems
occurring while combining two phases are eliminated. By controlling solidification
rate and alloy chemistry one can change the type, size and distribution of
reinforcing phase. Directional solidification of eutectic alloy is an example of this

kind of process [4].

2.2 Short Fiber Preform Production

The most important and gruelling step for production of a locally short fiber
reinforced metal matrix composite is preform preparation. To have an effective

reinforcement the preform must satisfy some basic requirements [4]:

Preform must be extremely clean.
Preform must have homogeneous fiber distribution and orientation.

Preform must have minimum binder content with homogeneous distribution.

A w np e

Preform must have sufficient strength with high aspect ratio fiber.

In figure 2.4 typical steps for preform production is given. The complexity of the
steps depends on the type of the fibers used. There are two main production
procedures for discontinuous fibers which are melt spun and spin sinter. In melt
spun process generally alumina silicate fibers are produced from a melt. Raw
material is melted by electrodes and a temperature above 2000 °C is reached. The
melt is run out through an orifice at the bottom of the furnace and hit to several fast
rotating rollers or is blown by high pressure air. For both case the melt is separated

to fine fibers due to centrifugal and drag forces [4].
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Shaping
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Drying
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Firing

Figure 2.4 Production steps of short fiber preforms.

The production of fibers having % 60 and more Al,O; is not economical by this
procedure so spin sinter technique is used. The metal-salt solutions with additives
are spun to fine and regular fibers either drawing or blowing. With adequate heat
treatment mullite and alumina fibers are produced by this process. The fiber quality
and properties are different than melt spun process. The shot particles, which are
non-fibrous components, are much higher for melt spun process. The shots in spin
sinter produced fibers are due to loose bakings at the spinning device. In table 2.1
some properties of fibers used for preform production can be seen. In this table C
fibers don’t have shot content because they are chopped or milled from continuous
fibers [4].

Shot particles can cause catastrophic failure of metal matrix composites that are
stressed by thermal fatigue. Size of the shot particles can be up to 1 mm and at
critical size act as crack formation center. The inhomogeneous distribution, size and
amount of shot particles must be decreased. The shot particle must be lower than
100 pm to avoid adverse effects [4].
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Table 2.1 Properties of fibers used in preform production [4].

Type AlLO, AlLO,-SiO, C (PAN)
) Kaowool, o
Name Saffil, Maftec ] Sigrafil
Cerafiber
_ > 95 % AlLO, 48 % Al,O;
Chemistry ) _ B%C
<5% SiO, 52 % SiO,
Elastic Modulus
270-330 105 240
GPa
Strength, MPa 2000 1400 2500
Fiber Diameter, um 2-3 8 -
Density, g/cm’ 3.3 2.6 1.8
Shot Content, % >1 40-60 -

Thermal Ceramics have a procedure where fibers are cleaned from shot particles
less than 10 ppm and 75 pum in size. 10 — 40 g fibers are added to a liter of water
with colloidal silica as an inorganic binder. Negative charged SiO, particles cover
the fiber surface and repulsion occur which blocks agglomeration. The addition of a
cationic binder which has a long chain molecular structure results in flocculation.
By this way strong enough preforms for handling and post processing having less

than % 5 binder can be produced. The mechanism of bonding can be seen on Figure

2.5[4].
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Figure 2.5 Bond mechanism a) repulsion, b) agglomeration and c) flocculation [4].

Figure 2.6 shows the shaping preform where vacuum assisted pressing is applied to
fiber suspension. Fibers align themselves perpendicular to pressing direction. With
this respect, a planar isotropic fiber structure occurs. After pressing preform is dried
at 110 °C and then fired between 900 °C and 1100 °C. At these temperatures organic
binder completely burns and SiO, binder left [4].
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[

b) Vacuum

Figure 2.6 Shaping: (a) fiber slurry; (b) pressure and vacuum application [4].

Preforms strengths change with the fiber volume fraction. K. Naplocha et. al.
showed that bending strength of Saffil alumina fibers, having volume fractions of
0.10 to 0.22, can change from 2 to 4 MPa which is shown in Figure 2.7 [21]. In
addition, compressive strength of Saffil preforms having % 80 porosity is about 2
MPa [22].
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Figure 2.7 Effect of fiber volume fraction on bending strength [21].
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2.3 Infiltration

2.3.1 Influence of Wetting on Infiltration

Wetting of ceramic reinforcement by liquid metal is a vital issue for metal matrix
composite production. Because wetting directly affects kinetics of process and the
adhesion between reinforcement and matrix material. However, in technically
relevant processes the effect to the process can be less due to the applied external

pressure [4].

According to Young, wettability can be shown by the contact angle adjustment of a

molten droplet on a solid base,

Ysa —Yis =7Yra - COSO (2.1)

where, vsa is the surface energy of the solid phase, y_a is the surface energy of the

liquid phase, yis is the interface energy between liquid and solid phases and 6 is the
contact angle. In Figure 2.8 contact angle can be seen for different surface energies

and as the contact angle decreases wettability improves [4].
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Figure 2.8 Contact angle change for different interface energies [4].
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2.3.1.1 Influence of Time and Temperature on Wetting

Wetting is a kinetic process, so it depends on temperature and time. Figure 2.9 and
2.10 show the time dependence of SiC plates by aluminum alloys and temperature
dependence of wetting between SiC and aluminum alloys, respectively. [23, 24].
The contact angle for Al — Al,O; system changes about 160° to 70° for a
temperature change from 670-850°C to 1030 °C [21].

pure Al
Al -8 Si
Al -5 Fe
Al-5.2 Mn
Al-5Cu

wetted area content —»

NERN

1 I I
0 200 400 600 800 1000
Time [s] —»

Figure 2.9 Time dependence wetting of SiC plates by different aluminum alloys
[23].
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Figure 2.10 Temperature dependence of contact angle between different aluminum
alloys and SiC plates [24].
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2.3.1.2 Influence of interface reactions on wetting

The alloying elements can change the surface tension of liquid metal or react with
the reinforcement which in both cases changes the contact angle. There will be a
driving force for magnesium to reduce alumina between an aluminum alloy
containing magnesium and alumina system because magnesia is a more stable oxide

than alumina [25]. The possible reactions are [26, 27]:

Mg (I) + 2 Al (I) + O, = MgALO, (s) (2.2)
Mg (1) + 4/3 ALO, (s) = MgALO, (s) + 2/3 Al (1) (2.3)
3 Mg (I) + ALO; (s) = 3 MgO (s) + 2 Al (1) (2.4)

MgAIQ, is the main reaction product for magnesium contents lower than 4 wt%
where MgO occurs at magnesium contents higher than 4 wt%. Under controlled
atmosphere the formation of MgAl,O, is favored due to relatively low oxygen

partial pressures [26].

These reactions aids wetting but if the reaction degrades the fiber than the
mechanical properties decays for composite. But the SiO, binder used for preform
production is highly reactive and magnesium reacts first with it. Three reactions can

occur in Al — Mg - SiO, system [28]:

2 Si0, (s) + Al (I) + Mg (I) = MgALO, (s) + 2 Si (s) (2.5)
Si0, (s) + 2 Mg (I) = 2 MgO (s) + Si (s) (2.6)
3 Si0, (s) + 4 Al (I) = 2AL,0, (s) + 3 Si (5) (2.7)

These three reactions are spontaneous, due to lower Gibbs energies of MgAl,O,,
MgO and Al,O; than SiO, and the interface is free from silicon initially. As a result,
reactions compete with one another. Al,O; will eventually change to MgAl,O, or
MgO due to high oxygen affinity of magnesium according to process parameters
like temperature and magnesium content in alloy [28]. The effect of silica binder on

infiltration can be seen in Figure 2.11 [29].
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Figure 2.11 The effect of reactive binders on infiltration for pure Mg / Al,Os fiber
system [29].

2.3.1.3 Influence of surrounding atmosphere on wetting

The surrounding atmosphere effects wetting by changing the surface energies and
oxygen partial pressure. At high oxygen partial pressure and low temperatures
contact angle is high for Al,O; / pure aluminum system which is shown in Figure
2.12 [30].

»a  a)P=107-10"Pa
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Figure 2.12 Change in contact angle with oxygen partial pressure and temperature
[30].
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2.3.2 Threshold pressure

The infiltration process for the production of metal matrix composites consists of

three stages [4]:

1. Formation of a contact between the melt and the reinforcement at the surface
of a fiber or particle preform
2. Liquid metal infiltration through the preform

3. Solidification of the composite.

There have to be a minimum pressure for infiltration to start and follow. Pressure-
free infiltrations are only possible for thin preforms with reactive systems after long
process times. The minimum pressure is called threshold pressure. AP, resulting
pressure, which is the driving force for the infiltration, can be found by [31]:

AP =P, —P, - AP, (2.8)

where, Py is the pressure in the melt entering the perform, P, is the pressure in the
melt at the infiltration front, and AP, is the decrease in pressure due to wetting of

surfaces. Py and P, are shown in Figures 2.13 and 2.14, respectively.
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Figure 2.13 Start condition of an adiabatic unidirectional infiltration process [31].
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Figure 2.14 Schematic view of an adiabatic unidirectional infiltration process [31].

When Py equals P, the minimum pressure Py, (threshold pressure) can be found. Py,

can be defined as follows [4]:

Py = APy =S¢ (Yis —Vsa) (2.9)

where, St is the surface interface per unit area. S¢ can be defined for short fiber

preforms as [32];

s - AV (2.10)
f df(l_vf)

where, Vi and df are fiber volume fraction and fiber diameter. Table 2.2 shows
specific surface with increasing Saffil Al,O; fiber volume percent. It is obvious that

fiber contents higher than % 20 are significantly decrease permeability [32].

Table 2.2 Specific surface of Saffil Al,O3 preforms [33].

Fiber volume fraction of Al,O, preforms | 0.10 | 0.20 | 0.24 | 0.25

Specific surface S¢=10° fiber
1.26 | 3.41 | 439 | 458

surfaces (m?) / pore volume (m?)
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Threshold pressure can also be found by,

AP, = 27, AC0s0
r

(2.11)
where r is the hydraulic radius (radius of capillary). If it is assumed that the pores
are cylindrical in the preform, the external pressure needed to infiltrate a given pore
diameter can be calculated by above equation. The variation of infiltrated pore
diameter with infiltration pressure is shown in Figure 2.15 for pure aluminum -

alumina system where ya is 860 mj/m? [34].
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Figure 2.15 Change in pressure with pore diameter [34].

2.3.3 Influence of permeability and viscosity on infiltration

There is an inverse relationship between specific surface and permeability. The
results for water permeability of preforms can be seen in Figure 2.16. The even
supply of the melt through the preform and pressure for the infiltration is directly
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affected by this property. Fiber volume contents higher than 20 % significantly
decreases permeability. As a result the importance of viscosity for infiltration
increases [33]. The permeability of metal flow perpendicular to the fiber orientation
is nearly twice more than for the flow parallel to the fiber orientation [31].

- O experimental
4 4 — theoretical

Permeability [1072 m™]
1

0 | 1 1
01 0.2 0.3
Fiber volume content V, [%]

Figure 2.16 Relationship between permeability and fiber volume content for
running water [33].

The temperature and composition of the melt have to be optimized to get the ideal
viscosity. The effect of temperature on viscosity of unalloyed aluminum and
magnesium is given in Figure 2.17. The dependence of the viscosity of aluminum
on temperature is higher than the magnesium [4].
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Figure 2.17 Effect of temperature on unalloyed magnesium and aluminum [4].

2.3.4 Infiltration Kinetics

If an infiltration process of liquid metal into a fibrous preform is investigated as
shown in Figure 2.18, the dependence of the penetrating velocity of molten metal,
U, at a time t on an infiltration depth X, is described by Darcy’s law (Assuming that
liquid metal is an incompressible homogeneous fluid and metal flow within the

preform is laminar) [35],

k-p Ap (2.12)
where k and n are the permeability and the porosity of the fiber preform
respectively, p and u are the density and the viscosity of the liquid metal

respectively, and Ag is the energy loss per unit mass of liquid metal during flow
through the infiltrated zone [36].
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Figure 2.18 Schematic illustration of liquid metal infiltration into a fibrous preform
[36].

The permeability term depend only on properties of porous material. There are
many analytical models to relate k and properties of porous material where the most
common is the capillary model. In this model it is assumed that the porosity is made

up of capillaries dispersed in the material [36] and k is expressed as,

24 (2.13)

where, r is the effective capillary tube radius of the preform [35].

The relationship between infiltration depth and time for an Al - 1,5 Mg alloy and
alumina fiber system was shown by Hu Lianxi et al [36]. As seen from Figures 2.19
and 2.20, there exists a parabolic relationship between infiltration depth and time. In
addition, an incubation time is required for infiltration to start. Darcy’s law is

basically correct but it must be modified in terms of incubation time .
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Figure 2.19 Theoretical relationship between infiltration depth and time [36].
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Figure 2.20 Experimental relationship between infiltration depth and time [36].

2.4  Mechanism of fiber reinforcement

2.4.1 Long fiber reinforcement

The linear mixture rule can be used to calculate the strength of a long fiber

reinforced composite under stress in the fiber direction if it is assumed that there is
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no fiber contact and optimal interface formation [37]:
Oc =0 -0 +(1-9¢) -0y (2.14)

where o is the strength, @ is the volume fraction; C, F and M subscripts are refer to
composite, fiber and matrix respectively; ¢ v is the matrix yield strength.

To have an effective strengthening effect at least the critical fiber content (®r ¢it)

must be exceeded, which can be determined by [4]:

Oy = (PF,crit ‘Op + (1_(pF,crit) ‘O

|

Gy~ (2.15)

F~Om

(pF,crit =

2.4.2 Short Fiber Reinforcement

In long fiber reinforced composites the load is carried along the full length of the
fibers. Where in short fiber reinforced composites the load is transferred from fiber
to fiber by interfacial shear through the matrix. The schematic stress distribution is
given in Figure 2.22. The ends of the fibers can carry high shear stress but cannot
carry high tensile stress. As the fiber length increases the shear stress and tensile
stress balance each other and fiber can be loaded to its full tensile strength. The
length at which the fiber is loaded to its full tensile strength is called the critical
fiber length I; and determined by [37]:

:csF-dF

c

2.16
™ (2.16)

where, d ¢ and ey are the fiber diameter and matrix shear stress at the fiber/matrix

interface respectively.
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Figure 2.21 Schematic view of tensile stress distribution on fibers of different
lengths (61 av = o F, eff) [37].

Shear strength at the fiber/matrix interface can be defined as [4]:
Ty =0.5-0), (2.17)

o, is the matrix yield point.

The effective fiber strength ¢ g cfr, with the dependence of fiber length [4];

IC
GF,eff =MN-'0¢ [1—[ij (218)

where, n and |, are fiber efficiency (0 < n < 1) and average fiber length

respectively.

Accordingly the strength of a short fiber reinforced composite having I, > I can be
defined as [4];

oc=n-C-¢p -0 '(1_dF(LJJ+(1_(PF)'GTVI

2:1_ o, (2.19)
where, C is the orientation factor (aligned fiber C=1, irregular C= 0.2, planar
isotropic C= 0.375 [38] ). In this model it is assumed that the fiber/matrix interface
adhesion and distribution of arranged fibers are ideal [4].
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CHAPTER 3

EXPERIMENTAL PROCEDURE

3.1 Matrix Material

Two aluminum alloys were used as matrix material where the main alloying
element is silicon. Magnesium as the second alloying element has a vital effect on
wetting of Saffil™ fibers. The difference between the alloys was the magnesium
content where the first one has 0.3 wt. % Mg and second has 1 wt. % Mg. The 0.3
wt. % Mg containing alloy was called AISi10Mg0.3 and the one with 1 wt. % Mg
was called AISi10Mg1l. The actual compositions used in our experiments are given
in Table 3.1.

Table 3.1 The actual compositions of aluminum alloys used in production of
composites. Elements are in wt%.

_ _ Trace
Alloy Al Si Mg Fe Ti Cu Cr
Elements

AlSi10Mg0.3 | 89.82 | 9.55 | 0.298 | 0.197 | 0.0145 | 0.006 | 0.0128 0.01

AlSi10Mgl | 89.56 | 9.16 | 0.944 | 0.200 | 0.0148 | 0.008 | 0.0126 0.01

3.2 Reinforcement Material

Saffil™ RF grade (Trade name Saffil Ltd.) fibers were used as the reinforcement
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material. Fiber composition and properties are given in Table 3.2 and 3.3. The
fibers were bought from Thermal Ceramics as pre-shaped rectangular prism having
dimensions of 100 x 12 x 7 mm in X, y and z directions. The preforms have 10, 15,
20, 25 and 30 volume percent Saffil alumina fiber and 5 weight percent silica binder

was used during production.

Table 3.2 Composition (wt%) of Saffil RF grade fibers [39].

46-AlLO; | SiO, Trace Elements
96 - 97 3—-4 | Ni-Cr-Fe-Caoxides < 0.5

Table 3.3 Properties of Saffil RF grade fibers [39].

Elastic Modulus, GPa 270-330
Strength, MPa 2000
Average Diameter, pm 3.0-3.5
Density, g/cm™ 3.3
Mohs Hardness 7.0
Maximum Service Temperature, °C 1600

The fibers mainly consist of polycrystalline & - Al,O; phase. The presence of 3 - 4
percent SiO, stabilizes the delta phase and hinders fine grain (50 nm) coarsening at
high temperatures [39]. The SEM images of 10, 15, 20, 25, 30 vol% preforms are
given in Figures 3.1 through 3.5.
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Figure 3.1 SEM image of 10 vol% Saffil fiber preforms vertical to the fiber
orientation.

N ‘ HETU J A K e e 3 91‘;1 My,

Figure 3.2 SEM image of 15 vol% Saffil fiber preforms vertical to the fiber
orientation.

33



METU 2BKU

Figure 3.3 SEM image of 20 vol% Saffil fiber preforms vertical to the fiber
orientation.

METU 28K

Figure 3.4 SEM image of 25 vol% Saffil fiber preforms vertical to the fiber
orientation.
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Figure 3.5 SEM image of 30 vol% Saffil fiber preforms vertical to the fiber
orientation.

The planar isotropic orientation of fibers which is due to production technique can
be observed from the difference of the images taken from parallel and vertical fiber

orientation which is shown in Figure 3.6.
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Figure 3.6 SEM image of 10 vol% Saffil fiber preform a) vertical to the fiber
orientation and b) parallel to the fiber orientation.
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3.3 Production of Saffil Alumina Fiber Reinforced AlSi10Mg Alloy Matrix
Composite:

Vacuum assisted gas pressure infiltration setup was manufactured for Saffil alumina

fiber reinforced composite production but the experiments were not successful.

Pressure difference required for infiltration was not achieved because isolation

between vacuum and gas atmosphere at high temperatures was insufficient. There

was pressure leakage from high pressure toward the chamber at vacuum. The

picture of the setup is given in Figure 3.7. Production of Saffil alumina fiber

reinforced AISil0Mg matrix composite was done by vertical squeeze casting

machine, which is shown in Figure 3.8, through the following steps:

o g b~ w N

10.

11.
12.

13.

Steel mould was manufactured in order to use as a pattern for aluminum
moulds and cores.

Shell core sand was poured into the steel mould.

Shell core sand was baked at 220 °C for 30 minutes to produce cores.

Sand mould was produced for aluminum casting.

Cores were removed and put into the sand mould.

Aluminum sand casting was done to produce aluminum moulds for
composite production.

Aluminum casting was taken off.

Core sand of the aluminum moulds was cleaned.

Zirconium silicate dye was painted onto the aluminum moulds in order to
avoid sticking of the composites to the die wall.

Preforms in the shape of bending specimen were put into the aluminum
mould.

Preforms and aluminum moulds were heated to 200 °C in a separate furnace.
Chemical composition of the AISi1lOMg alloy was adjusted and Inducto-
therm induction furnace was used to get the liquid phase. Magnesium
addition was done after complete melting.

Squeeze casting mould was heated to 190 °C and detailed mould

temperatures are given in Appendix A.
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14. Aluminum mould having preforms was put into the pressure die casting
mould.

15. The liquid alloy was poured into the mould at 750 °C and 800 °C.

16. Squeeze casting process was started. Mould was automatically closed and
108 MPa pressure was applied for 15 seconds.

17. The aluminum mould with excess matrix materials was taken out.

18. The moulds were cut to get the composites.

19. The resulting composites were grinded and polished.

Schematic representation of the composite production steps is given in Figure 3.9.
Five types of (10, 15, 20, 25, 30 vol% Saffil fiber) of three point bending test
specimens were obtained. Dimensions of the specimens were around 48x12x7 mm

in X, y and z directions.

Figure 3.7 Vacuum assisted pressure infiltration furnace.
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Figure 3.8 Vertical squeeze casting machine a) Actual view b) Closer view.

39



1 Steel mould 7 -Aluminum mould

2 Shell core sand pouring 8 Core sand cleaning

§ 5

)
00

3 Shell core sand baking 9 Zirconium silicate
painting

8
(&
(

D

(@

13-14 Squuze casting die and mould
heating

%

15 Liquid alloy pouring

L
&

4 Sand mould production 10 Preform placing

E

16 Infiltration by squuze casting

k.

- 11 Preform and mould
a heating
5 Core placing 5 ) )

17 Mould and excess alloy remowval

;

6 Aluminum casting 12 Alloy melting 18-19 Composite cutting and polishing

Figure 3.9 Schematic representation of composite production steps.



3.4 Density measurement

Density measurements are done according to Archimedes’ principle. Composites
are dipped into xylol solution and waited for 72 hours. The weight of the
composites was measured with a sensitivity of 10* gr under normal atmosphere.
Then the volume of the composite is calculated by finding the difference between
the weight of the specimen hanging in a cup of xylol and in air with the xylol film
on the specimen. The density which is the ratio of weight of the composite to the
volume is calculated. The formulas used for density and porosity calculation are as

follows:

Vo (mspecimen,air/xylol B mspecimen,xylol/xylol j
Pxylol (3.1)
_ mspecimen,air
TV (3.2)
PY%(Total) = (100 —( P jxlOOJ (3.3)
ptheoretical
(mspecimen,air/xylol - mspecimen,air J

i 0.861

PY6(Open) = Volume of X)-/|0| in pores _ ; (3.4)
V(specimen) V(specimen)

P%(Closed) = P%(Total) — P%(Open) (3.5)

Where V is the experimental volume of the matrix and composites,

mspecimen,air/xylol is the weight of the specimen coated with a thin layer of xylol in

air, m is the weight of the specimen hanging in a cup of xylol,

specimen,xylol/xyladl

is the density of the xylol, m is the weight of the specimen in air,

Pxylol specimen,air

P%(Total) is the total pore percent, p is the experimental density of the matrix and
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composites, is the theoretical density of the matrix and composites,

p theoretical

P%(Open) is the open pore percent and P%(Closed) is the closed pore percent.

3.5 Mechanical Testing and Testing Apparatus

Three point bending tests were done for three specimens of five compositions. Tests
were done with Shimadzu test machine according to modified 1ISO 7438:2005 bend

test standard.

Hardness tests were done by Emco Automatic hardness test machine. Brinell 62,5
kg hardness values were acquired. The average of the hardness values are taken

from surfaces parallel and vertical to the fiber orientation.

3.6 Calculations

The maximum fracture loads were taken in three-point bending tests. The Newton
values of the loads were converted into flexural stress (MPa) values. The flexural

stress is defined as:

' (3.6)

where o, M, y and | are flexural stress, bending moment, the distance from the
natural axis and the moment of inertia respectively. The maximum flexural surface
stress occurs in the middle of the specimen and the according equations are valid for

rectangular prism shape:

M=P-(L/4) (3.7)
y=1t/2 (3.8)
| =b-(t3/12) (3.9)
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where, P, t, b and L are the load applied by testing machine, the thickness, the width

and the span length of the specimen respectively.

3.7 Metallographic Examination

Microstructures of alumina fiber reinforced aluminum composite samples were
examined by optical microscopy. Samples are cut and put into bacalite. Automatic
polishing was done and etched with Keller solution which contains 1,5% HCI, 2,5%
HNO3, 1% HF, 95% H20. The representative photographs of the resulting samples
are taken by an optical microscope.

3.8 X-Ray Study

X-ray studies were made to find out any phase occurred at the matrix-fiber
interface. Any other phases that may form during pressure die casting were revealed
by x-ray analysis. X-ray analysis was made by Rigaku D MAX 2200 PC

diffractometer which uses Cu x-ray tube.

3.9 Scanning Electron Microscope (SEM) Study

The detailed structure of the composite was studied by SEM to see different phases
which may form between fiber and in the matrix during infiltration. Chemical
analysis was done and according graphs were obtained. SEM studies were done
with JSM-6400 Electron Microscope (JEOL), equipped with NORAN System.
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CHAPTER 4

RESULTS AND DISCUSSION

In this study the effects of alumina fiber addition, magnesium addition into matrix
and temperature of the liquid alloy on the mechanical behavior of aluminum alloy
matrix composites was examined. Hardness test and density measurement was also
done to reveal the effect of five different vol% of alumina fiber reinforcement

which are given in Table 4.1.

Table 4.1 List of Saffil alumina fiber (vol%) reinforced aluminum matrix

composites.

% Al,O5 5 addition | Description

Al - 0% Al,O3 (5 0 vol% fiber reinforced, pressure die cast Al alloy matrix
Al - 10% Al,05 5 10 vol% fiber reinforced, pressure die cast Al alloy matrix
Al - 15% Al,05 5 15 vol% fiber reinforced, pressure die cast Al alloy matrix
Al - 20% Al,05 5 20 vol% fiber reinforced, pressure die cast Al alloy matrix
Al —25% Al,03 (7 25 vol% fiber reinforced, pressure die cast Al alloy matrix
Al —30% Al,O3 (5 30 vol% fiber reinforced, pressure die cast Al alloy matrix

4.1 Density Measurement

Density measurement was conducted to find out the closed porosity level of the
composites. As seen from Figures 4.1, through 4.4 the difference between

experimental and theoretical densities increased with increasing alumina fiber
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content. The difference between theoretical and experimental density was highest
for 30 vol% alumina fiber addition which was 8.3407 % for AISi1l0Mg0.3 matrix
cast at 800 °C. This was related to the high pressures needed to infiltrate micro
pores between the fibers. A. Mortensen and T. Wong showed that the pressure
required to infiltrate micro pores was infinite due to capillary forces [33]. Due to the
increased fiber content, the number of fiber cross-links and fiber interactions raised
which in turn increased the level of micro porosity. Moreover, due to the
movement of the fibers during infiltration, the fiber content locally increased which
resulted in high vol% fiber areas which were hard to infiltrate. The shrinkage of the
matrix alloy could also cause micro pores but the high pressure used during
infiltration prevented this kind of micro pore evolution. The closed porosity values

are compared in Figure 4.5.

3,1

3,0 /
2,9

E
8 H
5 2,8
2
5 27 p’./././
c
v}
O 26
2,5
2,4

0 10 15 20 25 30

Fiber Volume %

——&—Theoretical Density =~ —l=Experimental Density

Figure 4.1 Theoretical and experimental density values of AISi10Mg0.3 matrix
composite cast at 750 °C.
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Figure 4.2 Theoretical and experimental density values of AISi10Mg0.3 matrix
composite cast at 800 °C.
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Figure 4.3 Theoretical and experimental density values of AISil0Mgl matrix
composite cast at 750 °C.
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Figure 4.4 Theoretical and experimental density values of AISilOMgl matrix
composite cast at 800 °C.
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Figure 4.5 Closed pore % comparison of composites.

Data obtained during density measurements are given in Appendix B.

4.2 Hardness Test Results

Hardness tests were done to find out effects of fiber addition on aluminum alloy
matrix because hardness is an important indicator of a materials resistance to plastic
deformation. Figure 4.6 and 4.7 show the comparison and variation in hardness
values with vol% alumina fiber, fiber orientation, casting temperature and
magnesium content of matrix. Minimum and maximum values are also shown as

bars in the graphs. Detailed hardness test results are given in Appendix C.
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Figure 4.6 Comparison and variation in hardness values taken a) vertical, b)
parallel to the fiber orientation of AISi10Mg0.3 matrix composite cast at
750 °C, c) vertical, d) parallel to the fiber orientation of AlSi10Mg0.3
matrix composite cast at 800 °C.

49



190 190
3 170 3 170 /I//
£ 150 ///‘! & 150 /I/
2 130 //l// Z 130 /
= 110 —t = 110 -
90 90
0 10 15 20 23 30 0 10 15 20 23
Fiber Volume % Fiber Volume %
(a) (b}
190 190
$ 170 $ 170 /I—/I
£ 150 /I//l £ 150 ’1/
Z 130 /k/—’l/ Z 130 / ,
= 110 — 2 1o —
90 90
0 10 15 20 23 30 0 10 15 20 23 30
Fiber Volume % Fiber Volume %
(c) (d)

Figure 4.7 Comparison and variation in hardness values taken a) vertical, b)
parallel to the fiber orientation of AlSi1l0Mglmatrix composite cast at
750 °C, c) vertical, d) parallel to the fiber orientation of AISi1l0Mgl
matrix composite cast at 800 °C.

It can be observed from Figures 4.6 and 4.7 the hardness values increased with the
addition of alumina fiber. Alumina fibers as being the ceramic phase of the
composite they are much harder than the aluminum alloy matrix. They hindered the
dislocation motion and resulted in a strain hardening. The increased fiber volume
also decreases the grain and subgrain size which increases the hardness [40]. The
results from the direction parallel to the fiber orientation were higher than the
results from the direction vertical to the fiber orientation. Because fibers parallel to
the surface did not show as high resistance as the fibers transverse to the surface of
the indentation. The highest hardness value vertical and parallel to the fiber
orientation was 155.6 and 180.2 for AISi10Mgl matrix 30 vol% alumina fiber
reinforced composite cast at 800 °C and AISi10Mgl matrix 30 vol% alumina fiber

reinforced composite cast at 750 °C respectively.
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The more the magnesium content the more the hardness was and for 750 °C cast
composite the hardness values were higher than the 800 °C cast composites.
Magnesium increased the hardness due to the solid solution hardening which is
effective especially at low levels < 1 at% [41]. The casting temperature decreased
the grain size because the heat needed to be conducted during solidification was less

which means faster cooling for the same mould temperature.

4.3 Three Point Bending Test Results

Three point bending tests were performed to observe the flexural strength and
fracture behavior of aluminum alloy matrix composites with different percentage
additions of alumina fiber. Several three point bending tests were done and their
average results are listed in Table 4.2 and details are given in Appendix D.
Comparison of the results and standard deviations are given graphically in Figure

4.8 as well.

Table 4.2 Average flexural strength values of AISi10Mg0.3 and AlSi10Mg1 alloy
composites produced at 750 °C and 800 °C.

Average Flexural Strength | Average Flexural Strength
Composite AlSil0Mg0.3 AlSil0Mgl

750 °C 800 °C 750 °C 800 °C
Al - 0% Al,O3 ) 495.03 475.83 477.24 451.91
Al - 10% Al,03 5 370.69 391.30 392.91 368.47
Al — 15% Al,O3 1) 401.56 439.92 435.37 425.93
Al —20% Al,O3 1) 492.62 479.02 485.37 454.00
Al -25% Al,O3¢ | 512.15 504.59 500.87 497.07
Al —30% Al,O3 1) 547.84 545.47 520.97 514.65
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Figure 4.8 Variation in flexural strength of a) AISi10Mg0.3 matrix composite cast
at 750 °C b) AISi10Mg0.3 matrix composite cast at 800 °C «c)
AlSil0Mglmatrix composite cast at 750 °C d) AISilOMgl matrix
composite cast at 800 °C.

The flexural strength values for the composites increased with the increase in non-
reinforced alloys’ tensile strengths. The highest value was for AISi10Mg0.3 alloy
cast at 750 °C and the values increased with decreasing magnesium content and
decreasing casting temperature for both reinforced and non-reinforced materials.
The flexural strength decreased when 10 vol% alumina fiber was present and then
started to increase as the alumina fiber content increases which is an expected
situation for short fiber reinforced metal matrix composites. All the composites
reached unreinforced alloy strength at about 20 vol% alumina fiber addition. This is
mainly due to the high critical fiber content needed to have an effective

strengthening. From the formula;

2:1, -0y (4.1)

o *
(O =T]'C-(PF *Of '[1_dF(—F*Jj+(1_(PF)'GM
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theoretical critical fiber content (¢ critica) Was calculated as 16 vol. percent for the
AlSiMg0.3 alloy assuming 0.7 fiber efficiency. As a result, the flexural strength
values were not to be expected to increase unless there is at least 16 vol. percent
alumina fiber was present in the composites under tensile stresses for this alloy.
However, the experimental values showed that the critical fiber content is nearly 20
vol. percent for all composites. This is an indication of the lower fiber efficiency
and/or the higher critical fiber content needed for bending stresses.

In addition, the fiber lengths were decreased with increasing fiber content which
was due to high pressure applied during infiltration and preform production process
[42]. Critical fiber lengths for each alloy - casting temperature system were
calculated according to tensile strengths from the formula below and are given in
Table 4.3.

op-d.

l. = 4.2
e 4.2)

Table 4.3 Critical fiber lengths for AlISi10Mg0.3 and AlSi10Mglalloys produced at
750 °C and 800 °C.

Composite or (MPa) |dr (um) [ oy (MPa) | Ic (um)
AlSi10Mg0.3 750 °C| 2000 3 268.5 22.35
AlSi10Mg0.3 800 °C| 2000 3 250.75 | 23.93

AlSi10Mg1 750 °C 2000 3 235.75 | 25.45
AlSi10Mg1 800 °C 2000 3 215.25 | 27.87

Critical fiber length was calculated as 27.87 um for the lowest strength alloy and
22.35 um for the highest strength alloy. Saffil fiber preforms used in experiments
had a decreasing average fiber length with increasing fiber vol% which is given in
Table 4.4. As a result there was a decrease in effective fiber strengthening
mechanism due to decrease in fiber length. However, the fiber lengths were still at

least 4 times higher than the critical fiber length.
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Table 4.4 Average fiber length in Saffil short fiber reinforced aluminum composites

[42].
Fiber Volume (%) | Fiber Length (um)
10 154
15 146
20 141
25 134
30 118

The 30 vol% Saffil alumina fiber reinforced AlSi10Mg0.3 matrix composite cast at
750 °C showed the highest flexural strength. The reinforcing effect of the fibers was
observed because 30 vol% alumina fiber addition was higher than the critical fiber
content. The bonding between fiber and matrix was not degraded with excess
reactions because the temperature of the preforms was 190 °C which was relatively
low for reactions to occur fast. The microstructure of the matrix was changed,
dislocation density is increased, grain and sub-grain size was decreased by short
fiber reinforcement which all increased the strength of the composite [12, 40].

The flexural strength values did not increased much for 30 vol% alumina fiber
reinforced composite compared to 25 vol% alumina fiber reinforced ones which
was attributed to increased porosity, local increase in fiber content and fiber
breakage. The high porosity levels were evident from the density measurements.
There is also a 10 % decrease in fiber length between 25 vol% fiber reinforced
composites and 30 vol% fiber reinforced ones. The decrease in fiber length was
much higher at high fiber contents which hindered the effective reinforcing. In
addition, there was much more fiber-fiber interaction for 30 vol% alumina fiber
reinforced composite because of low fiber length and high fiber density. These
interactions resulted in fiber breakage during three point bending test and decreased
the flexural strength while the test is running [43]. Moreover, high porosity
decreased the fiber matrix bonding.
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The lowest values among all the composites were observed for 10 and 15 vol%
Saffil alumina fiber reinforced AISi10Mg0.3 matrix composite cast at 750 °C. The
relatively low values for these composites were related to the higher closed porosity
of these composites.

4.4 X-Ray Study Results

X-Ray analysis of the composites and the Saffil alumina fiber were done. The Saffil
alumina fibers are mainly consists of delta alumina and small amount of silica.
Composites were analyzed to find out if there was an excess reaction occurred
between fiber and matrix. The reaction 2.3 could degrade fiber and lower the

composite strength.

The entire XRD pattern showed that aluminum, silicon and alumina were present in
the composite. Aluminum gives 20 peaks at 38°, 44°, 65°, 78°, 82°; silicon gives 26
peaks at 28°, 47°, 56°, 76°, 88° and delta alumina give 26 peaks at 36°, 39°, 45°, 46°
and 67°. On the XRD patterns, which are given in Figures 4.9 through 4.13. No
other phase was observed which is related to the low preform temperature, fast
infiltration and solidification. With this respect, any reaction between fiber and
matrix were not kinetically favored and no reaction products observed. Any other
phase was not revealed by x-ray analysis. As the fiber content increased the
strongest peak of alumina was increased for all the composites at around 67°.
Detailed XRD patterns of searched phases are given in Appendix E.
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Figure 4.9 XRD pattern of AISi10Mg0.3 alloy cast at 750 °C.
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Figure 4.10 XRD pattern of AlSi10Mg0.3 alloy cast at 800 °C.
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Figure 4.12 XRD pattern of AlSi10Mg1 alloy cast at 800 °C.
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4.5 Image Analysis Results

Saffil alumina fiber reinforced AISi10Mg0.3 and AISil0Mgl aluminum alloy
composites were examined by Clemex Image Analyzing Program to investigate the
vol% of alumina fiber in the matrix. The results were compared with ideal

theoretical values where it was assumed that preform vol% was not changed.

Composites were investigated from the surfaces parallel and vertical to the fiber
orientation. At the surface parallel to the fiber orientation the fiber density was
slightly higher the surface vertical to the orientation which was related to the planar

isotropic alignment of the fibers.

The results of the image analyzer were the average of 3 randomly chosen areas at
50X or 200X magnification. The program makes a contrast between two phases and

finds the area ratio of these phases. This ratio is than changed into vol%.

The higher vol% fiber reinforced composites were investigated at 200X
magnification because at low magnification dark image of the surface resulted in
miscalculation of the area ratio by the computer software. The resolution was not
enough to reveal the actual contrast between the phases. Accordingly, for higher
vol% composites using high magnification images for analysis was meaningful.
Also for these composites local change in fiber at surface was less. As a result,
increasing magnification gave more accurate data. An example of the image

analysis is given in Figure 4.14.
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Figure 4.14 a) The sample image of 20 vol% alumina fiber parallel to the fiber
orientation reinforced composite at 200X magnification b) The
image after image analyzing.
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Table 4.5 Image analyzer results and comparison with theoretical values.

Alumina fiber addition vol% | 10 15 20 25 30
Theoretical Volume % 10 15 20 25 30
Image analysis vertical vol% | 11.10 | 16.40 | 21.10 | 27.60 | 33.30
Image analysis parallel vol% | 11.20 | 16.90 | 22.40 | 28.50 | 34.10
Image analysis average vol% | 11.15 | 16.65 | 21.75 | 28.05 | 33.70
Difference Theo. vs. Exp. % | 11.50 | 11.00 | 8.75 | 12.20 | 12.33

Vol%’s calculated by Clemex software are given in Table 4.5. It was seen that all
the vol%’s were higher than the theoretical values. Images taken parallel to the fiber
orientation accounted for higher vol%’s, which was attributed to more uniform
distribution of fiber in this direction. Images taken vertical to the fiber orientation
showed inhomogeneous distribution of fibers. 20 vol%, 25 vol% and 30 vol%
composites had better uniformity for both parallel and vertical to the fiber
orientation. The closest value to the theoretical vol% was for 20 vol% fiber
reinforced composite and the highest deviation from theoretical value was for 30
vol% fiber reinforced composite. The highest difference between theoretical and
experimental values was 12.33 % for 30 volume % fiber reinforced composites.
This was because of local fiber breakages and required high contrast which

decreases with increase in magnification.

4.6 Scanning Electron Microscopy Results

The fracture surface and detailed microstructure analysis were done by scanning
electron microscope. Back scattered SEM images gave the best contrast between the
fibers and matrix which also simplified the investigation of other phases occurred in
the composite. But as it can be observed from Figure 4.15 through 4.24, there are
only two phases present; matrix and Saffil fibers. Fiber distribution was
homogenous and prefoms did not damage during squeeze casting which indicates
that high pressure process is suitable for infiltration. The difference between normal

and back scattered SEM images can be seen from Figure 4.25.
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Figure 4.15 Back scattered SEM image of 10 vol% Saffil fiber reinforced
AlSi10Mg composite vertical to the fiber orientation.

METU 153KU

Figure 4.16 Back scattered SEM image of 15 vol% Saffil fiber reinforced
AlSi10Mg composite vertical to the fiber orientation.
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Figure 4.17 Back scattered SEM image of 20 vol% Saffil fiber reinforced
AlSi10Mg composite vertical to the fiber orientation.

METU 15KY

Figure 4.18 Back scattered SEM image of 25 vol% Saffil fiber reinforced
AlSi10Mg composite vertical to the fiber orientation.

65



——— 188Mm
METU 15KUY Ka25e

Figure 4.19 Back scattered SEM image of 30 vol% Saffil fiber reinforced
AlSi10Mg composite vertical to the fiber orientation.
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Figure 4.20 Back scattered SEM image of 10 vol% Saffil fiber reinforced
AlSi10Mg composite parallel to the fiber orientation.
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Figure 4.21 Back scattered SEM image of 15 vol% Saffil fiber reinforced
AlSi10Mg composite parallel to the fiber orientation.

METU 15KU

Figure 4.22 Back scattered SEM image of 20 vol% Saffil fiber reinforced
AlSi10Mg composite parallel to the fiber orientation.
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Figure 4.23 Back scattered SEM image of 25 vol% Saffil fiber reinforced
AlSi10Mg composite parallel to the fiber orientation.
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Figure 4.24 Back scattered SEM image of 30 vol% Saffil fiber reinforced
AlSi10Mg composite parallel to the fiber orientation.
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Figure 4.25 SEM image of 30 vol% Saffil fiber reinforced AISi10Mg composite
vertical to the fiber orientation a) Normal SEM image b) Back
scattered image.
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All the composites showed brittle fracture and it were seen from the SEM images
the bonding between fiber and matrix is good. It is evident from the Figure 4.26 that

the fiber pull out was not occurred.

Figure 4.26 SEM image of the fracture surface of 25 vol% Saffil fiber reinforced
AlSi10Mg0.3 matrix composite cast at 750 °C.
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(b)
Figure 4.27 Back scattered SEM image of Saffil fiber reinforced AISi10Mg0.3

matrix composite cast at 800 °C parallel to the fiber orientation a) 10
vol% b) 30 vol%
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In Figure 4.27 micro pores can be seen as black points between the fibers which
were inevitable due to the very high capillary forces. There was not a direct
relationship between the fiber volume fraction and micro porosity. Micro pores
increased much more for higher fiber volume fractions. Because as the fiber volume
increased the fiber lengths got smaller and this increased the number of possible

sites for micro porosity.

4.7 Metallographic Examination Results

Metallographic examinations were done to reveal the distribution of the alumina
fibers and the microstructure of the composite. The surfaces parallel and vertical to
the fiber orientation are investigated. The Figures 4.28 to 4.60 show the optical

micrographs of aluminum alloy matrix composites and non-reinforced alloy.

Figure 4.28 Optical micrograph showing 10 vol% alumina fiber reinforced
composite vertical to the fiber orientation at 50X magnification.
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Figure 4.29 Optical micrograph showing 10 vol% alumina fiber reinforced
composite vertical to the fiber orientation at 200X magnification.

Figure 4.30 Optical micrograph showing 10 vol% alumina fiber reinforced
composite vertical to the fiber orientation at 500X magnification.
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Figure 4.31 Optical micrograph showing 10 vol% alumina fiber reinforced
composite parallel to the fiber orientation at 50X magnification.

Figure 4.32 Optical micrograph showing 10 vol% alumina fiber reinforced
composite parallel to the fiber orientation at 200X magnification.
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Figure 4.33 Optical micrograph showing 10 vol% alumina fiber reinforced
composite parallel to the fiber orientation at 500X magnification.

Figure 4.34 Optical micrograph showing 15 vol% alumina fiber reinforced
composite vertical to the fiber orientation at 50X magnification.

75



Figure 4.35 Optical micrograph showing 15 vol% alumina fiber reinforced
composite vertical to the fiber orientation at 200X magnification.

Figure 4.36 Optical micrograph showing 15 vol% alumina fiber reinforced
composite vertical to the fiber orientation at 500X magnification.
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Figure 4.37 Optical micrograph showing 15 vol% alumina fiber reinforced
composite parallel to the fiber orientation at 50X magnification.

Figure 4.38 Optical micrograph showing 15 vol% alumina fiber reinforced
composite parallel to the fiber orientation at 200X magnification.
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Figure 4.39 Optical micrograph showing 15 vol% alumina fiber reinforced
composite parallel to the fiber orientation at 500X magnification.

Figure 4.40 Optical micrograph showing 20 vol% alumina fiber reinforced
composite vertical to the fiber orientation at 50X magnification.
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Figure 4.41 Optical micrograph showing 20 vol% alumina fiber reinforced
composite vertical to the fiber orientation at 200X magnification.

Figure 4.42 Optical micrograph showing 20 vol% alumina fiber reinforced
composite vertical to the fiber orientation at 500X magnification.
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Figure 4.43 Optical micrograph showing 20 vol% alumina fiber reinforced
composite parallel to the fiber orientation at 50X magnification.

Figure 4.44 Optical micrograph showing 20 vol% alumina fiber reinforced
composite parallel to the fiber orientation at 200X magnification.
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Figure 4.45 Optical micrograph showing 20 vol% alumina fiber reinforced
composite parallel to the fiber orientation at 500X magnification.

Figure 4.46 Optical micrograph showing 25 vol% alumina fiber reinforced
composite vertical to the fiber orientation at 50X magnification.
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Figure 4.47 Optical micrograph showing 25 vol% alumina fiber reinforced
composite vertical to the fiber orientation at 200X magnification.

Figure 4.48 Optical micrograph showing 25 vol% alumina fiber reinforced
composite vertical to the fiber orientation at 500X magnification.
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Figure 4.49 Optical micrograph showing 25 vol% alumina fiber reinforced
composite parallel to the fiber orientation at 50X magnification.
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Figure 4.50 Optical micrograph showing 25 vol% alumina fiber reinforced
composite parallel to the fiber orientation at 200X magnification.
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Figure 4.51 Optical micrograph showing 25 vol% alumina fiber reinforced
composite parallel to the fiber orientation at 500X magnification.

Figure 4.52 Optical micrograph showing 30 vol% alumina fiber reinforced
composite vertical to the fiber orientation at 50X magnification.
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Figure 4.53 Optical micrograph showing 30 vol% alumina fiber reinforced
composite vertical to the fiber orientation at 200X magnification.

Figure 4.54 Optical micrograph showing 30 vol% alumina fiber reinforced
composite vertical to the fiber orientation at 500X magnification.

85



Figure 4.55 Optical micrograph showing 30 vol% alumina fiber reinforced
composite parallel to the fiber orientation at 50X magnification.
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Figure 4.56 Optical micrograph showing 30 vol% alumina fiber reinforced
composite parallel to the fiber orientation at 200X magnification.
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Figure 4.57 Optical micrograph showing 30 vol% alumina fiber reinforced
composite parallel to the fiber orientation at 500X magnification.

Figure 4.58 Optical micrograph showing non-reinforced alloy at 50X
magnification.
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Figure 4.59 Optical micrograph showing non-reinforced alloy at 200X
magnification.

Figure 4.60 Optical micrograph showing non-reinforced alloy at 500X
magnification.
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As observed from the micrographs, the distribution of alumina fibers were more
uniform for 20 vol%, 25 vol% and 30 vol% fiber reinforced composites than that of
10 vol% and 15 vol% fiber reinforced ones. In the composites, porosity was not
detected under optical microscope. It was seen that the primary dendrite arm size

decreased with increasing fiber vol%.
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CHAPTER S5

CONCLUSION

The following conclusions can be drawn after investigating the effects of fiber
vol%, magnesium content of the matrix alloy and liquid metal infiltration
temperature on the mechanical behavior and physical properties of Saffil alumina
fiber reinforced aluminum alloy matrix composites, performing hardness tests, three
point Dbending tests, X-ray analysis, image analyzing, SEM analysis and

metallographic examinations:

1. Vacuum assisted gas pressure infiltration was not successful under 20 Atm
argon gas and 0.05 Torr vacuum level. The isolation between gas pressure
and vacuum atmosphere was not proper at 750 °C and higher temperatures
which decreased the pressure difference required for infiltration of Saffil

alumina fiber preforms.

2. The increase in Saffil alumina fiber addition resulted in an increasing
porosity level. There was not observed any distinct effect of casting

temperature on closed porosity.

3. There was not seen any distinct effect of magnesium on closed porosity up
to 25 fiber vol%. However, the increase in closed porosity for the change in
fiber vol% from 25 vol% to 30 vol% was higher for AISiMg0.3 matrix
composites than the AISiMgl matrix composites. This was seen as an
indication of increased effect of magnesium on wetting of 30 vol% alumina

fiber preform.
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10.

Hardness values increased with increasing Saffil alumina fiber addition.
Hardness values taken from direction parallel to the fiber orientation were
higher than the values taken from direction vertical to the fiber orientation.
It was observed that the increase in magnesium content and the decrease in
casting temperature accounted for an increase in hardness values for planes

vertical and parallel to the fiber orientation.

The flexural strength values decreased to a minimum value at 10 vol% Saffil
fiber addition and started to increase with volume fraction of fibers. Fibers
hinder the dislocation motion and resulted in a strain hardening. The
increased fiber volume also decreased the grain and subgrain size. Effective
reinforcement was achieved at 20 vol% Saffil alumina fiber addition where
the composites reached non-reinforced alloy strength. Maximum flexural

strengths were obtained at 30 vol% fiber addition.

As the magnesium content increased the flexural strength decreased and for
composites cast at 750 °C flexural strength was higher than the ones cast at
800 °C.

The maximum increase in flexural strength was 70 MPa for AlSi10Mg0.3
alloy cast at 800 °C. 15 % increase was gained compared to non-reinforced

alloy.

X-ray analysis revealed that there is no phase other than alumina and matrix

alloys.

Image analysis showed that the vol%’s calculated by computer software
were close to the theoretical values. The values gathered from the plane
parallel to the fiber orientation were slightly higher than the ones taken from

the plane vertical to the fiber orientation.

SEM study revealed that micro porosity was present especially at the fiber-

fiber interconnections and there is a strong fiber-matrix bonding.
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11. Optical micrographs showed that with increasing fiber vol% the primary
dendrite arm size decreased. There was not any porosity observed during

optical microscope examination.
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APPENDIX A

DETAILED TABULATION OF MOULD TEMPERATURES

Table A.1 Detailed tabulation of mould temperatures for AlSi10Mg0.3 alloy

casting.
Casting No Upper Moulgi Temperature | Lower I\/IouISI Temperature

W) G
1 (10 vol% Al,05) 177 199
2 (15 vol% Al,0,) 182 205
3 (20 vol% Al,0,) 185 198
4 (25 vol% Al,O3) 180 199
5 (30 vol% Al,Os) 178 201
6 (10 vol% Al,Os) 188 195
7 (15 vol% Al,0,) 186 197
8 (20 vol% Al,0,) 176 190
9 (25 vol% Al,O,) 184 196
10 (30 vol% Al,O3) 187 193
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Table A.2 Detailed tabulation of mould temperatures for AlSi10Mg1 alloy casting.

Casting No Upper Moul(gc;gemperature Lower Mouzgjc'l;emperature
1 (10 vol% Al,03) 195 210
2 (15 vol% Al,0,) 176 195
3 (20 vol% Al,O3) 187 192
4 (25 vol% Al,O3) 186 199
5 (30 vol% Al,0,) 179 185
6 (10 vol% Al,03) 185 196
7 (15 vol% Al,03) 188 204
8 (20 vol% Al,O3) 176 193
9 (25 vol% Al,03) 192 205
10 (30 vol% Al,03) 178 192
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APPENDIX B

DETAILED TABULATION OF DENSITY MEASUREMENT

Table B.1 Variation in densities and porosity values with fiber vol% AISi10Mg0.3
alloy cast at 750 °C.

Fiber Volume % 0 10 15 20 25 30
M Specimen Air (g) 1.1923 | 0.7623 | 1.8299 | 1.4694 | 1.1861 | 1.6731
M Specimen Xylol / Xylol (g) | 0.8070 | 0.5207 | 1.2507 | 1.0171 | 0.8268 | 1.1696
M Specimen Air / Xylol (g) 1.1950 | 0.7670 | 1.8347 | 1.4753 | 1.1893 | 1.6816

p theoretical (g/cm?) 2.6679 | 2.7991 | 2.8647 | 2.9303 | 2.9959 | 3.0615
V experimental (cm®) 0.4506 | 0.2861 | 0.6783 | 0.5322 | 0.4210 | 0.5947
p experimental (g/cm?) 2.6458 | 2.6648 | 2.6978 | 2.7611 | 2.8172 | 2.8136
P% (Total) 0.8287 | 4.7983 | 5.8249 | 5.7735 | 5.9659 | 8.0998
P% (Open) 0.0070 | 0.0191 | 0.0082 | 0.0129 | 0.0088 | 0.0166
P% (Closed) 0.8218 | 4.7792 | 5.8166 | 5.7606 | 5.9570 | 8.0832

Table B.2 Variation in densities and porosity values with fiber vol% AISi10Mg0.3
alloy cast at 800 °C.

Fiber Volume % 0 10 15 20 25 30

M Specimen Air (g) 0.6725 | 1.1000 | 1.5653 | 1.4870 | 1.4496 | 1.4924
M Specimen Xylol / Xylol (g) | 0.4549 | 0.7549 | 1.0777 | 1.0292 | 1.0103 | 1.0420
M Specimen Air / Xylol (g) 0.6740 | 1.1069 | 1.5695 | 1.4930 | 1.4535 | 1.5000

p theoretical (g/cm®) 2.6679 | 2.7991 | 2.8647 | 2.9303 | 2.9959 | 3.0615
V experimental (cm?) 0.2544 | 0.4088 | 0.5712 | 0.5387 | 0.5147 | 0.5319
p experimental (g/cm®) 2.6428 | 2.6907 | 2.7404 | 2.7605 | 2.8161 | 2.8057
P% (Total) 0.9410 | 3.8731 | 4.3395 | 5.7949 | 6.0010 | 8.3573
P% (Open) 0.0070 | 0.0196 | 0.0085 | 0.0129 | 0.0088 | 0.0166
P% (Closed) 0.9340 | 3.8535 | 4.3309 | 5.7820 | 5.9921 | 8.3407
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Table B.3 Variation in densities and porosity values with fiber vol% AlSi10Mgl
alloy cast at 750 °C.

Fiber Volume % 0 10 15 20 25 30

M Specimen Air (9) 1.9529 | 1.4992 | 1.4617 | 1.4642 | 1.5646 | 1.9631
M Specimen Xylol / Xylol (g) | 1.3188 | 1.0242 | 1.0060 | 1.0107 | 1.0874 | 1.3722
M Specimen Air / Xylol (g) 1.9557 | 1.5028 | 1.4660 | 1.4707 | 1.5700 | 1.9740

p theoretical (g/cm?®) 2.6603 | 2.7923 | 2.8583 | 2.9242 | 2.9902 | 3.0562
V experimental (cm®) 0.7397 | 0.5559 | 0.5343 | 0.5343 | 0.5605 | 0.6990
p experimental (g/cm®) 2.6400 | 2.6971 | 2.7359 | 2.7406 | 2.7914 | 2.8086
P% (Total) 0.7601 | 3.4099 | 4.2800 | 6.2799 | 6.6498 | 8.1011
P% (Open) 0.0044 | 0.0075 | 0.0093 | 0.0141 | 0.0112 | 0.0181
P% (Closed) 0.7557 | 3.4024 | 4.2707 | 6.2658 | 6.6386 | 8.0830

Table B.4 Variation in densities and porosity values with fiber vol% AlSi10Mgl
alloy cast at 800 °C.

Fiber Volume % 0 10 15 20 25 30

M Specimen Air (g) 1.4862 |1.3238 |1.8037 [1.3207 |1.1515 |0.8539
M Specimen Xylol / Xylol (g) |1.0031 |[0.9037 |1.2369 |0.9112 |0.7988 |0.5972
M Specimen Air / Xylol (g) 1.4883 |1.3270 |1.8090 |1.3266 |1.1555 |0.8587

p theoretical (g/cm?) 2.6603 |2.7923 |2.8583 |2.9242 [2.9902 |3.0562
V experimental (cm®) 0.5635 [0.4916 |0.6645 |0.4824 |0.4143 |0.3037
p experimental (g/cm?) 2.6373 |2.6928 |2.7144 |2.7376 |2.7794 |2.8118
P% (Total) 0.8638 [3.5625 |5.0335 |6.3818 |7.0492 |7.9982
P% (Open) 0.0044 [0.0075 |0.0093 |0.0141 |0.0111 |0.0181
P% (Closed) 0.8594 |3.5550 |5.0243 |6.3676 |7.0381 |7.9800
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APPENDIX C

DETAILED TABULATION OF HARDNESS MEASUREMENT

Table C.1 Hardness test results of AlSi10Mg0.3 composite cast at 750 °C vertical
to the fiber orientation measured by Brinell test (62.5 kg and 2.5 mm
sphere indenter).

Measurement No: | 1 2 3 4 5 | Average | Std. Dev.

Al-0% Al,03¢5 | 96 | 99 | 99 | 96 | 99 97.8
Al -10% Al,O3 | 107 | 110 | 107 | 112 | 107 | 108.6
Al -15% AlL,Os ¢ | 112 | 115 | 112 | 107 | 112 111.6
Al -20% Al,Os ¢ | 121 | 121 | 121 | 115 | 121 119.8
Al -25% Al,O3; | 138 | 138 | 133 | 138 | 138 | 137.0
Al -30% Al,Os ) | 142 | 142 | 142 | 151 | 151 145.6

GINNDN W W |IN|DN

Table C.2 Hardness test results of AlSi10Mg0.3 composite cast at 750 °C parallel
to the fiber orientation measured by Brinell test (62.5 kg and 2.5 mm
sphere indenter).

Measurement No: | 1 2 3 4 5 | Average | Std. Dev.
Al-0%AlL03¢5 | 96 | 99 | 99 | 96 | 99 97.8
Al -10% Al,Os ¢ | 112 | 110 | 112 | 110 | 112 111.2
Al-15% Al,O3 ;) | 128 | 128 | 121 | 121 | 125 | 124.6
Al-20% Al,O3 ;) | 128 | 128 | 125 | 131 | 124 | 127.2
Al -25% Al,Os ) | 142 | 142 | 151 | 151 | 151 147.4
Al -30% Al,Os ¢ | 169 | 174 | 174 | 174 | 174 173.0

NfTOT W | AL |DN
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Table C.3 Hardness test results of AlSi10Mg0.3 composite cast at 800 °C vertical
to the fiber orientation measured by Brinell test (62.5 kg and 2.5 mm
sphere indenter).

Measurement No: | 1 2 3 4 5 | Average | Std. Dev.

Al-0% Al,O3¢5 | 90 | 96 | 96 | 96 | 93 94.2
Al-10% Al,O3¢; | 99 | 99 | 107 | 104 | 104 | 102.6
Al -15% Al,Os ¢ | 104 | 104 | 110 | 110 | 110 107.6
Al -20% Al,Os ¢ | 115 | 121 | 112 | 112 | 124 116.8
Al -25% Al,O3; | 138 | 135 | 135 | 135 | 138 | 136.2
Al -30% Al,Os ) | 146 | 141 | 141 | 141 | 146 143.0

WiINOT W | P> W

Table C.4 Hardness test results of AISi10Mg0.3 composite cast at 800 °C parallel
to the fiber orientation measured by Brinell test (62.5 kg and 2.5 mm
sphere indenter).

Measurement No: | 1 2 3 4 5 | Average | Std. Dev.
Al-0% Al,O3¢5 | 90 | 96 | 96 | 96 | 93 94.2
Al -10% Al,O3; | 110 | 104 | 99 | 104 | 107 | 104.8
Al -15% Al,Os ¢ | 110 | 121 | 115 | 115 | 125 117.2
Al-20% Al,O3; | 121 | 128 | 131 | 125 | 125 | 126.0
Al —25% Al,O3 () | 146 | 146 | 151 | 146 | 146 | 147.0
Al -30% Al,O3 ¢ | 159 | 159 | 159 | 159 | 159 | 159.0

OO |PM W

Table C.5 Hardness test results of AISi10Mgl composite cast at 750 °C vertical to
the fiber orientation measured by Brinell test (62.5 kg and 2.5 mm
sphere indenter).

Measurement No: | 1 2 3 4 5 | Average | Std. Dev.

Al -0% Al,Os3¢n | 107 | 102 | 107 | 112 | 112 108.0
Al -10% Al,Os ¢ | 110 | 107 | 110 | 110 | 112 109.8
Al -15% Al,O3 ;) | 115 | 124 | 116 | 115 | 116 | 117.2
Al -20% Al,O3¢r | 121 | 123 | 123 | 123 | 123 | 122.6
Al -25% Al,Os ) | 146 | 146 | 146 | 146 | 146 146.0
Al —30% Al,O3 () | 146 | 155 | 155 | 155 | 159 | 154.0

oL, |~ |IDN| D>

102



Table C.6 Hardness test results of AISi1l0Mg1l composite cast at 750 °C parallel to
the fiber orientation measured by Brinell test (62.5 kg and 2.5 mm
sphere indenter).

Measurement No: | 1 2 3 4 5 | Average | Std. Dev.

Al-0% Al,Os3; | 107 | 102 | 107 | 112 | 112 | 108.0
Al-10% Al,O3 ;) | 118 | 115 | 118 | 110 | 112 | 1146
Al -15% Al,Os ¢ | 128 | 128 | 131 | 133 | 131 130.2
Al -20% Al,O3¢r) | 138 | 142 | 128 | 138 | 138 | 136.8
Al -25% Al,O3(r) | 164 | 164 | 155 | 159 | 159 | 160.2
Al -30% Al,Os ¢ | 179 | 185 | 179 | 179 | 179 180.2

(O 20 I N G 2 B B\ T [ SN (R AN

Table C.7 Hardness test results of AISi10Mg1l composite cast at 800 °C vertical to
the fiber orientation measured by Brinell test (62.5 kg and 2.5 mm
sphere indenter).

Measurement No: | 1 2 3 4 5 | Average | Std. Dev.

Al-0% Al,Os3¢r) | 97 | 107 | 104 | 106 | 104 | 103.6
Al -10% Al,Os ¢ | 107 | 110 | 112 | 112 | 110 110.2
Al -15% Al,O3 ;) | 112 | 115 | 121 | 121 | 115 | 116.8
Al-20% Al,Os3 ;) | 121 | 124 | 112 | 118 | 124 | 1198
Al -25% Al,Os ¢ | 138 | 142 | 138 | 146 | 146 142.0
Al -30% Al,O3( | 159 | 155 | 150 | 155 | 159 | 155.6

Al IDN|D>

Table C.8 Hardness test results of AISi10Mg1l composite cast at 800 °C parallel to
the fiber orientation measured by Brinell test (62.5 kg and 2.5 mm
sphere indenter).

Measurement No: | 1 2 3 4 5 | Average | Std. Dev.

Al-0% Al,O3¢;y | 97 | 107 | 104 | 106 | 104 | 103.6
Al-10% Al,O3 | 115 | 110 | 115 | 110 | 112 | 1124
Al -15% AlL,Os ) | 124 | 128 | 128 | 128 | 128 127.2
Al -20% Al,Os3¢r) | 128 | 133 | 124 | 135 | 138 | 131.6
Al -25% Al,O3(r) | 164 | 159 | 159 | 155 | 159 | 159.2
Al -30% Al,Os ¢ | 174 | 174 | 169 | 179 | 159 171.0

O Wl o INW| >
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APPENDIX D

DETAILED TABULATION OF THREE POINT BENDING TEST
RESULTS

Table D.1 Variation in flexural strength values with fiber vol%s AISi10MgO0.3 alloy
cast at 750 °C a) 10 vol% b) 15 vol% c) 20 vol% d) 25 vol% e) 30

vol%.
Specimen Flexural Strength
No: b (mm)|d(mm)|L(mm)| F(N) (MPa)
1 9.38 6.14 43.00 | 2239.00 408.39
2 10.36 6.30 43.00 | 2264.00 355.14
3 11.04 6.40 43.00 | 2443.50 348.53
Standard Deviation 33 Average 370.69
(@)
Specimen Flexural Strength
No: b(mm)|d(mm)|L(mm)| F(N) (MPa)
1 11.39 7.23| 43.00 | 2729.00 295.64
2 11.20 4.74| 43.00 | 1929.00 494.44
3 10.42 6.19| 43.00 | 3207.00 517.87
4 11.85 7.36| 43.00 | 2979.00 299.28
Standard Deviation |122 Average 401.81
(b)
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Table D.1 (Cont’d)

Specimen Flexural Strength
No: b(mm)|d(mm)|L (mm)| F(N) (MPa)
1 11.35 6.19| 43.00 | 3491.50 517.84
2 11.26 6.55| 43.00 | 3419.00 456.50
3 11.58 6.57| 43.00 | 3902.00 503.51
Standard Deviation |32 Average 492.62
(©)
Specimen Flexural Strength
No: b(mm)|d(mm)|L(mm)| F(N) (MPa)
1 10.73 6.97| 43.00 | 3504.00 433.57
2 10.25 6.29| 43.00 | 3491.50 555.32
3 10.98 6.47| 43.00 | 3902.00 547.57
Standard Deviation |68 Average 512.15
(d)
Specimen Flexural Strength
No: b(mm) |d(mm)|L(mm)| F(N) (MPa)
1 10.76 6.54| 43.00 |4014.00 562.56
2 10.68 6.55| 43.00 | 3468.00 488.19
3 10.89 6.00| 43.00 | 3603.00 592.78
Standard Deviation |54 Average 547.84
(e)
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Table D.2 Variation in flexural strength values with fiber vol%s AISi10Mg0.3
alloy cast at 800 °C a) 10 vol% b) 15 vol% c) 20 vol% d) 25 vol% e) 30

vol%.
Specimen Flexural Strength
No: b (mm)|d(mm)|L(mm)| F(N) (MPa)
1 10.78 6.21 40.00 | 2504.80 361.51
2 10.96 6.40 40.00 | 2879.00 384.79
3 10.80 6.09 40.00 | 2854.60 427.60
Standard Deviation 34 Average 391.30
(@)
Specimen Flexural Strength
No: b (mm)|d(mm)|L(mm)| F(N) (MPa)
1 10.88 6.22 40.00 | 3219.50 458.91
2 11.15 5.96 40.00 | 2746.35 416.04
3 11.61 5.65 40.00 | 2747.50 444.79
Standard Deviation 22 Average 439.92
(b)
Specimen Flexural Strength
No: b (mm)|d(mm)|L(mm)| F(N) (MPa)
1 10.44 5.58 40.00 | 2970.50 548.29
2 11.32 6.05 40.00 | 2964.85 429.34
3 6.23 8.75 40.00 | 3652.30 459.42
Standard Deviation 62 Average 479.02
(©)
Specimen Flexural Strength
No: b (mm)|d(mm)|L(mm)| F(N) (MPa)
1 10.85 6.39 40.00 | 3453.80 467.75
2 11.26 6.35 40.00 | 3767.00 497.81
3 11.04 6.47 40.00 | 4222.50 548.21
Standard Deviation 41 Average 504.59
(d)
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Table D.2 (Cont’d)

Spel\ti:)rPen b (mm) | d (mm) | L (mm)| F(N) Flexuzlzil/llggength
1 11.29 6.25 40.00 | 4056.00 551.82
2 8.11 6.16 40.00 | 2512.05 489.78
3 10.06 6.38 40.00 | 4059.50 594.82
Standard Deviation 53 Average 545.47

(€)

Table D.3 Variation in flexural strength values with fiber vol%s AISi10Mg1l alloy
cast at 750 °C a) 10 vol% b) 15 vol% c) 20 vol% d) 25 vol% e) 30 vol%.

Specimen Flexural Strength
No: b (mm)|d(mm)|L(mm)| F(N) (MPa)
1 11.32 6.73 40.00 | 3146.85 368.26
2 11.54 6.66 40.00 | 3075.35 360.49
3 11.52 6.11 40.00 | 3225.35 449.98
Standard Deviation 50 Average 392.91

(@)

Specimen Flexural Strength
No: b (mm)|d(mm)|L(mm)| F(N) (MPa)
1 11.61 7.01 40.00 | 4285.00 450.64
2 11.27 7.12 40.00 | 3480.20 365.49
3 10.99 6.82 40.00 | 4174.50 489.99
Standard Deviation 64 Average 435.37

(b)

Specimen Flexural Strength
No: b (mm)|d(mm)|L(mm)| F(N) (MPa)
1 12.00 6.85 40.00 | 3995.00 425.70
2 11.47 6.42 40.00 | 4182.50 530.83
3 10.99 6.62 40.00 | 4010.20 499.58
Standard Deviation 54 Average 485.37
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Table D.3 (Cont’d)

Specimen Flexural Strength
No: b (mm)|d(mm)|L(mm)| F(N) (MPa)
1 11.68 7.21 40.00 | 4604.20 454.98
2 11.57 6.22 40.00 | 4245.00 569.00
3 11.23 6.28 40.00 | 3533.00 478.63
Standard Deviation 60 Average 500.87
(d)
Specimen Flexural Strength
No: b(mm)|d(mm)|L(mm)| F(N) (MPa)
1 11.38 7.18 40.00 | 4713.00 482.01
2 11.74 7.00 40.00 | 5586.00 582.62
3 11.42 6.98 40.00 | 4620.50 498.27
Standard Deviation 54 Average 520.97
(e)

Table D.4 Variation in flexural strength values with fiber vol%s AISi10Mgl alloy
cast at 800 °C a) 10 vol% b) 15 vol% c) 20 vol% d) 25 vol% e) 30 vol%.

Specimen Flexural Strength
No: b (mm)|d(mm)|L(mm)| F(N) (MPa)
1 11.16 5.96 40.00 | 2428.50 367.56
2 11.41 7.47 40.00 | 4411.50 415.73
3 6.03 .77 40.00 | 1954.50 322.13
Standard Deviation 47 Average 368.47
(a)
Specimen Flexural Strength
No: b (mm)|d(mm)|L(mm)| F(N) (MPa)
1 11.52 8.06 40.00 | 5289.90 42411
2 9.26 6.66 40.00 | 2890.50 422.25
3 10.35 6.81 40.00 | 3451.50 431.44
Standard Deviation 5 Average 425.93
(b)
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Table D.4 (Cont’d)

Specimen Flexural Strength
No: b (mm)|d(mm)|L(mm)| F(N) (MPa)
1 11.01 6.87 40.00 | 3825.50 441.71
2 11.41 6.99 40.00 | 3910.90 420.91
3 11.19 6.88 40.00 | 4408.50 499.38
Standard Deviation 41 Average 454.00

(©)

Specimen Flexural Strength
No: b (mm)|d(mm)|L(mm)| F(N) (MPa)
1 11.01 6.87 40.00 | 3825.50 441.71
2 11.41 6.99 40.00 | 3910.90 420.91
3 11.19 6.88 40.00 | 4408.50 499.38
Standard Deviation 41 Average 454.00

(d)

Specimen Flexural Strength
No: b (mm)|d(mm)|L(mm)| F(N) (MPa)
1 11.34 6.63 40.00 | 4276.80 514.79
2 11.30 6.49 40.00 | 3955.95 498.69
3 11.06 6.98 40.00 | 4764.00 530.47
Standard Deviation 16 Average 514.65

(€)
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Table D.5 Variation in flexural strength values with magnesium content and
temperature a) AlISi10Mg0.3 alloy cast at 750 °C b) AlISi10MgO0.3 alloy
cast at 800 °C c) AlSi10Mg1 alloy cast at 750 °C d) AISi10Mgl alloy

cast at 800 °C.
Specimen b (mm) | d (mm) | L (mm)| F(N) Flexural
No: Strength (MPa)
1 9.67 5.00 40.00 |1783.00 442.52
2 9.78 5.01 40.00 | 2135.00 521.84
3 9.74 4.90 40.00 |1974.00 506.46
4 9.74 5.02 40.00 |2139.00 522.87
5 9.78 5.05 40.00 | 2050.00 493.16
6 9.90 5.20 40.00 |2111.00 473.15
7 9.89 5.22 40.00 | 2269.00 505.18
Standard Deviation 28.77 Average 495.03
(@)
Specimen b (mm) | d (mm) | L (mm)| F(N) Flexural
No: Strength (MPa)
1 9.91 5.45 40.00 |2179.00 444.16
2 9.90 5.20 40.00 | 2265.50 507.78
3 9.94 5.22 40.00 |2120.00 469.63
4 9.92 5.16 40.00 |1983.50 450.58
5 9.89 5.12 40.00 |2168.00 501.73
6 9.87 5.17 40.00 | 2165.50 492.51
7 9.90 511 40.00 | 2001.00 464.43
Standard Deviation 25.09 Average 475.83
(b)
Specimen b(mm) | d (mm) | L (mm)| F(N) Flexural
No: Strength (MPa)
1 9.92 5.15 40.00 | 2135.50 487.00
2 9.90 5.12 40.00 |1792.90 414.51
3 9.93 5.21 40.00 | 2291.00 509.98
4 9.90 5.15 40.00 |2177.00 497.46
Standard Deviation |42.8613 Average 477.24
(©)
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Table D.5 (Cont’d)

o [P M) dmm) [Lmm) | M) | ot g

1 9.93 5.29 40.00 | 2056.50 444.04

2 10.00 5.17 40.00 | 1997.50 448.39

3 9.92 5.19 40.00 | 2166.50 486.48

4 9.92 5.20 40.00 | 2229.00 498.59

5 9.92 5.21 40.00 |1714.50 382.03
Standard Deviation | 45.6372 Average 451.91

(d)

Table D.6 Variation in tensile strength values with magnesium content and

temperature.
Alloy — Casting Temperature
Specimen No: AlSi10Mg0.3 | AlSi10Mg0.3 | AlSi10Mg1l | AlSi10Mgl
750 °C 800 °C 750 °C 800 °C
1 239 203 194 223
2 280 250 238 245
3 275 248 280 188
4 280 302 231 205
Average Tensile
Strength (Moa) 268.5 250.75 235.75 215.25
Standard Deviation 20 40 35 24
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APPENDIX E

X-RAY DIFFRACTION CARDS OF PRESENT PHASES

Table E.1 X-Ray details of aluminum.

Al

Alurminurm

Fef. Calculated fram ICED using POWYD-12++

Fief. Figains. B.F. Jones, G.O. Riley, D.F.. Philog. Mag. 1. 747 (1956

i
=
n B
g
& E e
|
] | 1
0 15 30 45 B0 75 2 8
28 [t h k| 28 It hoko | 28 [t h k
3847 momo* 1 1 1 | 65085 B 2 2 0 | 82433 12 2
44719 B3 2 0 0 | 78226 4 3 1 1
Table E.2 X-Ray details of silicon.
Si
Silicon
Ref: Natl. Bur. Stand. (U5 Monogr. 25, 13, 35 (1976)
4
==
1 :
E &
} | |
: | I‘ | i ‘ I
0 25 &0 75 100 125 2 8
2h It h k| 28 vt ho k| 28 It h k
28.442 om0 1 1 1 | 7R3V 268 3 3 1 | 11408 24 5 3
47.302 a0 2 2 0 |8802e M 4 2 2 |12754 29 B 2
BE121 B7 3 1 1 | 54543 1 &5 1 1 |13689 1M &5 3
63130 14 4 0 0 |10611 10 4 4 0
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Table E.3 X-Ray details of 5-Al,03.

-2 O3

Aluminum Oxicle

Fef. Bepelin, ¥.. Husson, E.. Mater. Res. Bull, 25, 511 (1990

n,
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20 40 g0 a0 100 2B’
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21.8M <0 0 1 4 |50493 ib 2 010 | 87609 1
24.6411 <0 0 1 & |&1.108 3 0 3 4 |87807 1
2760 1 01 & |516B3 i 1 3 0 |87807 1
29.202 3 1 1 & |5&15E3 i 2 2 b |B81ER 4
31.022 14 0 1 7 |56462 a1 2MN a8.166 4
31.802 16 0 2 0 |57163 3 2 012 |83813 3
2oz 15 0 2 1 60106 17 2 3 2 |89.213 1
32802 B 0 2 2 |A1026 15 1 3 8 |94R50 4h
34.602 12 1 1 7 [61.026 15 2 210 |94k50 4h
36.003 21 1T 2 1 G3.886 1 2 21 95 067 5
36.763 32 1 2 2 |64406 15 0 214 | 495559 4b
37.302 26 0 2 5 |6BB783 e 0 4 0 |4955949 4b
37.643 22 1 2 3 |6b983 0 0 4 1 96.112 7
37.883 20 1 0 9 |GBR983 0 2 212 | 96808 4
3I8.8R3 22 1 2 4 [R7245 mo 0 o4 2 | 99865 1
39.502 Kl 02 6 |73209 4 0 4 7 |99855 1
41.782 2 0 2 7 73747 4 2 214 10031 10
44982 Kl 1 2 7 | 75449 B 1 4 7 [101.24 1
45 162 2 0 1M1 70449 E2 3N 101.76 10
45 R42 45 2 2 0 [7F7810 2 3 3 7 |10445 4
46.064 21 2 21 78526 <1 2 312
46.602 26 2 2 2 |84.05 11 2 4 8

113

[ SNk g U R O R S Ve R G T N g R R A g B SO R R S T ) o



	ABSTRACT
	ÖZ
	DEDICATION
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER 1
	INTRODUCTION
	CHAPTER 2
	THEORY AND LITERATURE SURVEY
	Processing Techniques of Fiber Reinforced Metal Matrix Composites
	Liquid State Processes
	Melt Stirring
	Gas Pressure Infiltration
	Squeeze Casting

	Solid State Processes
	Powder Metallurgy
	Diffusion Bonding
	Deposition Techniques

	In Situ Processes

	Short Fiber Preform Production
	Infiltration
	Influence of Wetting on Infiltration
	Influence of Time and Temperature on Wetting
	Influence of interface reactions on wetting
	Influence of surrounding atmosphere on wetting

	Threshold pressure
	Influence of permeability and viscosity on infiltration
	Infiltration Kinetics

	Mechanism of fiber reinforcement
	Long fiber reinforcement
	Short Fiber Reinforcement


	CHAPTER 3
	EXPERIMENTAL PROCEDURE
	Matrix Material
	Reinforcement Material
	Production of Saffil Alumina Fiber Reinforced AlSi10Mg Alloy Matrix Composite:
	Density measurement
	Mechanical Testing and Testing Apparatus
	Calculations
	Metallographic Examination
	X-Ray Study
	Scanning Electron Microscope (SEM) Study

	CHAPTER 4
	RESULTS AND DISCUSSION
	Density Measurement
	Hardness Test Results
	Three Point Bending Test Results
	X-Ray Study Results
	Image Analysis Results
	Scanning Electron Microscopy Results
	Metallographic Examination Results

	CHAPTER 5
	CONCLUSION
	REFERENCES
	APPENDIX A
	Table A.1 Detailed tabulation of mould temperatures for AlSi10Mg0.3 alloy casting.
	Table A.2 Detailed tabulation of mould temperatures for AlSi10Mg1 alloy casting.
	APPENDIX B
	APPENDIX C
	APPENDIX D
	APPENDIX E

