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ABSTRACT

PROCESSING AND ASSESSMENT OF ALUMINUM CERAMIC
FIBER REINFORCED ALUMINUM METAL MATRIX COMPOSITE
PARTS FOR AUTOMOTIVE AND DEFENSE APPLICATIONS

Tiirkyilmaz, G6khan
M.S., Department of Metallurgical and Materials Engineering
Supervisor: Prof. Dr. Ali Kalkanl

July 2009, 158 pages

The aim of this study was to produce partially reinforced aluminum metal matrix
composite components by insertion casting technique and to determine the effects
of silicon content, fiber vol% and infiltration temperature on the mechanical
properties of inserts, which were the local reinforcement parts of the components.
Silicon content of alloys was selected as 7 wt% and 10 wt%. The reinforcement
material, i.e. Saffil fiber preforms, had three different fiber vol% of 20, 25 and 30
vol% respectively. The infiltration temperatures of composite specimens were fixed

as 750 °C and 800 °C.

In the first part of the thesis, physical and mechanical properties of composite
specimens were determined according to the parameters of silicon content of the
matrix alloy, infiltration temperature and vol% of the reinforcement phase. X-ray
diffraction examination of fibers resulted as the fibers mainly composed of delta-

alumina fibers and scanning electron microscopy analyses showed that fibers had
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planar isotropic condition for infiltration. Microstructural examination of
composite specimens showed that appropriate fiber/matrix interface was created
together with small amount of micro-porosities. Bending tests of the composites
showed that as fiber vol% increases flexural strength of the composite increases.
The highest strength obtained was 880.52 MPa from AlSi10Mg0.8 matrix alloy
reinforced with 30 vol% Saffil fibers and infiltrated at 750 °C. Hardness values
were also increased by addition of Saffil fibers and the highest value was obtained
as 191 HB from vertical to the fiber orientation of AISi10Mg0.8 matrix alloy
reinforced with 30 vol% Saffil fibers. Density measurement revealed that micro-
porosities existed in the microstructure and the highest difference between the
theoretical values and experimental values were observed in the composites of 30
vol% Saffil fiber reinforced ones for both AlSi7Mg0.8 and AISi10Mg0.8 matrix
alloys.

In the second part of the experiments, insertion casting operation was performed.
At casting temperature of 750 °C, a good interface/component interface was
obtained. Image analyses were also showed that there had been no significant fiber

damage between the insert and the component.

Keywords: Metal matrix composites, insertion casting, alumina fiber, squeeze

casting



Oz

OTOMOTIV VE SAVUNMA UYGULAMALARI ICIN SERAMIK FIBER
TAKVIYELI ALUMINYUM METAL MATRIS KOMPOZIT PARCALARININ
URETIMI VE DEGERLENDIRILMELERI

Tiirkyilmaz, Gékhan
Yiiksek Lisans, Metaliirji ve Malzeme Miihendisligi Boliimii

Tez Yoneticisi: Prof. Dr. Ali Kalkanl

Temmuz 2009, 158 sayfa

Bu tez calismasinin amaci ekleme dokiim yontemi ile yerel olarak giliclendirilmis
aliminyum metal matris kompozit parcalarinin {iretilmesi ve silisyum igeriginin,
fiberlerin hacimsel yiizdesinin ve siizdiirme sicakliginin yerel takviye pargalar1 olan
insertlerin mekanik ve fiziksel Ozellikleri {izerindeki etkilerinin belirlenmesidir.
Alagimlarin silisyum igerigi kiitlece %7 ve %10 olarak belirlenmistir. Takviye
malzemesi olan Saffil fiberler, sirastyla %20, %25 ve %30 olan {i¢ farkli hacimsel
yilizdeye sahiptir. Kompozit numunelerin siizdiirme sicakliklar1 750 °C ve 800 °C

olarak belirlenmistir.

Tezin birinci boliimiinde, kompozit numunelerin mekanik ve fiziksel 6zellikleri
matris alagimin silisyum igerigi, siizdiirme sicaklig1 ve fiberlerin hacimsel yiizdesi
parametrelerine gore belirlenmistir. Fiberlerin x-1ginlar1 incelemesi fiberlerin genel
olarak delta-aliimina evresinden olusmus oldugu sonucunu vermis olup, fiberlerin
tarama elektron mikroskobu incelemesi de fiberlerin siizdiirme islemi igin

diizlemsel es-yoOnliiliikk 6zelligine sahip oldugu sonucunu vermistir. Kompozit
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numunelerin i¢gyapt incelemeleri kii¢iik bir miktar mikro-gozenekle beraber uygun
fiber/matris arayiizeyinin olusturuldugunu gdstermistir. Kompozitlerin biikme
testleri, fiberlerin hacimsel yiizdelerinin artmasiyla kompozitlerin biikme
dayanclarinin arttigin1  gostermistir. En yiiksek dayan¢ degeri AlSi10Mg0.8
matrisli, hacimce %30 fiber takviyeli ve 750 °C sicaklikta siizdiiriilmiis kompozit
numuneden 880,52 MPa olarak elde edildigini gostermistir. Yine sertlik degerleri
de Saffil fiberlerin eklenmesiyle artis gdstermis olup, en yiiksek sertlik degeri fiber
yonelimine paralel olan yerden AlSi10Mg0.8 matrisli, hacimce %30 fiber takviyeli
ve 750 °C sicaklikta siizdiiriilmiis kompozit numuneden 191 HB olarak
ol¢iilmiistiir. Ozkiitle dl¢iimleri igyapidaki mikro-gdzenekleri ve teorik ve deneysel
degerler arasinda en biliyiik farka sahip olan numunelerin her iki matris alasimi
AlSi7Mg0.8, AlSi10Mg0.8 i¢in hacimsel olarak %30 Saffil fiber takviye edilmis

kompozitler oldugunu agiga ¢ikarmistir.

Tezin ikinci boliimiinde, ekleme dokiim islemi uygulanmistir. 750 °C dokiim
sicakliginda, 1yi bir insert/parca araylizeyi elde edilmistir. Goriintli analizleri de
insert ve par¢a arasinda Onemli bir fiber hasarinin meydana gelmedigini

gostermistir.

Anahtar kelimeler: Metal matris kompozitler, ekleme dokiim, aliimina fiber,

sikistirma dokiim
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CHAPTER 1

INTRODUCTION

Composite materials are artificially made materials which have two or more
physically distinct phases containing an interface separating them and of which

characteristics cannot be attained by conventional materials [1, 2].

The reason why composite materials are used in engineering field is due to their
characteristics, custom-made and dependent on application. From this point, metal
matrix composites (MMCs) becomes interesting both as constructional and
functional materials. In property profile of MMCs, there exists the possibility of
various system combinations (metal-ceramic—nonmetal) together with a reasonable
cost/performance relationship. Therefore this property profile offers the engineer to
have a large chance to solve the specific demands or the solution of the problem of

the component [3].

Importance of MMCs can be divided into two main groups. In the first group
advantages with respect to unreinforced metals/alloys and in the second group
advantages with respect to other composites such as polymer matrix composites
(PMCs). With respect to metals/alloys; weight savings (due to high strength/weight
ratio), remarkable dimensional stability, higher elevated temperature stability (i.e.
creep resistance) and exceptionally improved cyclic fatigue behavior can be stated
as advantages of MMCs. With respect to PMCs, higher service temperatures
together with strength and stiffness, improved transverse properties, higher
electrical conductivity (grounding and space charging), higher thermal

conductivity, little or no contamination (i.e. no out-gassing or moisture absorption



problems) and radiation survivability (laser, UV, nuclear etc.) can be stated as

advantages [4].

General applications of MMCs can be grouped in terms of ground vehicle,
aerospace and industrial applications. Some of the examples of ground vehicle
applications are cylinder liners, diesel pistons, connecting rods, valve lifters and
piston pins (engine applications), drive shafts, disc rotors, calipers (chassis and
drive trains). Similarly for aerospace applications, the examples are exhaust
nozzles, links, blades, cases, shafts and vanes. Finally, cutting tools, drill bits,
valves and gates can be the examples of the structural applications [5]. Moreover to
these general application fields, the common usage fields of Al/Al,O; composites
are cylinder liners, piston (lighter material for cold start), rings and connecting rods

(fuel conservation, improved efficiency, tribological application) [6].

The problem with the limited commercial use of discontinuous reinforced
aluminum matrix composites not only related to the cost but also complexity of the
production routes. Some of the consequential obstacles during alumina short fiber
reinforced aluminum matrix composites are simply efficiency of fiber/matrix
adhesion, appropriate microstructure and high temperature required for the

infiltration of the reinforcement.

The main objective of the present thesis work was to conduct research on
fiber/matrix adhesion together with insert/component adhesion in the entire
composite product. During the experiments different volume percentages of
reinforcement for three different Al-Si foundry alloys (mainly hypo-eutectic,
eutectic and hyper-eutectic) were produced. Casting temperatures were selected as

750 °C and 800 °C and mold temperature was fixed at 200 °C.



CHAPTER 2

LITERATURE REVIEW

2.1 Composites

Composite materials are defined as macroscopic combination of two or more
distinct materials, having a recognizable interface between them. Modern
composites are generally manufactured to achieve a particular balance of properties

for a given range of applications [7].

Classification of composites can be done into two ways. The first classification is
based on type of the matrix used in composite and the second one is based on the
reinforcement used in the composite [7]. For simplification, classification based on
the matrix material is used throughout the text. According to this classification,

composites are divided into four main groups, which are:

e Metal matrix composites (MMC),
e (Ceramic matrix composites (CMC),
e Polymer matrix composites (PMC),

e Carbon-carbon composites (CCC) [2].

Composite materials consist of two or more physically and/or chemically distinct
phases, which can be suitable arranged or distributed, with an interface separating

them. These two phases are named as matrix phase and reinforcement phase [1].



2.1.1 Matrix Phase

Matrix is the continuous and generally the soft phase of the composites. Properties

of the matrix phase can be stated as:

To bind the reinforcements together by a virtue of its cohesive and adhesive
characteristics,

To transfer load to the reinforcements and to protect them from the
environment and handling,

To control transverse properties, interlaminar strength and elevated-
temperature strength,

To hold the reinforcement material in a in the proper orientation and
position,

To provide an inelastic response (stress concentrations are reduced
dramatically and internal stresses are redistributed from broken

reinforcements) [7].

In the Table 2.1, Table 2.2 and Table 2.3, a few examples of matrix materials used

in the composites can be seen together with some of their mechanical properties.

Table 2.1 Mechanical properties of some metals used as matrices in composites [§]

Material Ultimate tensile strength, | Elastic modulus, | Density,
(Metal Alloys) | ours (MPa) E (GPa) p (g/cm’)
Steel 400-2200 180-210 7.8-7.85
Aluminum 140-700 69-72 2.7-2.85
Titanium 420-1200 110 4.5
Magnesium 220-320 40 1.8
Beryllium 620 320 1.85
Nickel 400-500 200 8.9




Table 2.2 Mechanical properties of some polymers used as matrices in composites

[8]

) Ultimate tensile | Elastic .
Material Density,
(Polymers) strength, modulus, o (g /cm3)

OuUTS (MPa) E (GPa)
Epoxy 6090 2442 1.2-1.3
Polyester 30-70 2.8-3.8 1.2-1.35
Phenol- 40-70 7-11 1.2-1.3
Thermoset
lymeric resins formaldqhyde
oLy Organosilicone | 25-50 6.8-10 1.35-1.4
Polyimide 55-110 3.2 1.3-1.43
Bismaleimide | 80 4.2 1.2
Polyethylene 25-45 6-8.5 0.95
Polystyrene 35-45 30 1.05
Thermoplastic Teflon 15-35 3.5 23
polymers Nylon 80 2.8 1.14
Polyester (PC) | 60 2.5 1.32
Polysulfone 70 2.7 1.24
(PSU)

Table 2.3 Mechanical properties of some ceramics used as matrices in composites

[9]

Material Melting/sublimation | Elastic modulus, | Density,
(Ceramics) | temperature, °C (GPa) p (g/em’)
TaC 4255 550 14.3
HfC 3890 450 12.6
NbC 3615 500 7.56
TiC 3260 490 4.92
TaB, 3040 690 11.70
a-BN 3000 86 2.29
TiB, 2850 540 4.45
MgO 2825 290 3.65
SiC 2600 460 3.2

B4C 2470 450 2.5

B 2300 400 2.7
Al,O5 2050 400 3.97
MoSi, 2020 440 6.1
Si3Ny 1877 485 3.2




General matrix systems have shown in the above tables. Moreover to those
matrices stated in the tables, some of the metal matrix systems used in composite
component production can be grouped as conventional cast alloys (G-
AlSi12CuMgNi, G-AlSi9Mg, G-AlSi7 (A356), AZ91, AEA42), conventional
wrought alloys (AIMgSiCu (6061), AICuSiMn (2014), AlZnMgCul.5 (7075),
TiAl6V4) and special alloys (Al-Cu—Mg—Ni—Fe-alloy (2618), Al-Cu—Mg—Li-alloy
(8090), AZ91Ca) [3].

2.1.2 Reinforcement Phase

The purpose of reinforcement phase can be stated as follows:

e To provide superior levels of strength and stiffness to the composite
(principle purpose),
e To provide thermal and electrical conductivity, controlled thermal

expansion and wear resistance in addition to structural properties [7].

Reinforcements can be in the form of particles, flakes, whiskers, short fibers,
continuous fibers or sheets. Although reinforcements can be in different forms,
most of them are used fibrous form (generally called advanced fibers). The

important characteristics of these advanced fibers are:

e Small diameter with respect to its grain size, which allows higher fraction
of theoretical strength to be attained compared to the bulk form,

e High aspect ratio (//d), which allows very large applied load transfer to the
matrix,

e Very high degree of plasticity, which is the result of very high modulus and

small diameter [1].

Specific properties of some selected reinforcing fibers are given in Figure 2.1.
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Figure 2.1 Specific properties of some selected reinforcing fibers [7]

Specific modulus, Mm

In the above figure, given fibers are used for all composites. However, for MMCs,

generally the following reinforcements are used:

e Continuous fibers (e.g. AlLOs;, Al,03+Si0,, B, C, SiC, SizN4, Nb-Ti,

Nb3Sn),

e Discontinuous fibers,
0 Whiskers (SiC, TiB, Al,0O5),
0 Short fibers (Al,O3, SiC, Al,03+Si0,, vapor grown carbon fibers),
e Particles (SiC, Al,Os;, TiC, B4C, WC) [4].



2.1.3 Interface

An interface is defined as the bonding surface between a reinforcement and a
matrix. The requirement of an ideal interface is protection of the reinforcement and

allowing the load transfer from the (soft) matrix to the (strong) reinforcement [1,

4].

To understand the ability of interface forming in a composite, wettability term is
used. Wettability can simply be defined as the ability of a liquid to spread on a
solid surface. The degree of wettability is shown in Figure 2.2 by the edge angle
adjustment of a molten on a solid base, where yLy represents the surface energy of
the liquid phase, ysv represents the surface energy of solid phase and ysi. represents
the surface energy of the liquid/solid interface [3, 4]. Mathematically formulization

can be written as:

Ysv — YsL = YLv - cos0 (2.1)

For metal-ceramic systems, some numerical values of surface tensions at certain

temperatures are given in Table 2.4.



Table 2.4 Surface tensions of selected metal-ceramic systems at different
temperatures [3]

Alloy, Ceramic, Systems | Temperature (K) | yov (mJ/m’) | ysi (mJ/m”) | ysy (mJ/m’)
Al 953 1050 - -
Mg 943 560 - -
ALO; 0 - 930 -
MgO 0 - 1150 _
1370 1308 1485 2541
CwALO; 1450 1292 1422 2284
. 1843 1751 1114 2204
NIVALOs 2003 1676 988 1598
973 851 2469 2949
Al/SiC 1073 840 2414 2773
1173 830 2350 2684

}’L\f

YSV

(a)
Ny

YSV

W

T

(b)

Figure 2.2 Geometric representation of contact angle, 0. (a) wetting condition, (b)
non-wetting condition [4].




The reason why the interface has great importance in the composite is due to its
ability of having a large internal surface area occupied by the interface. It is

possible to have a 3000 cm?/cm’ surface area [1].

2.2 Metal Matrix Composites (MMCs)

Metal matrix composites consist of at least two chemically and physically distinct
phases, like all composites. The fibrous or particulate phase is suitable distributed
in the matrix phase to provide properties which are not attainable with either of the

individual phases [3, 4, 6].

2.2.1 Types of MMCs

Types of MMCs are named according to their reinforcement types. In general, there

are three kinds of MMCs, which are:

(a) Particle reinforced MMC:s,
(b) Short fiber or whisker reinforced MMC:s,
(c) Continuous fiber or sheet reinforced MMCs [4].

To have a consistent understanding, it is important to visualize what a particle,

short fiber/whisker or continuous fiber means. In Table 2.5, together with their

dimensions, common reinforcements used in MMCs are given.
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Table 2.5 Typical reinforcements used in MMCs [4]

Type Aspect ratio | Diameter, um | Examples

Particle 14 1-25 SiC, Al,O3, BN, B4C, WC

Short fiber or | 10-10000 1-5 C, SiC, Al,03, Al,03+S10;
whisker

Continuous | >1000 3-150 SiC, ALLOs, C, B, W, Nb-Ti, Nb3Sn
fiber

In the Figure 2.3, three types of MMCs can be seen schematically.

Particles

{g
Whiskers
Short Fibers

oo 1 Continuaus
IFibers

Sheet
Laminate

Figure 2.3 Different types of MMCs [4]
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2.2.2 Processing Techniques of MMCs

The main processing techniques for MMCs can be grouped into two parts, mainly
liquid state processes and liquid state processes [5]. In the following parts, details

of these processing techniques are given.

2.2.2.1 Liquid State Processing

A great number of practical applications are produced by the liquid state processes
because of their inherent advantages which are the lower cost and better handling
ability of the liquid metal compared to powders and ability of production of these
composite parts by the conventional casting methods. There are four major

processing techniques in liquid state processes [10]:

e Infiltration
e Dispersion
e Spraying

e In-situ fabrication.

2.2.2.2 Solid State Processing

Solid state processing techniques generally necessitate the matrix material to be in
the form of powder. Using the matrix material in the powder form provides some

advantages as given:

e Homogeneously distributed particles

e Homogeneous distribution of elements

e Super-saturation at alloying elements also in the manufacturing powder
e Isotropic material properties

e Higher cooling rates (102 — 10™ K/s)
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e Large quantity production

e High economic efficiency [3].

In discontinuous MMCs, solid state processes are used to obtain the highest
mechanical properties. Solid state processing techniques can be separated into three

main groups [5]:

e Powder metallurgy
e Diffusion bonding

e Deposition techniques.

2.2.2.3 Infiltration

Infiltration is basically infiltrating the porous preform (reinforcement phase) by the
molten metal that flows through the interstices to produce the composite.
Classification of the infiltration process is done according to type of the force(s)

exist(s) in the infiltration process. Types of infiltration are stated as [5]:

e No external force [11],
e Vacuume-assisted infiltration [12],
e Pressure driven infiltration
0 Gas pressure-assisted infiltration [13, 14],
0 Mechanical pressure-driven infiltration [15, 16],
e Other forces
0 Low pressures with the assistance of vibrations [17, 18],
0 Centrifugal casting [19],

0 Electromagnetic body forces [5].
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2.2.3 Aluminum Metal Matrix Composites (Al-MMCs)

Aluminum, as the matrix material, provides the basis of the most of the commercial
and academic researches on MMCs. Aluminum has well suited properties for use a

matrix material, which are:

e Light weight,
e Environment resistance,

e Useful mechanical properties.

In addition to the properties stated above, one of the most important properties of
aluminum for its use as the most popular matrix material is its melting point. Its
melting point is high enough to satisfy many application requirements and, yet low

enough to provide the reasonably convenient composite processing [20].
Aluminum matrix composites have a large range of applications especially in the

automotive industry due to its applicability for the mass production. In Table 2.6,

some of the interests of the automotive industries up to the 90s are given.
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Table 2.6 Synthesis of selected cast aluminum-matrix composites of interest to
automotive industries [6]

Period | Location Composite System Technique Used
1965 | Tnca AlGr Gas‘inj ection and stir
casting
1968 | IITK, India Al/AlL,O4 Stir casting
1974 | IISc., India Al/SiC, Al,O3, Al/Mica | Stir casting
1975 | MIT s;g;t&% (and other Compocasting
1979 | RRL, India AlSilicate, AVTIO,, Stir casting
ZI‘Oz,
1979 | USSR Al/Gr Stir casting
1980 | Dural Al/SiC Stir casting
1981 | Hitachi, Japan Al/Gr Pressure casting
1982 | DuPont Al/A1,O4 Pressure casting
1983 | Toyota, Japan Al/Saffil Squeeze casting
1984 | RRL, India Al/Microballoons Stir casting
1984 | Norsk Hydro, AISiC Stir casting
Norway
1985 | Martin Marietta Al/TiC XD Process
1986 | MIT Al/SiC Pressure infiltration
1987 | U of WI-Milwaukee | Al/Hybrids Pressure, stir casting
1987 | Comalco, Australia | Al/ Al,O3 Stir casting
1988 | Grenoble France Al/SiC Stir casting
1989 | Honda, Japan Al/ AL,O3-C Pressure casting
1989 | Lanxide Al/Al,05, Al/SIC Pressureless infiltration

2.2.3.1 Matrix Alloys

Among the matrix materials used in MMC components, aluminum is the most

frequently used matrix metal due to its low density, good casting ability together

with superior mechanical properties [21]. Due to the addition of Si to Al, which

increases the melting range and imparts fluidity together with low shrinkage during

cooling and high hardness, Al-Si alloys are the most popular casting alloys [22]. In

Figure 2.4, Al-Si phase diagram can be seen.
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Figure 2.4 Aluminum-silicon phase diagram [23]

To make a comparison between the mechanical properties and infiltration
parameters, two different Al-Si alloys were tried to investigate. Those matrix alloys
are Al-7wt%Si1 and Al-10wt%Si. Detailed properties of those alloys were given in
the following subtitles.

Table 2.7 Standard chemical composition of Al-7wt%Si alloy [20]

Alloy | Products | Si Fe |[Cu |Mn | Mg Zn | Ti
A356.0 | S,P 6.5-7.510.20]0.20 | 0.10 | 0.25-0.45 | 0.10 | 0.20
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Table 2.8 Standard chemical composition of Al-10wt%Si alloy [20]

Alloy | Products | Si Fe Cu |Mn | Mg Zn | Ti
361.0 | D 9.5-10.5 | 1.1 0.6 |0.35]0.40-0.60 | 0.50 | 0.20
Ni Cr Sn
0.20-0.30 | 0.20-0.30 | 0.10

In Table 2.7 and Table 2.8, S, P and D corresponds to the terms sand casting,

permanent mold casting and die casting respectively.

Some of the physical properties of alloys (as cast condition) A356.0 and 361.0 are

given in the following tables.

Table 2.9 Typical physical properties of A356.0 alloy

Temper . . Thermal Coeff.
. .. | Approximate | Electrical
and Specific | Density . conduct. | of thermal
) 3 melting conduct. o i
product | gravity | (kg/m”) range (°C) | (%IACS) at 25 °C | expansion
form & ° (calems°C) | (°Cx10®)
T6(S) 2.69 2713 560-610 40 0.36 214234
Table 2.10 Typical physical properties of 361.0 alloy
Temper . .. | Approximate | Electrical Thermal Coeff.
and Specific | Density . conduct. | of thermal
) 3 melting conduct. o i
product | gravity | (kg/m”) range (°C) | (%IACS) at 25 °C | expansion
form & ° (calems°C) | (°Cx10®)
F(D) 2.68 2685 570-590 37 0.35 20.9 [ 22.9

In Table 2.9 and Table 2.10, T6 and F represent the thermal conditions of the cast

specimen, i.e. T6 is heat treatment condition and F means as cast condition.
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In the case of some mechanical properties, details of the alloys are given in the

Table 2.11.

Table 2.11 Mechanical properties of alloys A356.0 and 361.0 [20]

Alloy Temper | curs | Ov2% | HB
F 159 | 83
T51 179 | 124 60
A356.0(5) T6 278 | 207 70

T71 207 [ 138 |60
A356.0 (P) | T61 255 [207 |90
361.0(D) |F 324 175 |75

Generally, A356.0 alloy is used in the applications of structural parts requiring high
strength such as machine parts and truck chassis parts. Also 361.0 alloy is used in

outboard motor parts, instrument cases, cover plates, marine and aircraft cases [20].

2.2.3.2 Reinforcement Material

As the reinforcement material, alumina is commonly used in MMCs production.
Alumina (ALLO3) is an appropriate reinforcing material for aluminum matrix
composites, since it has a good compatibility with aluminum even at the projected
temperatures [20]. Commercial name of selected reinforcement material is Saffil

fiber, Fibralloy Preform®. Details of the reinforcement material are given below.

2.2.3.2.1 Physical and Chemical Properties of Saffil Fibers

High alumina (Saffil) type of preforms was used as the matrix material. By using

the term “high alumina” 96-97 wt% ALO; together with 3-4 wt% SiO, is
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emphasized in the chemical composition. Physical properties of the material are

given in Table 2.12.

Table 2.12 Physical properties of Saffil fibers [24]

Specific gravity 33-3.5
Tensile strength (MPa) 100 — 2000
Young’s modulus (GPa) | 300 —330
Mean fiber diameter (um) | 3.0

In addition to the physical properties of the material, to understand the chemical
nature of Saffil fibers, alumina silica phase diagram, as given in Figure 2.5, can be
used to investigate the material. In Al,03-SiO; phase diagram, term “mullite” is the

name of a mineral and its chemical formula is 3A1,03-2S10, [25].

From the phase diagram given in Figure 2.5, it is seen that mullite + alumina region
starts from room temperature and lasts until the temperature of 1890 °C above
where liquid + alumina region starts at composition level of 96-97 wt% Al,O3 + 3-
4 wt% Si0,. This indicates that Saffil fibers show no chemical transformation up to

the temperature of 1890 °C.
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Figure 2.5 Al,05-SiO; phase diagram [26]

Manufacturing technique of preforms is strongly dependent on the chemical
composition of the fibers. Details of the manufacturing process are given in the

following subtitle.

2.2.3.2.2 Processing Technique of Saffil Preforms

Saffil preforms are mainly composed of alumina fibers (96-97 wt% AL,O; + 3-4
wt% Si0) as stated in the previous part of this chapter. As historical information,
both continuous and discontinuous ceramic oxide fibers have been commercially
available since the 1970s. Among all the oxide fibers, alumina is one of the most

widely used reinforcement material. There exist different allotropic forms of
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alumina fibers which are vy, 6, n and o. Among them o-alumina is the

thermodynamically stable phase [4].

Preform preparation stage is the most important and grueling step of the locally

reinforced short fiber MMCs. To have an efficient reinforcement, a preform must:

¢ Be extremely clean,

e Have homogeneous fiber distribution together with homogeneous fiber
orientation,

¢ Have minimum and homogeneously distributed fiber content,

e Have sufficient strength with high aspect ratio [3].

There are two main routes to produce alumina silicate fibers which are [3]:

1. Melt spun process

2. Spin sinter process

Melt spun process is the process suitable for alumina silicate fibers up to alumina
content approximately 60 wt%. Melt spun process involves melting of the raw
material by electrodes above 2000 °C, firstly. Secondly the melt is run out through
an orifice at the bottom of the furnace. Finally, by the rotating rollers or blowing by

high pressure air, fibers are formed [3].

Spin sinter process is the process for alumina silicate fibers up to alumina content
higher than 60 wt%. Spin sinter process starts with preparation of an aqueous phase
containing an oxide sol, aluminum oxychloride [Al,(OH)sCl], and an organic
polymer, medium molecular weight such as 2 wt% polyvinyl alcohol. This solution
is then slowly evaporated in a rotary evaporator until 80 Pa-s viscosity is attained.
After this step, it is extruded through a spinneret. Fibers are wound in a drum and
fired to about 800 °C yielding a microstructure of fine-grained alumina fiber

having 5-10 % porosity and a diameter of 3-5 um. At this stage, fibers are suitable
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for filter applications because of their high porosity. Finally, heating them to 1400-
1500 °C causes a linear shrinkage, which provides a suitable material for

reinforcement purposes to the manufacturer [4].

2.3 Component Production

Manufacturing possibilities of MMCs have quite different routes as stated in the
previous part. Among them, one of the most suitable method to produce both
particulate and fiber reinforced aluminum metal matrix composites is mechanical
pressure driven infiltration, i.e. squeeze casting. One of the most important
advantages of this process is the short contact time between the reinforcement and

the matrix to improve wettability by avoiding interface reactions [14-16].

Squeeze casting can be described as the combination of casting and forging. During
the process, the mold is filled by the molten metal. After filling of the mold, high
pressure is applied and solidification starts. Pressure is present during the
solidification to prevent pore formation, which causes plastic deformation. The
mechanical properties of the casting are improved by this method compared to

conventional casting operations.

There are two different types of squeeze casting process [27].

1. Direct squeeze casting

2. Indirect squeeze casting

In Figure 2.6, types of squeeze casting process are shown.
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Figure 2.6 a) Direct and b) Indirect squeeze casting [3]

During squeeze casting, it is seen that, the increase in pressure alters the

equilibrium phase diagram. In general, most metals experience an increase in phase

diagram which obeys Clausius-Clapeyron equation [28]:

Where

AT _ Tm(V2=V1) 2.2)
AP Q '

AT =increase in melting temperature

AP = increase in pressure from atmospheric pressure
Q =latent heat of fusion

V, = specific volume of liquid phase

V, = specific volume of solid phase

T, = melting temperature at atmospheric pressure

From the above equation, it is expected that binary Al-Si alloys, eutectic point is

shifted upward in the direction of the higher melting point constituent, in this case

towards increasing silicon content. For Al-Si alloys, a rise in the liquidus

temperature of approximately 6 K is expected for every 100 MPa of pressure

applied [28].
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In the case of short fiber reinforced aluminum MMC production, preforms are
placed into the mold and molten metal is poured on it followed by application of

high pressure until the solidification is completed [15].

Squeeze casting technique, in composite production, has some parameters as given

below [29]:

e Preform pre-heat temperature

e Inter-fiber spacing (fiber volume content)
e Pressure of infiltration

e Speed of infiltration

e Melt super-heat temperature.

To start the infiltration, a threshold pressure should be attained. Threshold pressure
is the minimum pressure to be overcome to start the infiltration. In Figure 2.7 and
Figure 2.8, schematic view of infiltration process at the start and an arbitrary

condition.
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Figure 2.7 Start condition of an adiabatic unidirectional infiltration process [30]
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Figure 2.8 Schematic view of an adiabatic unidirectional infiltration process [30]

In the above figures, Py is pressure in the melt entering the preform and P, is the
pressure in the melt at the infiltration front. Assuming that the resultant pressure is

AP and the pressure drop due to the wetting of the surfaces yield [30]:

AP =Py, —P,— AP, (2.3)
When P, equals to P,, the threshold pressure (Py,) can be found as follows [3]:

Py = AP, = S¢(ysL — Ysv) (2.4)

Where St is the surface interface per unit area and is defined for short fiber

preforms as [5]:

4'Vf

55 = dr(1-Vy)

(2.5)

Where dr is the fiber diameter and V¢ is the fiber volume fraction.

The main requirement in for squeeze casting of Al-Al,O; system is wetting of the

fibers by the molten aluminum. The wetting condition, stated by equation (2.1), is
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determined by the wetting angle. To increase the wetting ability, following

parameters should be controlled during the processing [31]:

e Contact time of matrix and the reinforcement [32],
e Temperature of the molten metal and the preform [33]
e Interface reactions [34]

e Surrounding atmosphere of the matrix and the reinforcement [35].

2.4 Mechanism of Fiber Reinforcement

Mechanism of fiber reinforcement is divided into two parts, which are long fiber
reinforcement and short fiber reinforcement. Reinforcement materials show
different levels of strengthening in the composite structures according to their

geometries [1, 4, 5]. Details of this topic are given in the following subtitles.

2.4.1 Long Fiber Reinforcement

The Rule of Mixtures can be used to determine the strength of a long fiber
reinforced composite material. However, only reinforcement type is not important
in determining the strength values. Together with the geometry, important
assumptions, which are having no fiber contact and optimum interface formation of
the composite, should also be considered [1, 3, 4]. The rule of mixtures can be

stated as:

oc=@r ort(1—0r) om* (2.6)

Where o represents the strength and ¢ represents the volume fraction of the

constituents. Subscripts C, F and M denote composite, fiber (i.e. reinforcement)

and matrix. Moreover oy™ denotes the matrix yield strength.
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2.4.2 Short Fiber Reinforcement

Strength prediction of the short fiber composites is somewhat different from the
long fiber reinforced composites. The main difference originates from the fiber
geometry. In the long fiber reinforced composites, load is carried along the entire
length of the fibers. However, in short fiber reinforced composites; interfacial shear
through the matrix transfers the load from the matrix to the fiber as shown in the

Figure 2.9.
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Figure 2.9 Schematic view of tensile stress distribution on fibers of different
lengths (6 ay = OF, eff)

Where o 4 is the average fiber strength and o, . is the effective fiber strength.

The ends of the fibers carry high shear stress together with low tensile stress. To be
able to provide the fiber to carry its maximum tensile strength, a balance between
the shear strength and tensile strength should be generated i.e. fiber length should
be longer than a critical length /.. Defining dr and 1ty as the fiber diameter and
fiber/matrix shear strength respectively, calculation of 1. is written as shown below

[36]:
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|, = Zar 2.7)

ZTFM

Where 1try can be written as [3]:
TFM = 0.5- OM* (28)
Starting from the above equations, effective fiber strength (oF, cfr) for a composites

having a mean fiber length /,, and fiber efficiency # can be calculated as in the

following [3]:

OFeff =M1 " OF " [1 - ( - )] (2.9)

2-L,
To sum up, strength prediction of short fiber reinforced composites having longer
fibers than the critical fiber length (i.e. I, > 1;) and having an orientation factor C

can be done as [3]:

OF

UCZTI‘C"PF'[l_dF'( )]+(1—<PF)'01’\51 (2.10)

2:-lp-oy

Where C =1 for aligned fibers, C = 0.2 for irregular fibers and C = 0.375 for planar
isotropic fibers [37].
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CHAPTER 3

EXPERIMENTAL PROCEDURE

The experimental procedure consists of composite fabrication which involves the
infiltration by the squeeze casting. Characterization part includes density
measurement followed by mechanical tests and microscopy. The steps of the

experimental procedure are shown schematically in the Figure3.1.

3.1 Matrix Alloy Preparation

Matrix alloys used in the experiments were two different aluminum-silicon alloys,
of which silicon concentrations were 7 wt% and 10 wt%. Silicon affects the
solubility range of the matrix alloys. In Table 3.1, actual compositions of the
matrix alloys used in the experiments are given according to the wt% of constituent

elements.

Table 3.1 Chemical composition of alloys used in the experiments

Alloy Si Mg | Fe Ti | Sr Cu Al | Other
Al-Twt%Si 6.910.85]0.195|0.21 | 0.014 | 0.004 | 91.8 | 0.001
(AIS17Mg0.8)

Al-10wt%Si 10.4 | 0.81 | 0.178 | 0.15 | 0.012 | 0.003 | 88.4 | 0.001
(AlSi110Mg0.8)
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Figure 3.1 Flow chart of the experimental procedure
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Spectrometer analyses of the alloys used during the experiments are given in

Appendix A.

The matrix alloys were composed of pure aluminum, pure silicon, aluminum-
titanium-boron master alloy (AITi5B) and aluminum-strontium master alloy
(AISr10). In the Table 3.2, Table 3.3 and Table 3.4, average chemical compositions

of the constituents (in wt%) of the matrix alloys are given.

Table 3.2 Chemical composition of pure aluminum used in the experiments

Si Mg Fe |Ti Sr Cu Al | Other
0.12 | <0.0010 | 0.20 | 0.002 | <0.0001 | 0.008 | 99.6 | 0.001

Table 3.3 Chemical composition of AlTi5SB master alloy

Ti |B | Al
50[1.0]94.0

Table 3.4 Chemical composition of AlSr10 master alloy

Sr Al
10.0 | 90.0

Matrix alloys were prepared by the Ajax Magnethermic 59 kW induction furnace.
Firstly, pure aluminum was melted. Then pure silicon was added into the melt. At
this point, the melt is solidified. Rests of the constituents were added into the alloy
prior to the composite fabrication. Pure magnesium and AlTi5B and AlSr10 master

alloys were added into the melt to control the chemical composition.
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3.2 XRD and SEM Analysis of Preforms

Preforms used in the experiments were purchased from Thermal Ceramics Co.
Preforms used in the experiments belong to the family of Fibralloy Preforms.
Fibrally preforms are two types. Composite grade preforms are Saffil"™ RF grade
fibers. Fibers having volume percentages of 20, 25 and 30 vol%’s were purchased
from thermal ceramics. In Table 3.5 and Table 3.6, chemical composition (in wt%)

and properties of Saffil RF grade fibers are given.

Table 3.5 Chemical composition of Saffil RF grade fibers [24]

AL Os | SiO, | Other Oxides
96-97 | 3-4 | Trace

Table 3.6 Properties of Saffil RF grade fibers [24]

Elastic Modulus (GPa) 270-330
Ultimate Tensile Strength (MPa) | 2000
Average Fiber Diameter (um) 3.0-3.5
Density (g/cm’) 3.3
Mohs Hardness 7.0
Maximum Service Temperature | 1600

Fibers of the preform consist of polycrystalline 3-Al,O3 phase having an average
grain size of 50 nm. Presence of 3-4 wt% SiO, stabilizes the 6-Al,O; phase and

hinders grain coarsening at high temperatures [24].

The reason why fibers having volume percentages of 20, 25 and 30 had been
purchased was due to the critical fiber content needed to have an effective
strengthening for these types of Al-Si alloys. It was seen that fibers having fiber

content above at least 16 vol percents are needed to have an efficient strengthening

32



in AISi10MgX (0.3 < X < 1.0) type alloys [31]. Since manufacturer of the preforms
had preforms having volume percentages of 10, 15, 20, 25 and 30; 20, 25 and 30

vol% preforms purchased.

The fibers should have planar isotropy, in which fiber orientation is perpendicular
to the flow direction according to Darcy’s Law. Note that equation (2.3)
necessitates a pressure drop of molten metal due to infiltrating the ceramic preform.
For the minimum pressure drop, contact between fibers and the molten metal must
be as short as possible [30]. In the case of parallel conditions of molten metal and
the fibers, molten metal contacts with the fiber along the fiber length. However, in
the case of vertical condition of the molten metal and the fibers, molten metal
contacts with the fibers along the half of the circumference of the fibers. Technical
data shows that Saffil fibers have mean diameters of 3 pm and average lengths of
150 pm. Using the technical information, parallel conditions of the fibers
necessitates a 150 um molten metal/fiber contact and vertical conditions of the
fibers necessitates a 4.71 um molten metal/fiber contact. Details of Darcy Law
(assume liquid metal is an incompressible fluid and metal flow in the preform is

laminar) is given below [38]:

Uu==L.— 3.1)

Where U is the penetrating velocity of the molten metal, AP is the pressure drop
due to molten metal/fiber contact, X is the infiltration depth, k is the permeability
of the of the preform, n is the porosity of the preform, p is the density of the molten

metal and p is the viscosity of the liquid metal.
It is seen in equation (3.1) that for the complete infiltration of the same preforms

with the same molten metal, all parameters except AP values are the same. Since

pressure drop, i.e. AP, is related to the fiber/molten metal contact; perpendicular
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condition of the fibers and the molten metal stands for the highest infiltration

ability.

XRD analyses of the preforms were performed by Rigaku X-Ray Diffractometer
Model: D/MAX2200/PC at 2°/min continuous scan speed to determine the

chemical composition of the preforms.

SEM analyses of the preforms were performed by JEOL JSM-6400 Scanning
Microscope to determine the fiber orientation of the preforms. Au coating was
employed to the specimens to determine the fiber characteristics of the preforms
due to their dielectric characteristics. Therefore Au peaks were seen in EDS

analysis.

3.3 Squeeze Casting

Production steps of Saffil alumina fiber reinforced composites are as in the

following:

1. Pure aluminum was melted and pure silicon was added into the molten
aluminum.

2. The molten alloy was solidified

3. Saffil RF grade fibers were heated in steel molds up to 200 °C.

4. Pure magnesium, AlTi5B and AISr10 master alloys were added into the

pre-melted aluminume-silicon alloy.

Squeeze casting mold was heated to 190 °C.

Preforms in the steel molds were placed into the squeeze casting mold.

The molten alloy was poured into the mold at 800 °C and 750 °C.

Squeeze casting of the composite specimens was conducted.

A S B R

Obtained aluminum covered steel preform molds were taken from the

squeeze casting mold.
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10. Steel preform molds covered by aluminum alloy was removed by the
milling cutter machine.

11. Composite specimens (both bending test specimens and inserts) were taken
from the steel mold by the 70 tons capacity vertical press.

12. The resultant bending specimens and inserts were grinded and polished.

13. Just before the insertion casting operation, inserts were grinded.

14. Insertion casting operation was done by locating the inserts into the die

cavity of the squeeze casting mold.

During the experiments, the steel molds used in the infiltration of the Saffil fibers

by the molten metal are given in Figure 3.2 and Figure 3.3.

Figure 3.2 The steel mold used to produce three point bending test specimens
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Figure 3.3 The steel mold used to infiltrate the inserts

Details of the squeeze casting operation are given in Appendix B.

In Figure 3.4 and Figure 3.5, details of the insertion casting molds can be seen.
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Figure 3.4 Details of the insertion casting mold 1

Figure 3.5 Details of the insertion casting mold 2
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3.4 Mechanical Tests and Test Apparatus

Three point bending tests were performed by Shimadzu AGS-J (10 kN) test

machine. Details of the specimen numbers were given in Table 3.7.

Table 3.7 Arrangement of specimens used in the experiments

Volume Percents of Fibers Infiltration
Alloy 20 25 30 20 25 30 Temperatures
vol% | vol% | vol% | vol% | vol% | vol% P
) 3 3 3 3 3 3 750 °C
AlSi7Mg0.8 3 3 3 3 3 3 800 °C
) 3 3 3 3 3 3 750 °C
AlSi10Mg0.8 3 3 3 3 3 3 200 °C

Three point bending tests were carried out at a bending speed of 3 mm/min in

Shimadzu AGS-J (10 kN) Test Machine.

Hardness tests were carried out Heckert Analog Hardness Test Machine where
Brinell 62.5 kg hardness values acquired. Hardness measurement was performed
both from the surfaces parallel to the fiber orientation and vertical to the fiber

orientation.

The maximum fracture loads of the three-point bending test were obtained.
Calculations of the three point bending tests were carried out by the following

formula.

Omax = 5. (3.2)
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Where F is the maximum load applied by the test machine, L is the span length of
the specimen, b is the thickness and d is the width of the specimen. In the

experiments, L, b and d values are approximately 48, 10 and 5 mm respectively.

3.5 Microscopy and Microstructural Analysis

In the experiments, composite specimens were examined by SEM and optical
microscopy to determine their fracture surface, microstructure, fiber orientation

characteristics. Details of these examinations are given in the following.

3.5.1 Sample Preparation

Samples for fracture surface examination were obtained from the fracture surfaces
of three point bending test specimens. Fracture surfaces were cut from the bending
test specimens by METKON METACUT M250 Cutting Machine and then purged
from impurities by Retsch UR1 Ultrasonic Cleaner. Finally examination was

performed by JEOL JSM-6400 Scanning Microscope.

Samples of image analysis and SEM study were prepared from the edges of the
three point bending test specimens. Specimens were cut both from the surfaces
parallel to the fiber orientation and vertical to the fiber orientation by METACUT
M250 Cutting Machine. Obtained specimens were mounted in Bakelite resin by
automatic Bakelite mounting machine of METKON HYDROPRESS 50. Mounted
specimens were placed in a six-specimen sample holder of an automatic specimen
mover of METKON FORCIMAT Specimen Mover. Grinding and polishing
operations were performed by grinding and polishing machine of METKON
FORCIPOL 2V. Grinding operation carried out from 180 grip SiC paper to 1000
grid SiC paper. Polishing operation performed using 1 pum and 0.3 pm Al,O3
suspension on a soft polishing coat. Finally specimens were purged from impurities

by ultrasonic cleaning machine to remove any debris.
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3.5.2 Scanning Electron Microscopy Analysis

Scanning electron microscopy analyses were carried out by JEOL JSM-6400
Scanning Microscope. Fracture surface examination and microstructural
examination together with back scattered images were performed by this
microscope. For SEM analysis, electrical conduction was established by applying

Ag-paste to the specimens mounted in dielectric Bakelite resin.

3.5.3 Optical Microscopy Analysis

Optical microscopy analyses were carried out by SOIF XJF-6A optical microscopy
to determine the microstructural characterization of the composites. Image analysis
was performed by this optical microscope. Same specimens with SEM analysis

were used in the image analysis of the composites.

3.6 Density Measurement

Density measurements of the composite specimens were done according to the

Archimedes’ Principle. Steps of the density measurement are as follows:

1. Weight of the specimen was measured in air with a sensitivity of 10* g
under normal atmosphere.

2. Composite specimen was dipped into xylol (xylene) solution and weight of
the specimen was measured in xylene.

3. The weights of the composited were measured with a sensitivity of 10 g.

4. The volume of the composite was calculated by the weight difference of the
specimen hanging up in a cup of xylol and in air and dividing it to the
density of xylol (0.861 g/cm?).

5. The density of the composite was calculated by dividing the term weight of

the specimen in air by the volume of the composite.
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Vv __ Mspecimen,air ~Mspecimen,xylene
specimen —

(3.3)

Pxylene

Where mgpeciemen,air 1S the weight of the specimen in air, Mgpecimen,xylene 15 the weight

of the specimen in xylene and pyyiene 1S the density of xylene (0.861 g/em’).

To have a comparison, theoretical densities were calculated by the rule of mixtures

as shown below [1, 4]:
Pe=pm > (1 = Vi) +pex Vg (3.4)
Where p. is the theoretical density of the composite, py, is the density of the matrix

metal, pris the density of the reinforcement phase (in this case fiber) and V¢ is the

fiber volume fraction of the composite.
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CHAPTER 4

RESULTS AND DISCUSSION

In this study, the effects of alumina fiber addition and casting temperatures of the
two different liquid alloys on the mechanical behavior of two different aluminum

matrix composites were examined.

4.1 Microscopy and Microstructural Analysis

Microscopy and microstructural analysis contains the experimental results of

scanning electron microscopy and optical microscopy. Results were grouped as:

1. Scanning Electron Microscopy results
a. Saffil fibers’ fiber orientation
b. Fracture surface examination of composites
c. Detailed microstructure analyses (back scattered images) of
composites

2. Optical microscopy results (Image analyses of composites)

Details of the parameters state above are given in the following subtitles.

4.1.1 Scanning Electron Microscopy Results

Saffil fibers’ orientation, fracture surfaces of the composites and detailed

microstructure analyses of the composites were performed by the scanning electron
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microscopy. Saffil fibers’ SEM examination was performed to verify the technical
data of the preforms to obtain the suitable fiber orientation for the composites.
Fracture surface examination was performed to observe the fiber behavior after the
fracture of the composite. Detailed microstructure analyses were performed to
determine the phases exist in the composite product together with the distribution

of the phases. To have the best contrast, back scattered images were also obtained.

In the figures Figure 4.1 through Figure 4.6, distribution of the Saffil fibers can be

seen.

Figure 4.1 SEM image of 20 vol% Saffil fibers parallel to the fiber orientation
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Figure 4.3 SEM image of 30 vol% Saffil fibers parallel to the fiber orientation
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Figure 4.5 SEM image of 25 vol% Saffil fibers vertical to the fiber orientation
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Figure 4.6 SEM image of 30 vol% Saffil fibers vertical to the fiber orientation

SEM analyses of the Saffil fibers showed that preforms have fibers distributed in a
planar isotropic condition due to their production technique. Isotropic condition of
the fibers was stated as at least 70% planar isotropy. SEM analyses of the preforms
also showed that there exist fibers having diameters of >3um and lengths of <150

pm.

In the case of fracture surface examination, for two different matrix alloys mainly
AlSi7Mg0.8 and AlSi10Mg0.8 for two different infiltration temperatures of 750 °C
and 800 °C at three different volume percentages of the reinforcement phases were
examined. Figure 4.7 through Figure 4.22 show the fracture surface characteristics

of the composites.
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Figure 4.8 Fracture surface of AlSi7Mg0.8/20vol%Al,05 reinforced composite
squeeze cast at 750 °C
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Figure 4.9 Fracture surface of AlSi7Mg0.8/25v0l%Al,05 reinforced composite
squeeze cast at 750 °C

- ' ] an——L | 4 Brm "
METH =B KLU ! ?*'.1.:9}3_@

Figure 4.10 Fracture surface of AlSi7Mg0.8/30vol%Al,05 reinforced composite
squeeze cast at 750 °C
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Figure 4.11 Fracture surface of AlSi7Mg0.8 alloy squeeze cast at 800 °C
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Figure 4.12 Fracture surface of AlSi7Mg0.8/20vol%Al,05 reinforced composite
squeeze cast at 800 °C
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Figure 4.13 Fracture surface of AlSi7Mg0.8/25v0l%Al,0;5 reinforced composite
squeeze cast at 800 °C
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Figure 4.14 Fracture surface of AlSi7Mg0.8/30vol%Al,0;5 reinforced composite
squeeze cast at 800 °C
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Figure 4.15 Fracture surface of Al1Si10Mg0.8 alloy squeeze cast at 750 °C
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Figure 4.16 Fracture surface of AlSi10Mg0.8/20vol%Al,05 reinforced composite
squeeze cast at 750 °C
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Figure 4.17 Fracture surface of AlSi10Mg0.8/25vol%Al1,0; reinforced composite
squeeze cast at 750 °C
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Figure 4.18 Fracture surface of AlSi10Mg0.8/30vol%Al1,0; reinforced composite
squeeze cast at 750 °C
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Figure 4.19 Fracture surface of Al1Si10Mg0.8 alloy squeeze cast at 800 °C
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Figure 4.20 Fracture surface of AlSi10Mg0.8/20vol%Al,05 reinforced composite
squeeze cast at 800 °C
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Figure 4.21 Fracture surface of AlSi10Mg0.8/25vo1%Al1,0; reinforced composite
squeeze cast at 800 °C
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Figure 4.22 Fracture surface of AlSi10Mg0.8/25vo01%Al1,0; reinforced composite
squeeze cast at 800 °C
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SEM study of fracture surfaces showed that both AISi7Mg0.8/Al,05 and
AlSi10Mg0.8/A1,05 composites revealed broken fibers, pulled-out fibers and de-
bonded fibers in the fracture surfaces. Note that the highest energy absorbing

mechanism is fiber pull-out mechanism [5].

In detailed fracture surface analyses by SEM, back scattered images of the
composites showed the most appropriate fiber/matrix interface and orientation of
the fibers in the composite. In figures from Figure 4.23 through Figure 4.76, except
the 0 vol% composites i.e. matrix alloy, back scattered SEM images of the
composites are given. Matrix alloy SEM images at X5000 magnification reveal the

fibrous eutectic structure.
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Figure 4.23 SEM image of AlSi7Mg0.8 alloy matrix squeeze cast at 750 °C at
X1000 magnification
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Figure 4.24 SEM image of AISi7Mg0.8 alloy matrix squeeze cast at 750 °C at
X5000 magnification, reveals fibrous eutectic
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Figure 4.25 Back scattered SEM image of AlISi7Mg0.8/20vol%Al,0; reinforced
composite squeeze cast at 750 °C parallel to the fiber orientation at
X250 magnification
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Figure 4.26 Back scattered SEM image of AlISi7Mg0.8/20vol%Al,0; reinforced
composite squeeze cast at 750 °C parallel to the fiber orientation at
X1000 magnification
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Figure 4.27 Back scattered SEM image of AlISi7Mg0.8/20vol%Al,0; reinforced
composite squeeze cast at 750 °C vertical to the fiber orientation at
X250 magnification

Figure 4.28 Back scattered SEM image of AlSi7Mg0.8/20vol%Al,05 reinforced
composite squeeze cast at 750 °C vertical to the fiber orientation at
X1000 magnification
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Figure 4.29 Back scattered SEM image of AlISi7Mg0.8/25vol%Al,0; reinforced
composite squeeze cast at 750 °C parallel to the fiber orientation at
X250 magnification
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Figure 4.30 Back scattered SEM image of AlSi7Mg0.8/25v01%Al1,05 reinforced
composite squeeze cast at 750 °C parallel to the fiber orientation at
X1000 magnification
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Figure 4.31 Back scattered SEM image of AlISi7Mg0.8/25vol%Al,0; reinforced
composite squeeze cast at 750 °C vertical to the fiber orientation at
X250 magnification
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Figure 4.32 Back scattered SEM image of AlSi7Mg0.8/25v01%Al1,05 reinforced
composite squeeze cast at 750 °C vertical to the fiber orientation at
X1000 magnification
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Figure 4.33 Back scattered SEM image of AlISi7Mg0.8/30vol%Al,0; reinforced
composite squeeze cast at 750 °C parallel to the fiber orientation at
X250 magnification
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Figure 4.34 Back scattered SEM image of AlSi7Mg0.8/30vol%Al,05 reinforced
composite squeeze cast at 750 °C parallel to the fiber orientation at
X1000 magnification
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Figure 4.35 Back scattered SEM image of AlISi7Mg0.8/30vol%Al,0; reinforced
composite squeeze cast at 750 °C vertical to the fiber orientation at
X250 magnification
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Figure 4.36 Back scattered SEM image of AlSi7Mg0.8/30vol%Al,05 reinforced
composite squeeze cast at 750 °C vertical to the fiber orientation at
X1000 magnification
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Figure 4.37 SEM image of AISi7Mg0.8 alloy matrix squeeze cast at 800 °C at
X1000 magnification
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Figure 4.38 SEM image of AlISi7Mg0.8 alloy matrix squeeze cast at 800 °C at
X5000 magnification, reveals fibrous eutectic
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Figure 4.39 Back scattered SEM image of AlISi7Mg0.8/20vol%Al,0; reinforced
composite squeeze cast at 800 °C parallel to the fiber orientation at
X250 magnification
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Figure 4.40 Back scattered SEM image of AlSi7Mg0.8/20vol%Al,05 reinforced
composite squeeze cast at 800 °C parallel to the fiber orientation at
X1000 magnification
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Figure 4.41 Back scattered SEM image of AlISi7Mg0.8/20vol%Al,0; reinforced
composite squeeze cast at 800 °C vertical to the fiber orientation at
X250 magnification
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Figure 4.42 Back scattered SEM image of AlISi7Mg0.8/20vol%Al,0; reinforced
composite squeeze cast at 800 °C vertical to the fiber orientation at
X1000 magnification
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Figure 4.43 Back scattered SEM image of AlISi7Mg0.8/25vol%Al,0; reinforced
composite squeeze cast at 800 °C parallel to the fiber orientation at
X250 magnification
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Figure 4.44 Back scattered SEM image of AlSi7Mg0.8/25v01%Al1,05 reinforced
composite squeeze cast at 800 °C parallel to the fiber orientation at
X1000 magnification
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Figure 4.45 Back scattered SEM image of AlISi7Mg0.8/25vol%Al,0; reinforced
composite squeeze cast at 800 °C vertical to the fiber orientation at
X250 magnification

Figure 4.46 Back scattered SEM image of AlISi7Mg0.8/25vol%Al,0; reinforced
composite squeeze cast at 800 °C vertical to the fiber orientation at
X1000 magnification
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Figure 4.47 Back scattered SEM image of AlISi7Mg0.8/30vol%Al,0; reinforced
composite squeeze cast at 800 °C parallel to the fiber orientation at
X250 magnification
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Figure 4.48 Back scattered SEM image of AlISi7Mg0.8/25vol%Al,0; reinforced
composite squeeze cast at 800 °C parallel to the fiber orientation at
X1000 magnification
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Figure 4.49 SEM image of AlSi10Mg0.8 alloy matrix squeeze cast at 750 °C at
X1000 magnification
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Figure 450 SEM image of AlSi10Mg0.8/ alloy matrix squeeze cast at 750 °C at
X5000 magnification, reveals fibrous eutectic
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Figure 4.51 Back scattered SEM image of AlSi10Mg0.8/20vol%Al,05 reinforced
composite squeeze cast at 750 °C parallel to the fiber orientation at
X250 magnification

Figure 4.52 Back scattered SEM image of AISi10Mg0.8/20vol%Al,05 reinforced
composite squeeze cast at 750 °C parallel to the fiber orientation at
X1000 magnification

70



METL ™ 2dKL

Figure 4.53 Back scattered SEM image of AlSi10Mg0.8/20vol%Al,05 reinforced
composite squeeze cast at 750 °C vertical to the fiber orientation at
X250 magnification
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Figure 4.54 Back scattered SEM image of AISi10Mg0.8/20vol%Al,05 reinforced
composite squeeze cast at 750 °C vertical to the fiber orientation at
X1000 magnification
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Figure 4.55 Back scattered SEM image of AlSi10Mg0.8/25v01%Al,05 reinforced
composite squeeze cast at 750 °C parallel to the fiber orientation at
X250 magnification
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Figure 4.56 Back scattered SEM image of AISi10Mg0.8/25vol%Al1,05 reinforced
composite squeeze cast at 750 °C parallel to the fiber orientation at
X1000 magnification
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Figure 4.57 Back scattered SEM image of AlSi10Mg0.8/25vol%Al,05 reinforced
composite squeeze cast at 750 °C vertical to the fiber orientation at
X250 magnification
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Figure 4.58 Back scattered SEM image of AISi10Mg0.8/25vol%Al,05 reinforced
composite squeeze cast at 750 °C vertical to the fiber orientation at
X1000 magnification
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Figure 4.59 Back scattered SEM image of AlSi10Mg0.8/30vol%Al,05 reinforced
composite squeeze cast at 750 °C parallel to the fiber orientation at
X250 magnification
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Figure 4.60 Back scattered SEM image of AISi10Mg0.8/30vol%Al,05 reinforced
composite squeeze cast at 750 °C parallel to the fiber orientation at
X1000 magnification

74



ME TU Zda KRy

Figure 4.61 Back scattered SEM image of AlSi10Mg0.8/30vol%Al,05 reinforced
composite squeeze cast at 750 °C vertical to the fiber orientation at
X250 magnification
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Figure 4.62 Back scattered SEM image of AISi10Mg0.8/30vol%Al,05 reinforced
composite squeeze cast at 750 °C vertical to the fiber orientation at
X1000 magnification
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Figure 4.63 SEM image of AlSi10Mg0.8 alloy matrix squeeze cast at 800 °C at
X1000 magnification
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Figure 4.64 SEM image of AlSi10Mg0.8 alloy matrix squeeze cast at 800 °C at
X5000 magnification, reveals fibrous eutectic
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Figure 4.65 Back scattered SEM image of AlSi10Mg0.8/20vol%Al,05 reinforced
composite squeeze cast at 800 °C parallel to the fiber orientation at
X250 magnification
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Figure 4.66 Back scattered SEM image of AISi10Mg0.8/20vol%Al,05 reinforced
composite squeeze cast at 800 °C parallel to the fiber orientation at
X1000 magnification
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Figure 4.67 Back scattered SEM image of AlSi10Mg0.8/20vol%Al,05 reinforced
composite squeeze cast at 800 °C vertical to the fiber orientation at
X250 magnification
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Figure 4.68 Back scattered SEM image of AISi10Mg0.8/20vol%Al,05 reinforced
composite squeeze cast at 800 °C vertical to the fiber orientation at
X1000 magnification
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Figure 4.69 Back scattered SEM image of AlSi10Mg0.8/25v0l1%Al,05 reinforced
composite squeeze cast at 800 °C parallel to the fiber orientation at
X250 magnification
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Figure 4.70 Back scattered SEM image of AISi10Mg0.8/25vol%Al,05 reinforced
composite squeeze cast at 800 °C parallel to the fiber orientation at
X1000 magnification
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Figure 4.71 Back scattered SEM image of AlSi10Mg0.8/25v0l1%Al,05 reinforced
composite squeeze cast at 800 °C vertical to the fiber orientation at
X250 magnification
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Figure 4.72 Back scattered SEM image of AISi10Mg0.8/25vol%Al1,05 reinforced
composite squeeze cast at 800 °C vertical to the fiber orientation at
X1000 magnification
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Figure 4.73 Back scattered SEM image of AlSi10Mg0.8/30vol%Al,05 reinforced
composite squeeze cast at 800 °C parallel to the fiber orientation at
X250 magnification

Figure 4.74 Back scattered SEM image of AISi10Mg0.8/30vol%Al,05 reinforced
composite squeeze cast at 800 °C parallel to the fiber orientation at
X1000 magnification
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Figure 4.75 Back scattered SEM image of AlSi10Mg0.8/30vol%Al,05 reinforced
composite squeeze cast at 800 °C vertical to the fiber orientation at
X250 magnification
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Figure 4.76 Back scattered SEM image of AISi10Mg0.8/30vol%Al,05 reinforced
composite squeeze cast at 800 °C vertical to the fiber orientation at
X1000 magnification
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Back scattered SEM images of the composites parallel to the fiber orientation
showed that planar isotropic condition of the fibers of the preforms had not been
deteriorated by the applied pressure during the squeeze casting operation.
Moreover SEM images also showed that an appropriate fiber/matrix adhesion was
achieved by the squeeze casting conditions. However, in SEM images it was also
seen micro-porosities which were inevitable due to the very high driving forces that

had arisen during infiltration.

In addition to the back scattered SEM images, normal SEM images were also
taken. However, due to ability of having large contrast between reinforcement and
matrix phases in back scattered images, normal SEM images are not given in SEM

study of composites. One of the normal SEM images is shown in the Figure 4.77.

Figure 4.77 SEM image of AlSil0Mg0.8/30vol%Al,0; reinforced composite
squeeze cast at 800 °C parallel to the fiber orientation at X250
magnification
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4.1.2 Optical Microscopy Results

Optical microscopy study was carried out to investigate the vol% of Saffil fibers in
the composite, i.e. image analysis. Image analyses were conducted by Dewinter
Materials Plus 4.1 Image Analyzing Program and Soif XJP-6A optical microscope.
The program makes a contrast between two phases and finds an area ratio of the
two phases. The image analyses were performed at 100X magnifications. The area
ration changed into the volume ratio of the composite by multiplying the area
percent by a unit height yielding the volume percent of the composite. Finally the
results were compared with the theoretical results, which were 20, 25 and 30 vol%.

An example of the image analyses results is given in Figure 4.78.

Figure 4.78 The sample image after image analyzing at 100X magnification

One of the microstructure test reports is given in Table 4.1.
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Table 4.1 Image analysis result of AISi7Mg0.8/30vol%Saffil composite
infiltrated at 750 °C from vertical to the fiber orientation

ICTURE TEST REPORT

i

MICROSTRLU

|PHJ\SE AND VOLUME ANALYSIS |

[SNo [NAME [AREA [AREA_PER |
[1 |[Phase 1 125332588 Micron Sqr [30.503 |
20 20
80 80
0 0
&0 60
50 50
40 40
30 30
2['/ 10 -
10 10
o 1 o 1
FPhass Phaszs

Details of the image analyzing reports are given in Appendix C.

In Table 4.2 and Table 4.3, image analyzing results of the specimens are given.
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Table 4.2 Image analyses results of the composite specimens

Alloy

Infiltration

Temperature (°C)

vol% of the

Orientation
of the Fibers

Reinforcement

Parallel

Vertical

AlSi7Mg0.8

750

20 vol%

20.017

20.771

25 vol%

25.214

25.590

30 vol%

30.155

30.513

800

20 vol%

21.822

21.083

25 vol%

26.996

26.109

30 vol%

30.469

30.452

AlSi10Mg0.8

750

20 vol%

20.110

20.115

25 vol%

25.528

25.470

30 vol%

31.250

30.267

800

20 vol%

20.836

20.350

25 vol%

25.512

26.095

30 vol%

32.121

31.230

Table 4.3
values

Deviations of the image analyzing results compared to the theoretical

Alloy

Infiltration
Temperature
(°C)

vol% of the
Reinforcement

Deviation of the Results from
Theoretical Values According to
the Fiber Orientation (%)

Parallel

Vertical

750

20 vol%

0.08

3.71

25 vol%

0.85

231

30 vol%

0.51

1.68

AlSi7Mg0.8

800

20 vol%

8.35

5.14

25 vol%

7.39

4.25

30 vol%

1.54

1.48

750

20 vol%

0.55

0.57

25 vol%

2.07

1.85

30 vol%

4.00

0.88

AlSi10Mg0.8

800

20 vol%

4.01

1.72

25 vol%

2.01

4.20

30 vol%

6.60

3.94
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From the image analyses results, it was seen that calculated results had positive
deviation from the theoretical values. This difference was mainly because of local
fiber breakages together with high contrast required for the microscope. It was also
observed that there had been no definite trend in the deviation values compared to

the volume percentages of the reinforcement phase.

Optical microscopy results also include insert/backing alloy interface analyses. In

Figure 4.79 and Figure 4.80, insert/backing alloy interface can be seen.

Figure 4.79 Optical microscopy image of insert/backing alloy interface at X100
magnification
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Figure 4.80 Optical microscopy image of insert/backing alloy interface at X400
magnification

Details of the image analyses of insert/backing alloy can be seen in Appendix C.

Insertion casting operation was done in 100 tons capacity vertical press.
Component alloy (metal surrounding the insert) was AlSi10Mg0.8 due to its higher
filling ability compared to AISi7Mg0.8 alloy. Two different connecting rods were
casted. Inserts were grinded before the insertion casting operation to remove the

alumina layer exists around the insert.

Although insert/component alloy interface was successfully created, it was noted
that extremely thin sections (= 1 or 2 mm) should be avoided near the insert. These
thin sections can inhibit the insertion casting by favoring the molten metal velocity
in the mold cavity of the component. It was seen that this condition had not
affected the insert/component alloy interface, but affected the overall geometry of
the component. In Figure 4.81, the connecting rod produced after the insertion

casting operation.
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Figure 4.81 Connecting rod obtained from the insertion casting operation

During the insertion casting operation, it was seen that an appropriate

insert/backing alloy interface could be achieved by these process parameters.

4.2 XRD Analyses Results

XRD analyses of the Saffil fibers and composites were done. The reinforcement
phase, i.e. Saffil fibers, mainly consists of 3-Al,0O3; and small amount of SiO, as
stated in the technical datasheet of the manufacturer. Composite specimens were
also analyzed to check whether any degradable chemical reaction occurred between

fiber and matrix phases or not. XRD results of the composite specimens showed
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that both matrix alloy and Saffil fibers existed in the structure. Delta alumina

structure of the Saffil fibers did not changed after the processing.

4.2.1 XRD Analyses of the Preforms

XRD analyses of the preforms showed that the reinforcement phase consisted of o-
AlO;. In the following figure, XRD pattern can be seen. It was seen that 5-Al,O;
gives 20 peaks at 36°, 39°, 45°, 46°, 60° and 67°. In Figure 4.82, (h k 1) values of
the peaks of 6-Al,Os are given.
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Figure 4.82 XRD analyses of the preforms (a) 20vol%, (b) 25 vol% and (c) 30
vol% Saffil fibers

4.2.2 XRD Analyses of the Composite Specimens

XRD analyses of the composite specimens showed that there had been no chemical

reaction between the fiber and the matrix phases since there had been no other
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phase observed in the XRD patterns. This showed that any chemical reaction

between the fiber and the reinforcement was not kinetically possible.

It was seen that Al gives 20 peaks at 38°, 44°, 65°, 78° and 82°; Si gives 20 peaks
at 28°, 47°, 56°, 76° and 86°; and 8-Al,O3 gives 260 peaks at 36°, 39°, 45°, 46° and
67°. Detailed XRD patterns of the searched phases are given in Appendix D.

In the XRD patterns given in figures from Figure 4.83 through 4.87, note that 20
peaks of Al and Al,Oj; are very close to each other in the 20 regions of 36-39° and
44-46°. There exists a 8-Al,O3 peak from (3 0 5) plane next to Al peak from (1 1 1)
plane. Similarly, next to Al peak from (2 0 0) plane, there exists a 0-Al,O3; peak
from (3 1 7) plane.
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Figure 4.83 XRD analysis of AlSi7Mg0.8 matrix composite infiltrated at 750 °C
(a) 0 vol% fiber reinforced, (b) 20 vol% fiber reinforced, (c) 25 vol%
fiber reinforced and (d) 30 vol% fiber reinforced
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Figure 4.84 XRD analysis of AlISi7Mg0.8 matrix composite infiltrated at 800 °C
(a) 0 vol% fiber reinforced, (b) 20 vol% fiber reinforced, (c) 25 vol%
fiber reinforced and (d) 30 vol% fiber reinforced
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Figure 4.85 XRD analysis of AlSi10Mg0.8 matrix composite infiltrated at 750 °C
(a) 0 vol% fiber reinforced, (b) 20 vol% fiber reinforced, (c) 25 vol%
fiber reinforced and (d) 30 vol% fiber reinforced
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Figure 4.86 XRD analysis of AlSi10Mg0.8 matrix composite infiltrated at 800 °C
(a) 0 vol% fiber reinforced, (b) 20 vol% fiber reinforced, (c) 25 vol%
fiber reinforced and (d) 30 vol% fiber reinforced

4.3 Mechanical Test Results

Mechanical tests were divided into two parts, which are three point bending test

and hardness test. Details of the tests are given in the following subtitles.
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4.3.1 Three Point Bending Test Results

Three point bending tests were performed to observe the flexural strength of the
composite specimens. In Table 4.4, average flexural strength values of the
composites with respect to their infiltration temperature, fiber volume percent and

matrix alloy types are given.

Table 4.4 Average flexural strength values of the composite specimens

Infiltration Vol% Average Flexural Standard
Matrix Alloy | Temperature of the Strength of the Deviation
(°C) Fiber Composite (MPa)
0 vol% 571 145
0
e E
: 30 vol% 740 138
AlSI7TMg0.8 0 vol% 455 97
200 20 vol% 566 128
25 vol% 674 93
30 vol% 711 100
0 vol% 739 73
750 20 vol% 780 160
25 vol% 866 160
. 30 vol% 908 320
AlSITOMg0.8 0 vol% 649 139
200 20 vol% 760 171
25 vol% 859 127
30 vol% 881 155

All composite specimens showed brittle fracture. Due to the brittle characteristic of
the fibers, which dominated the composite fracture behavior rather than the matrix,
composites showed a brittle fracture behavior. In the case of AlISi7Mg0.8 matrix
composites, increasing the vol% of fibers caused an increase in strength values
directly. Also in the case of AlSil0Mg0.8 matrix composites, increasing the vol%

of fibers caused an increase in strength values directly.
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Infiltration temperature had another effect on the flexural strength of the composite
specimens. For A1Si10Mg0.8 matrix composites, lower infiltration temperature i.e.
750 °C favored higher flexural strength values due to smaller grain size of the
matrix phase. However for AISi7Mg0.8 matrix composites, the situation is
somewhat different. For 20 vol% reinforcement phase, lower infiltration
temperature favored higher flexural strength; but for 25 and 30 vol% reinforcement
phase, higher infiltration temperature favored higher flexural strength possibly due
to the higher infiltration ability at higher temperatures. From the phase diagram of
Al-Si system, it is seen that temperature of first solid phase appears in the alloy is
higher as the silicon content of the alloy decreases (before the eutectic point).
Therefore it is possible to say that flexural strength decrease of AlSi7Mg0.8 alloy
can be correlated with the lower infiltration ability of the alloy at lower temperature
compared to AlSi10Mg0.8 alloy. In the following figure, average flexural strength
values of the composite specimens are given. Detailed results are given in

Appendix E.
Effect of the silicon content of the alloys showed that higher silicon containing

alloy showed higher flexural strength values compared to the lower silicon

containing alloy. In Table 4.5, this effect can be seen in numerical values.

Table 4.5 Effect of Si on the flexural strength of the matrix

Name of the alloy Flexural Strength (MPa) | Standard Deviation (MPa)
AlSi7Mg0.8 (@ 750 °C) 571 145
AlSi7Mg0.8 (@ 800 °C) 455 97
AlSi110Mg0.8 (@ 750 °C) 739 73
AlSi10Mg0.8 (@ 800 °C) 649 139

Squeeze casting temperature also affects the flexural strength of the matrix. Lower
squeeze casting temperature favors the higher flexural strength values of the

matrix. Higher flexural strength values could be explained by the use of
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temperature range of the solidification. As the temperature range allowed for the
alloy increases, the grain size of the alloy increases yielding lowered the strength of

the alloy.
From the data obtained from three point bending test, fiber efficiency of the

composites were calculated by the use of equation (2.10) and the surface area of the

fibers were calculated by the use of equation (2.5) as shown in Table 4.6.

Table 4.6  Fiber efficiencies and the specific surface areas of 10° fibers

Name of the composite Fiber Efficiency SpeCiﬁ(;sil/lrrl?)c e ared

. 0

I(Al@Sl;é\:I)gOOC.S)QOVoM)SafﬁI 0.63 3.3
. 0

?51%\2[)g(}(é8)/25v0148afﬁ1 0.65 4.4
. 0

?51;%%%8)/3%014821%1 0.59 57
. 0

?51§(1}E[)g(}(é8)/20v0148afﬁ1 0.59 33
. 0

(Aglg(l)\g%%S)/ZSVOI YoSaffil 061 4.4
. 0

(Al@Sl;(l)\:[)goOC.g)BOVOI YoSaffil 0.56 57
. 0

(AI@SI;SO(l)\/IOgCO.)S/ZOVOI Y0Saffil 0.96 33
. 0

(AI@SI;SO(l)\/IOgCO.)S/ZSVOI Y0Saffil 0.88 4.4
. 0

(Al@Sl;g)(l)\/IogCO.)SBOVOI YoSaffil 0.79 57
. 0

(Al@Slé(())(l)\/IogCO.)SQOVOI YoSaffil 0.93 33
. 0

(Al@Slé(())(l)\/IogCO.)SQSVOl YoSaffil 0.88 4.4
. 0

I(Al@Slég(l)\/IE)gC().)S/3OV0M)Safﬁl 0.76 57
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Fiber efficiency values showed that most efficiently reinforced composites were
AlSi10Mg0.8/20vol%Saffil reinforced ones. This result also necessitates that more

improvements on 25 and 30 vol% fibers can be done as the future work.
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Figure 4.87 Three point bending test results of the composite specimens

From Figure 4.88, it is seen that lowest flexural strength belongs to A1Si7Mg0.8/20
vol% Saffil reinforced composite infiltrated at 800 °C; highest flexural strength
belongs to Al1Si10Mg0.8/30 vol% Saffil reinforced composite infiltrated at 750 °C.

4.3.2 Hardness Test Results

Hardness tests of the composite specimens were performed both from the vertical
and parallel to the fiber orientation of the composites. Since hardness values of the
materials are important parameters in selecting the materials resistant to the plastic

flow, these tests were performed for the composite specimens. In Figure 4.89 and
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Figure 4.90, hardness test results of the composites can be seen. Detailed results of

hardness tests are also given in Appendix F.
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Figure 4.88 Hardness results of the composite specimens taken from the parallel
to the fiber orientation
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Figure 4.89 Hardness results of the composite specimens taken from the vertical
to the fiber orientation

From the figures, it is seen that, increasing the fiber content of the composites
yields higher hardness values. Increasing the fiber content of the composites
decreases the grain size of the alloy resulting in higher hardness values. Moreover,
increasing the fiber content of the reinforcement phase increases the hardness value
by hindering the dislocation motion [19]. The highest hardness values for parallel
and vertical orientation of the fibers were obtained for 30 vol% Saffil fiber

reinforced AlSi7Mg0.8 alloy as 177 and 185 respectively.

4.4 Density Measurement

Density measurement was performed to find out the difference between the
theoretical density values with the experimental density values due to the micro-
porosities, which were inevitable in infiltration process, of the composite

specimens. In the following figures from Figure 4.91 through Figure 4.94,
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experimental and theoretical density values are given. Detailed results are given in

Appendix G.
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Figure 4.90 Theoretical and experimental densities of AISi7Mg0.8 matrix
composite cast at 750 °C and reinforced by Saffil fibers
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Figure 4.91 Theoretical and experimental densities of AISi7Mg0.8 matrix
composite cast at 800 °C and reinforced by Saffil fibers
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Figure 4.92 Theoretical and experimental densities of AISi10Mg0.8 matrix
composite cast at 750 °C and reinforced by Saffil fibers
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Figure 4.93 Theoretical and experimental densities of AISi10Mg0.8 matrix
composite cast at 800 °C and reinforced by Saffil fibers

From the figures it is seen that theoretical density values are always greater than the
experimental density values. This difference is the evidence of micro-porosities
exists in the composite structure. This is mainly related to high pressures needed to

infiltrate the porous preforms [30].

The difference between the theoretical and the experimental density values is the
highest in 30 vol% fiber reinforced composites. This is mainly due to the
increasing fiber cross-links and interaction in the preforms. As fiber cross-links and
interaction increases, porosity level of the composite increases. In addition to cross-
link effect, movement of fibers also enhances the micro-porosities in the

specimens. Application of the force results movement of the fibers.
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4.5 Insertion Casting

Insertion casting was conducted to have final components for automotive and
defense applications. In the following figures, sample parts for automotive and

defense applications can be seen.

Figure 4.94 Components obtained from insertion casting for automotive
applications

106



Figure 4.95 Components obtained from insertion casting for defense applications

Insertion casting operation was performed by the use of 100 tons capacity vertical
press. Setting the die temperature to 200 °C and molten temperature to 800 °C

resulted reasonable interface between insert/backing alloy.

Many difficulties observed in the insertion casting operation. Insertion casting was
not successful for all the components for every time. First of all, insert dimensions
became the major struggling parameter in the casting. In the die cavity, gap
between the mold cavity and the insert determined the backing alloy’s covering
ability of the insert. This situation was observed especially for the small
components, 1.e. defense applications. In the case of large gaps between the insert
and the die cavity, i.e. automotive applications, this impediment effects were not
observed. However, during the insertion casting operation of the automotive parts,
another difficulty was observed for the squeeze casting operation. Although there

were enough gaps between the insert and the mold cavity for the backing alloy to
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caver the insert, thin sections of the die cavity close to the inserts caused the
backing alloy eruption from the die. In spite of the difficulties faced during
insertion casting, appropriate insert/backing alloy interfaces were obtained. By
introducing smaller inserts to the small parts and avoiding thin sections of the die
cavity, insertion casting of these parts could be achieved excellent degree of
casting. In the following figure a more suitable sketch of the insert for the small

parts can be seen.

Figure 4.96 Sample drawing of the more suitable inserts for the defense
application parts
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CHAPTER S

CONCLUSION

In the present study, the following conclusions can be drawn after investigating the

effects of silicon content of the matrix alloy, vol% of the fiber and infiltration

temperature on mechanical behavior and physical properties of Saffil alumina short

fiber reinforced aluminum matrix metal matrix composites together with the effects

on insert/component interface.

1.

Detailed microstructure analyses conducted by SEM showed that micro-
porosity could be observed in the cross-links of the fiber network as
expected. SEM micrographs also showed that an appropriate fiber/matrix
interface due to existence of pulled fibers in the fracture surface was
achieved under the squeeze casting parameters of the experiments.
Moreover to the existence of the pulled-out fibers, non-existence of broken
fibers in the fracture surface also stood for the appropriate fiber/matrix

interface.

Image analyses showed that an appropriate insert/backing alloy interface
had been achieved. Moreover, there no fiber damage or displacement was
observed by the phase analyses of the microstructures of the composites.
Results were also close to the theoretical values of the composites both
from the vertical and parallel to the fiber orientation. Deviation of the
experimental values from the theoretical values was in the range of 0.57%

to 5.14%.
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3. Three point bending test results indicated that increasing the fiber content
caused to increase flexural strength values of the composites. AlSi10Mg0.8
alloy matrix composites reinforced with 30 vol% Saffil fibers had the
highest strength values. Compared to non-reinforced alloy 169 MPa
increase in flexural strength value was obtained for AISil0Mg0.8 matrix
composites infiltrated at 750 °C and reinforced with 30 vol% Saffil fibers.

23% increase was gained compared to non-reinforced alloy.

4. The effect of the infiltration temperature showed different conclusion for
AlSi10Mg0.8 and AlSi7Mg0.8 alloy matrix composites. For AISi10Mg0.8
matrix composites lower infiltration temperature favored higher strength
values due to smaller grain sizes of the matrix alloy. However for
AlSi7Mg0.8 alloy matrix composites, except 20 vol% reinforced ones,
lower infiltration temperature caused lower strength values due to higher
solidus temperature characteristic due to its alloy content that had decreased

infiltration ability of the alloy.

5. The effect of the amount of silicon in the matrix alloy was determined that
AlISi10Mg0.8 alloy showed higher flexural strength values than
AlSi7Mg0.8 alloy. The difference was 168 MPa and 194 MPa for 750 °C

and 800 °C squeeze casting temperatures respectively.

6. Hardness results increased by increasing the fiber volume fraction of the

composites.
7. XRD analyses of preforms showed that preforms were mainly composed of
delta alumina. XRD analyses also showed that there had been no phase

other than alumina fiber and aluminum matrix alloy.

8. Density measurements revealed that difference between theoretical and

experimental values of composites’ density results was increase as the fiber
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10.

content increase. The maximum difference was obtained for 30 vol% fiber
reinforced composites. Contrary to the theoretical values, 30 vol% fiber
reinforced composites showed lower density results than the 25 vol% fiber
reinforced ones. This was mainly due to the increasing the fiber cross-links
which caused the micro-porosity level to increase and air build up in front

of the liquid front.

Fiber efficiency of the composites was calculated. The results showed that
highest fiber efficiency was obtained from AISi10Mg0.8/20vol%Saffil
reinforced and squeeze cast at 750 °C composite as 0.96 and the lowest
efficiency was obtained from AlISi7Mg0.8/30vol%Saffil reinforced and
squeeze cast at 800 °C composite as 0.59. The reason why higher fiber
efficiency was almost 1.00 for AlSi10Mg0.8/20vol%Saffil reinforced and
squeeze cast at 750 °C composite was the Mg content of the matrix. Mg
content of the matrix alloy were the most efficient parameter for the
composite reinforced 20 vol% Saffil fibers at the corresponding

experimental parameters.

Image analyses results of the insertion casting operation showed that a
complete insert/backing alloy interface was achieved. It was observed that
most important parameters of the insertion casting operation were the gap
between the die cavity and the insert, and thin cross cross-section of the die
cavity near the insert. Avoiding thin sections of the die together with large
gaps between insert and the die cavity could yield even better

insert/component interface.
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Appendix A: Spectral Analyses of the Matrix Alloys

Table A.1 Spectrometer analyses of AISi7Mg0.8 matrix composites infiltrated at
800 °C

Element | Point 1 | Point 2 | Point 3 | Average

Al 91.8 1919 |91.7 918
Si 7.0 6.9 7.0 7.0
Fe 0.191 ]0.173 ]0.182 |0.182

Cu 0.0031 10.0033 | 0.0034 | 0.0033
Mn 0.00100.0010 |0.0010 |0.0010
Mg 0.827 10.830 ]0.852 |0.836

Zn 0.0050 1 0.0050 {0.0050 | 0.0050
Cr 0.0044 | 0.0050 | 0.0026 | 0.0040
Ni 0.0050 1 0.0050 {0.0050 | 0.0050
Ti 0.0867 | 0.0885 |0.0878 | 0.0877
Be 0.0001 | 0.0001 |0.0001 |0.0001
Ca 0.0005 | 0.0005 | 0.0005 |0.0005
Li 0.0001 [0.0001 |0.0001 |0.0001
Pb 0.0020 1 0.0020 {0.0020 | 0.0020
Sn 0.0100 [ 0.0100 |0.0100 |0.0100
Sr 0.0084 1 0.0085 | 0.0091 |0.0087
\Y 0.0136 10.0139 ]0.0126 |0.0134
Na 0.0005 | 0.0005 | 0.0005 | 0.0005
Bi 0.0050 1 0.0050 {0.0050 | 0.0050
Zr 0.0020 [ 0.0020 |0.0020 | 0.0020
B 0.001510.0014 [ 0.0015 |0.0015

Ga 0.0154 [0.0168 |0.0169 |0.0164
Cd 0.0010 10.0010 {0.0010 |0.0010
Co 0.0030 10.0030 {0.0030 |0.0030
Ag 0.0010]0.0010 |0.0010 |0.0010
Hg 0.0030 10.0030 {0.0030 |0.0030
In 0.0020 1 0.0020 | 0.0020 | 0.0020
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Table A.2  Spectrometer analyses of AlSi7Mg0.8 matrix composites infiltrated at
750 °C

Element | Point 1 | Point 2 | Point 3 | Average

Al 914 913 |91.1 91.3
Si 7.3 7.3 7.6 7.4
Fe 0.230 [0.217 ]0.218 |0.222
Cu 0.0068 | 0.0051 | 0.0040 | 0.0053

Mn 0.00100.0010 |0.0010 |0.0010
Mg 0.776 10.934 10.809 |0.840

Zn 0.0050 1 0.0050 {0.0050 | 0.0050
Cr 0.012510.0083 10.0077 | 0.0095
Ni 0.0050 1 0.0050 {0.0050 | 0.0050
Ti 0.173010.1660 | 0.1510 |0.1633
Be 0.0001 | 0.0001 |0.0001 |0.0001
Ca 0.0005 | 0.0005 | 0.0005 | 0.0005
Li 0.0001 | 0.0001 |0.0001 |0.0001
Pb 0.0020 1 0.0020 {0.0020 | 0.0020
Sn 0.01000.0100 |0.0100 |0.0100
Sr 0.0209 10.0230 [ 0.0187 | 0.0209
\Y 0.0184 10.0173 ]0.0181 |0.0179
Na 0.0005 | 0.0005 | 0.0005 |0.0005
Bi 0.0050 1 0.0050 {0.0050 | 0.0050
Zr 0.0020 [ 0.0020 | 0.0020 | 0.0020
B 0.0083 10.0080 | 0.0053 |0.0072

Ga 0.0221 10.0235 10.0214 | 0.0223
Cd 0.0010]0.0010 |0.0010 |0.0010
Co 0.0030 [ 0.0030 |0.0030 | 0.0030
Ag 0.0010]0.0010 |0.0010 |0.0010
Hg 0.0030 [ 0.0030 |0.0030 | 0.0030
In 0.0020 1 0.0020 |0.0020 | 0.0020
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Table A.3  Spectrometer analyses of AlSi10Mg0.8 matrix composites infiltrated
at 750 °C

Element | Point 1 | Point 2 | Point 3 | Average

Al 884 884 |88.4 [884
Si 10.5 10.4 104 1104
Fe 0.177 10.174 10.170 |0.174
Cu 0.0032 1 0.0031 | 0.0035 |0.0033

Mn 0.00100.0010 |0.0010 |0.0010
Mg 0.774 10.765 |0.778 |0.772

Zn 0.0050 1 0.0050 {0.0050 | 0.0050
Cr 0.0041 [ 0.0036 |0.0034 | 0.0037
Ni 0.0050 1 0.0050 {0.0050 | 0.0050
Ti 0.0822 10.0824 | 0.0845 | 0.0830
Be 0.0001 | 0.0001 |0.0001 |0.0001
Ca 0.0007 [ 0.0005 | 0.0005 | 0.0006
Li 0.0001 | 0.0001 |0.0001 |0.0001
Pb 0.0025 10.0020 {0.0020 | 0.0022
Sn 0.01000.0100 |0.0100 |0.0100
Sr 0.0076 10.0071 {0.0076 |0.0074
\Y 0.01300.0141 |0.0128 | 0.0133
Na 0.0005 | 0.0005 | 0.0005 |0.0005
Bi 0.0050 1 0.0050 {0.0050 | 0.0050
Zr 0.0020 [ 0.0020 | 0.0020 | 0.0020
B 0.0011 10.0014 {0.0017 |0.0014

Ga 0.0160 1 0.0150 |0.0149 |0.0153
Cd 0.0010 10.0010 {0.0010 |0.0010

Co 0.0030 [ 0.0030 |0.0030 | 0.0030
Ag 0.0010]0.0010 |0.0010 |0.0010
Hg 0.0030 [ 0.0030 |0.0030 | 0.0030
In 0.0020 1 0.0020 |0.0020 | 0.0020

119



Table A4  Spectrometer analyses of AlSi10Mg0.8 matrix composites infiltrated
at 750 °C

Element | Point 1 | Point 2 | Point 3 | Average

Al 884 [883 882 883
Si 104 |10.5 10.6  |10.5
Fe 0.178 10.178 10.176 |0.177

Cu 0.0034 1 0.0030 | 0.0029 |0.0031
Mn 0.00100.0010 |0.0010 |0.0010
Mg 0.757 10.727 10.751 0.745

Zn 0.0050 1 0.0050 {0.0050 | 0.0050
Cr 0.0040 | 0.0058 | 0.0044 | 0.0047
Ni 0.0050 1 0.0050 {0.0050 | 0.0050
Ti 0.0971 1 0.0953 10.0938 | 0.0954
Be 0.0001 | 0.0001 |0.0001 |0.0001
Ca 0.0005 | 0.0005 | 0.0005 | 0.0005
Li 0.0001 | 0.0001 |0.0001 |0.0001
Pb 0.0020 1 0.0020 {0.0020 | 0.0020
Sn 0.01000.0100 |0.0100 |0.0100
Sr 0.0040 | 0.0036 | 0.0037 |0.0038
\Y 0.01190.0128 |0.0131 |0.0126
Na 0.0005 | 0.0005 | 0.0005 |0.0005
Bi 0.0050 1 0.0050 {0.0050 | 0.0050
Zr 0.0020 [ 0.0020 | 0.0020 | 0.0020
B 0.0025 10.0023 {0.0025 | 0.0024

Ga 0.0173 10.0141 |0.0153 |0.0156
Cd 0.0010]0.0010 |0.0010 |0.0010
Co 0.0030 [ 0.0030 |0.0030 | 0.0030
Ag 0.0010]0.0010 |0.0010 |0.0010
Hg 0.0030 [ 0.0030 |0.0030 | 0.0030
In 0.0020 1 0.0020 |0.0020 | 0.0020
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Appendix B: Details of the Squeeze Casting Operation

Table B.1 Squeeze casting parameters of A1Si7Mg0.8 alloy matrix inserts

Temp. of Temp. of | Temp.of | Temp. Temp. of Vol% of
Infiltration Lower Upper of Molten the
°C) Mold Mold Preform Metal Reinforcement
(9] ) () (9]
200 196 - 751 0 vol%
750 226 205 195 755 20 vol%
195 184 220 749 25 vol%
192 190 215 752 30 vol%
190 188 - 802 0 vol%
200 172 165 180 800 20 vol%
185 180 218 805 25 vol%
188 179 200 801 30 vol%

Table B.2 Squeeze casting parameters of AlSi7Mg0.8 alloy matrix three point

bending test specimens

Temp. of Temp. of | Temp.of | Temp. Temp. of Vol% of
Infiltration Lower Upper of Molten the
°C) Mold Mold Preform Metal Reinforcement
O (9 O O
200 196 - 751 0 vol%
750 226 205 195 755 20 vol%
195 184 220 749 25 vol%
192 190 215 752 30 vol%
175 175 - 803 0 vol%
200 172 170 200 813 20 vol%
173 170 204 810 25 vol%
174 175 210 803 30 vol%
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Table B.3 Squeeze casting parameters of AISil0Mg0.8 alloy matrix three point

bending test specimens

Temp. of Temp. of | Temp.of | Temp. Temp. of Vol% of
Infiltration Lower Upper of Molten the
°C) Mold Mold Preform Metal Reinforcement
¢C) 6 4 ¢C)
203 201 - 751 0 vol%
750 179 180 222 756 20 vol%
188 184 210 749 25 vol%
198 189 211 753 30 vol%
201 200 - 810 0 vol%
200 186 183 224 805 20 vol%
183 175 211 796 25 vol%
182 186 200 804 30 vol%

Table B.4 Squeeze casting parameters of A1Si10Mg0.8 alloy matrix inserts

Temp. of

Temp. of

Temp.

Temp. of

Temp. ° £ Lower Upper of Molten Vol% of
Infiltration the
°C) Mold Mold Preform Metal Reinforcement
O (0 @9 O
199 200 - 750 0 vol%
750 198 194 225 760 20 vol%
184 180 220 757 25 vol%
193 197 206 747 30 vol%
185 190 - 800 0 vol%
200 185 188 227 805 20 vol%
174 170 220 808 25 vol%
182 176 220 805 30 vol%
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Appendix C: Reports of the Image Analyses

Table C.1 Image analysis result of AISi7Mg0.8/20 vol% Saffil composite
infiltrated at 750 °C from parallel to the fiber orientation

MICROSTRUCTURE TEST REPORT

1)

|PHASE AND VOLUME ANALYSIS |

[SNo [NAME [AREA [AREA_PER |
[1 [Phase 1 [7376.116 Micron Sgr_ [20.071 |
=0 S0
20 20
70 0
&0 &0
50 50
40 40
30 30
20 20
10 10
a 1 a 1
Phase Phase
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Table C.2 Image analysis result of AISi7Mg0.8/20vol%Saffil composite
infiltrated at 750 °C from vertical to the fiber orientation

MICROSTRUCTURE TEST REPORT

AT 3 M

|PHASE AND VOLUME ANALYSIS |

[SNo [NAME [AREA [AREA_PER |
1 |Phase 1 [27830.357 Micron Sgr [20.771 |
20 90
80 a0
0 0
&0 &0
30 50
40 40
30 30
e — CR—.
10 10
a 1 Ju] 1
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Table C.3 Image analysis

result of AISi7Mg0.8/25vol%Saffil composite

infiltrated at 750 °C from parallel to the fiber orientation

MICR

W

|PHJ\SE AND VOLUME ANALYSIS ‘

OSTRUCTURE TEST R

&

EPORT

[NAME [AREA

[AREA_PER |

|Fhase 1 [11440 6846 Micron Sor

[25.214

cENEEBE32S

Phase

Phase
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Table C.4

Image analysis result of AlSi7Mg0.8/25vol%Saffil composite
infiltrated at 750 °C from vertical to the fiber orientation

MI

CROSTRUCTURE TEST REPORT

i 7% 2
Wi V2 4 i i o[ty
] 1 [l % , ¥ L]

w

AL el 1, 8

|PHASE AND VOLUME ANALYSIS |

NAME [AREA |AREA_PER |

Phase 1 [12415.179 Micron Sar 25580 |

ccBEE58BE8S
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Table C5

Image analysis result of AISi7Mg0.8/30 vol% Saffil composite
infiltrated at 750 °C from parallel to the fiber orientation

MICROSTRUCTURE TEST REPORT

o o L
| . gl 1 W L s ]

|PHASE AND VOLUME ANALYSIS |

|SHn NAME |AREI |I.REI_PER |
[ [Phase 1 [21368.304 Micron Sar_[30.155 |

an a0

20 &0

0 70

&l &l

a0 S0

40 40
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Table C.6 Image analysis result of AISi7Mg0.8/30vol%Saffil

infiltrated at 750 °C from vertical to the fiber orientation

composite

MICROSTRUCTURE TEST REPORT

|PHJ\SE AND VOLUME ANALYSIS |

[SNo [NAME [AREA [AREA_PER
11 |[Phase 1 125332588 Micron Sqr [30.503
20 20
80 80
0 0
&0 60
50 50
40 40
30 30
2['/ 10 -
10 10
o 1 o 1
FPhass Phaszs
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Table C.7

Image analysis result of AISi7Mg0.8/20 vol% Saffil composite
infiltrated at 800 °C from parallel to the fiber orientation

MICROSTRUCTURE TEST REPORT

w2y _'a':

|PHASE AND VOLUME ANALYSIS |

|SNo |NAME |AREA |AREA_PER |
I [Phase 1 [224454 241 Wicron Sor [21.822 |

30 20

20 20

70 70

&0 &0

S0 50

40 40

a0 30

10 10

o 1 o 1

Phase Phase
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Table C.8

Image analysis result of AISi7Mg0.8/20 vol% Saffil composite
infiltrated at 800 °C from vertical to the fiber orientation

|[PHASE AND VOLUME ANALYSIS |

[NAME [AREA [AREA_PER |

[Phase 1 [16331.920 Micran Sgr [21.083 |

Phase Phase
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Table C.9

Image analysis result of AlSi7Mg0.8/25vol%Saffil
infiltrated at 800 °C from parallel to the fiber orientation

composite

IPHASE AND VOLUME ANALYSIS |

[NAME [AREA [AREA_PER

[Phase 1 [24569.196 Wicron Sqr_|26.986

oEHEEXBIBE
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Table C.10 Image analysis result of AISi7Mg0.8/25vol%Saffil
infiltrated at 800 °C from vertical to the fiber orientation

composite

]

MICROSTRUCTURE TEST REPORT

[SNo [NAME [AREA [AREA_PER
[1 [Phase 1 |28178.571 Micron Sqr  |26.104

%0 90

1) 80

70 70

&0 &0

50 50

40 40

20 30

20 20

0 1 0 1
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Table C.11 Image analysis result of AISi7Mg0.8/30vol%Saffil composite
infiltrated at 800 °C from parallel to the fiber orientation

8

MICRO

|PHASE AND VOLUME ANALYSIS |

|SNo |NAME |AREA |AREA_PER |
I [Phase 1 [42814.732 Micron Sqr [30. 468 |
30 50
80 0
70 70
80 &0
S0 50
40 40
a0 30
3':'/ 20
10 10
0 1 0 1
Phase Phase
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Table C.12 Image analysis result of AISi7Mg0.8/30 vol% Saffil composite
infiltrated at 800 °C from vertical to the fiber orientation

RU

MICROSTRUCTURE TEST REPORT

i .:.

|PHASE AND VOLUME ANALYSIS |

[SNo [NAME [AREA [AREA_PER |
1 |Phase 1 |28966.518 Micron Sqr_ [30.452 |

w0 20

&0 &0

70 70

&0 &0

30 50

40 40

30 30

20 20

10 10

a 1 0 1
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Table C.13 Image analysis result of AlSil0Mg0.8/20vol%Saffil composite
infiltrated at 750 °C from parallel to the fiber orientation

MICROSTRUCTURE TEST REPORT

|PHASE AND VOLUME ANALYSIS |

[SHo [NAME [ARER [AREA_PER |
[1 [Phase 1 [12157.366 Micron Sgr [201110 |
an a0
20 80
70 70
&0 B0
50 50
40 40
30 30
- -
1 10
0 1 0 1
Fhass Phass
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Table C.14 Image analysis result of AlSil0Mg0.8/20vol%Saffil composite
infiltrated at 750 °C from vertical to the fiber orientation

MICROSTRUCTURE TEST REPORT

P .

|PH.ﬁSE AND VOLUME ANALYSIS |

[SHo |NAME |AREA |AREA_PER |
[1 |Phase 1 [17631.696 Micron Sgr [20115 |

S0 S0

&0 &0

70 T

&0 80

50 50

40 40

30 30

20 0

0 1 0 1

Fhass Fhase
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Table C.15 Image analysis result of AlSil0Mg0.8/25vol%Saffil composite
infiltrated at 750 °C from parallel to the fiber orientation

|PHASE AND VOLUME ANALYSIS |

[SNo [NAME [AREA [AREA_PER |
1 |Phase 1 |28811,384 Micron Sgr |25.528 |
a0 90
0 80
T 70
&0 80
50 50
40 40
0 30
20 20
10 10
o 1 0 1
Fhase Phase
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Table C.16 Image analysis result of AlSil0Mg0.8/25vol%Saffil composite
infiltrated at 750 °C from vertical to the fiber orientation

MICROSTRUCTURE TEST REPORT

» AL

|PHASE AND VOLUME ANALYSIS |

[SNo [NAME [AREA [AREA_PER ]
[1 |Phase 1 |25787 946 Micron Sgr_ [25470 |

90 a0

80 80

70 70

&0 &0

50 50

40 40

30 30

20 20

10 10

Ju] 1 a 1

Phase Phase
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Table C.17 Image analysis result of AlSil0Mg0.8/30vol%Saffil composite
infiltrated at 750 °C from parallel to the fiber orientation

MICROST

Al W

RUCTURE TEST REPORT

Al

|PHASE AND VOLUME ANALYSIS |

SNo [NAME [AREA [AREA_PER ]
1 |Phase 1 |12555 804 Micron Sgr [31.250 |
%0 40
80 an
0 0
80 60
50 50
40 40
30 3o
0 0
10 10
a 1 a 1
Flhasa Phase
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Table C.18 Image analysis result of AlSil0Mg0.8/30vol%Saffil composite
infiltrated at 750 °C from vertical to the fiber orientation

MICROSTRUCTURE TEST REPORT

|PHASE AND VOLUME ANALYSIS |

|SHD MNAME |AREI. |lHE.l_PER |
[ [Phase 1 16757 813 Micron Sqr__[30 267 |

%0 %0

20 &0

70 70

&0 &0

50 50

40 40

30 30

20 20

10 10

0 1 0 1
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Table C.19 Image analysis result of AlSil0Mg0.8/20vol%Saffil composite
infiltrated at 800 °C from parallel to the fiber orientation

MICROSTRUCTURE TEST REPORT

|PHASE AND VOLUME ANALYSIS |

[SNo [NAME [AREA [AREA_PER |
[1 [Phase 1 [FO10.714 Micron Sgr [20.836 |
S0 S0
0 30
7 0
a0 a0
50 50
40 40
30 30
20 20
10 10
o 1 a 1
Fhase FPhase
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Table C.20 Image analysis result of AlSil0Mg0.8/20vol%Saffil composite
infiltrated at 800 °C from vertical to the fiber orientation

MICROSTRUCTURE TEST REPORT

|PHASE AND VOLUME ANALYSIS |

[SNo [NAME |AREA |AREA_PER |
[ [Phase 1 [5263.392 Micron Sqr_ [20.350 |

o0 0

0 80

T 70

&0 &0

50 50

a0 40

30 30

il 0

10/ 10

0 1 0 1

Fhase Phase
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Table C.21 Image analysis result of AlSil0Mg0.8/25vol%Saffil composite
infiltrated at 800 °C from parallel to the fiber orientation

A

MICROSTRUCTURE TEST REPORT

|PHASE AND VOLUME ANALYSIS |

[SNo [NAME [AREA [AREA_PER |
i |Phase 1 [10627.232 Micron Sar [25.512 |
20 20
20 20
70 0
an &l
30 50
40 40
30 30
20 20
10 10
1] 1 ] 1
Phase Fhuss
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Table C.22 Image analysis result of AlSil0Mg0.8/25vol%Saffil composite
infiltrated at 800 °C from vertical to the fiber orientation

MICROSTRUCTURE TEST REPORT

|PHASE AND VOLUME ANALYSIS |

|SNo [NAME |AREA |AREA_PER |
[ [Phase 1 [6351.696 Micron Sor [26.085 |
S0 50
20 &0
0 m
&0 &0
50 50
40 40
30 30
T =
10 10
o 1 [u] 1
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Table C.23

Image analysis result of AlSi10Mg0.8/30vol%Saffil composite

infiltrated at 800 °C from parallel to the fiber orientation

MICROSTRUCTURE TEST REPORT

|PHASE AND VOLUME ANALYSIS |

[NAME [AREA [AREA_PER

|Phase 1 [13834,821 Micron Sqr_ [32121

cEBEERA3IBY

Fhase Phase

145




Table C.24 Image analysis result of AlSil0Mg0.8/30vol%Saffil composite
infiltrated at 800 °C from vertical to the fiber orientation

MIC

¥

ROSTRUCTURE TEST REPORT

X

|PHASE AND VOLUME ANALYSIS |

|SMo [NAME |AREA |AREA_PER |
[1 [Phase 1 5287 851 Micron Sor [31.230 |

o0 0

80 80

T o

&0 &0

50 50

40 40

30 30

0 20

10 10

0 1 0
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Table C.25 Image analysis result of AISi10Mg0.8/30vol%Saffil composite insert-

component alloy interface at X400 magnification insertion casted at
800 °C

MICROSTRUCTURE TEST REPORT

|PHASE AND VOLUME ANALYSIS |

[AREA_PER |
[30229 |

[AREA
[435.074 Micron Sqr

[NAME
|Phase 1

ceSbHEBEa8E

1
Phase
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Table C.26 Image analysis result of AISi10Mg0.8/30vol%Saffil composite insert-
component alloy interface at X400 magnification insertion casted at
800 °C

MICROSTRUCTURE TEST REPORT

|PHASE AND VOLUME ANALYSIS |

|SNo [NAME |AREA |AREA_PER |
I [Phase 1 [1216.514 Micron Sqr 30128 |
20 S0
&0 20
0 70
&0 &0
50 50
40 40
30 30
20 20
10 10
o 1 o 1
Phase FPhase
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Appendix D: X-Ray Diffraction Cards of Present Phases

04-0787 Quality: * Al
CAS Number.  7428-90-5 Aluminum _
Maleculer Weight 26,98 Fief Swanson, Tatge, Matl. Bur. Stand. (.5, Circ. 539, 1 11 (1953)
Wolume[CD]:  B6.40 "
D 2699 Dirn: )
Sys: Cubic z ’E
Lattice: Face-centerad o g -
S.G.: Fndm (225) gk 2
Cell Parameters: - 2
24048 &b c |, g |
“ B ¥ T T T T T .
S5/FOM. F 9-33(0103, §) 0 & 50 7 100 125 o
I/lcar 362
Fad: Cukal 28 Int-f h k1 2 Int=f h k| 2 Int=f h k|
Lambda: 154056 38472 moo1 o1 1 | FB2ER 24 31 1 |1nz2n4 g 3 31
Filter: Mi 44738 47 2 0 0 |B2435 do02 2 2 |1165k g 4 210
d-sp: 65133 22 2 2 0 |99073 2 4 0 0 |13745 g 4 2 2
Mineral Mame:
Alurninum, syn
Figure D.1 X-ray details of aluminum
27-1402 Cuality: * Si
CAS Mumber,7440-21-3 Silican
Molecular Weight 2608 Fief. Matl. Bur. Stand, (J.5.) Monogr. 25, 13, 35 (1976
Volurme[CD]: 16018
D 2.329 DOim !
Sys: Cubic % %
Lattice: Face-centered - £
5.G.: Fd3m (227) gk 2
Cell Parametars: - i
a 5.430 b c L | | |
W B ¥ T J T T | — .
S5/FOM: F11=408(0021, 13) o 25 50 s 100 125 8
[flcor: 470
fleor a0 28 e h ok 1| 28 Wt hok 1| 28 Wt h ok
Lgmbda:1_5405981 26.443 me 1 1 1 | 763V m 3 3 1 11409 o8 31
Filter: _ 47.304 B5 2 2 0 |88.029 12 4 2 2 |12754 8 6 2 0
d-sp: diffractometer 56122 03 1 1 | 944851 B & 1 1 |13684 3068 3 3
tineral Mame: 63.132 B 4 0 0 |10671 i 440
Silicon, syn

Figure D.2 X-ray details of silicon
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471770 Quality: 8-Al2 03
CAS Number: Aluminurn Crxide
Molecularweight: 101,95 Ref: Zigert, Kh etal. Daokl. Acad. Sci. USSR, Earth Sci. Sec. (Engl. Transl), 313, 221 (1940)

Yolume[CO): 1482.64
D 3.654 Drri:

-

Sws: Tetragonal H ‘g |

Lattice: Primitive o E &

5GP TE 5

Cell Farameters: -

a 7943 a} c 2350 | | ‘ | | ‘ | |

& B ¥ T T

SS/FOM: Fa= 1 (0.087.215) L 15 30 45 60 z e
E{ESTICUK& 28 Int-f h k| 28 Int-f h k| il Int-f h
Lambda: 1.5418 32.411 20 1 0 & |39133 20 3 0 5 |46.283 20 2
Filter: Mi 34.604 w0 3 0 2 |42823 10 3 1 6 | 60897 m 2
d-sp: Debye-Scherrer 36.962 o 2 1 7 | 45.067 303 1 7 |67306 o0 4

Mineral Narme:
Unnarmed mineral [NR]
Also called:

i-alumina

Figure D.3 X-ray details of delta aluminum oxide
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Appendix E: Detailed Tabulation of Three Point Bending

Test

Results

Table E.1  Three point bending test results of AlISi7Mg0.8 matrix composite

specimens

i Flexural Av.

SST;Z (H?m) (m(in) (n%m) F(N) S(tlr\illl)%h lsiireé;rlllgr?é Sg
( @7(5)0V§g/‘)’ 9.75 | 491 | 48.02 | 2838.00 | 669.65
(@720V§’g/; 9.65 | 481 | 48.02 | 2566.00 | 637.45 | 57059 | 145
( @720V§’g%)’ 9.65 | 471 | 48.02 | 1562.00 | 404.68
( @ig’ovi’g/; 9.76 | 4.84 | 48.02 | 234320 | 568.42
(@igovi’g%)’ 9.83 | 4.65 | 48.02 | 2119.50 | 553.07 | 594.53 59
(@igovi’g%)’ 9.51 | 457 | 48.02 | 2371.00 | 662.10
(@%Ovi’g%)’ 9.71 | 475 | 48.02 | 2765.00 | 699.99
( @%OVZ’E%)’ 9.81 | 470 | 48.02 | 2763.00| 707.16 | 705.89 5
(@iﬁgi’g‘; 9.91 | 445 | 48.02 |2514.00 | 710.52
(@ig’gi’g‘; 9.93 | 4.65 | 48.02 |3481.00 | 899.19
( @ggovi’g%)’ 9.75 | 4.57 | 48.02 | 2480.00 | 67549 | 74023 | 138
( @iggfg/‘; 9.86 | 478 | 48.02 | 2624.00 | 646.00
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Table E.1 (Cont’d)

i Flexural Av.

| o | 70| S| |
(@ggovi’g/i 9.67 | 483 | 48.02 | 1970.00 | 484.34
(@Sgovi’(l;%)’ 9.65 | 494 | 48.02 | 2267.50 | 534.04 | 455.15 97
(@Sgovi’g/i 9.53 | 4.99 | 48.02 | 1485.00 | 347.09
( @égovfg/‘)’ 9.75 | 4.98 | 48.02 | 242000 555.08
( @égovfg/‘)’ 9.79 | 4.88 | 48.02 | 2940.00 | 699.41 | 566.13 | 128
( @égovfg/‘)’ 9.76 | 4.90 | 48.02 | 1875.50 | 443.89
( @§30VS§‘)’ 9.85 | 497 | 48.02 | 2892.15 | 659.29
( @§30VS§‘)’ 9.88 | 4.85 | 48.02 | 2468.65 | 589.15 | 674.07 93
(@ﬁgovi’gf 9.88 | 477 | 48.02 |3136.15 | 773.76
(@ggovffg%)’ 9.74 | 478 | 48.02 | 294145 | 733.08
(@ggovffg%)’ 9.71 | 492 | 48.02 |3385.00| 79875 | 711.62 | 100
(@ggovffg%)’ 9.71 | 474 | 48.02 | 2372.00 | 603.04
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Table E.2 Three point bending test results of AlSil0Mg0.8 matrix composite

specimens

i Flexural Av.

Lo | 70 | | )|
( @7(5)0V35A)’ 0.84 | 496 | 48.02 | 2764.00 | 822.42
(@7‘5’0VS§/; 9.85 | 4.96 | 48.02 |2383.50 | 70848 | 738.83 73
(@7‘5’0VS§/; 9.81 | 5.02 | 48.02 |2353.00 | 685.58
(@3‘5’52’5/; 9.83 | 4.95 | 48.02 | 2556.50 | 76453
( @igovfgé’ 9.87 | 492 | 48.02 | 2084.50 | 62845 | 78023 | 160
(@ig’gi’g‘)’ 9.75 | 4.86 | 48.02 |3030.00 | 947.72
( @ggovggx)) 0.86 | 4.76 | 48.02 | 2323.40 | 749.11
( @;govgg/()) 0.85 | 4.82 | 48.02 |3328.00 | 1047.53 | 86572 | 160
( @iﬁovi’g/; 9.78 | 4.96 | 48.02 | 2674.00 | 800.52
(@;(5);?5/‘)’ 9.95 | 3.81 | 48.02 | 2514.00 | 1253.73
( @;govfg/‘)’ 0.85 | 4.97 | 48.02 | 2856.50 | 845.67 | 907.64 | 320
(@;2;?5/; 9.78 | 4.83 | 48.02 | 1975.00 | 623.52
(@Sgovfgé’ 9.77 | 5.01 | 48.02 |2575.00 | 756.35
( @Sgovgg%; 9.83 | 5.08 | 48.02 |2460.50 | 698.64 | 649.06 | 139
(@8852’5/; 9.89 | 4.98 | 48.02 | 1676.00 | 492.19
(@égovi’g%)’ 9.81 | 4.96 | 48.02 |2163.00 | 645.56
(@égovi’g%)’ 9.76 | 497 | 48.02 |2271.00| 678.53 | 76031 | 171
(@égovfgé’ 9.85 | 3.89 | 48.02 | 1980.00 | 956.85
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Table E.2 (Cont’d)

i Flexural Av.

5233/2 (rrlljm) (mcin) (rr%m) F(N) S(tlrve[rl%h gif:rig?ﬁ Ste‘i-.
(@égovi’g%)’ 9.86 | 4.89 | 48.02 | 3196.00 | 976.40
(@ggovi’g%)’ 9.89 | 4.68 | 48.02 | 2633.10| 875.57 | 858.98 | 127
(@égovi’g%)’ 9.76 | 4.44 | 48.02 | 1936.50 | 724.96
(@ggovfg/‘)’ 9.91 | 4.43 | 48.02 | 2674.00 | 990.36
(@ ggovgg/; " i - - - 880.52 155
(@gggi’g/‘; 9.76 | 4.69 | 48.02 | 2297.00 | 770.69
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Appendix F: Detailed Tabulation of Hardness Test Results

Table F.1 Hardness test results of AlSi7Mg0.8 matrix composite specimens
obtained from vertical to the fiber orientation

HARDNESS
NAME VAUES (HB) STD.
OF THE AVERAGE DEV.
SPECIMEN Measurement No
1 |2 1]31]4]S5

0vol% (@ 750°C) | 92| 93| 94| 93| 93 93 1
20 vol% (@ 750 °C) |128[128]131|132|126 129 2
25vol% (@ 750 °C) [142|150|155|151|147 149 5
30 vol% (@ 750 °C) |[142]155]155[153]160 153 7
0vol% (@ 800°C) | 98| 98|101]100| 99 99 1
20 vol% (@ 800 °C) |135[138]135|138|134 136 2
25 vol% (@ 800°C) |138]142]146|144|138 142 4
30 vol% (@ 800°C) [179]198]179]190|178 185 9
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Table F.2 Hardness test results of AlSi7Mg0.8 matrix composite specimens
obtained from parallel to the fiber orientation

HARDNESS
NAME VAUES (HB) STD.
OF THE AVERAGE DEV.
SPECIMEN Measurement No
1 2 3 4 5

0vol% (@750°C) | 97| 95| 87| 95| 91 93 4
20 vol% (@ 750 °C) |121]124[124]125]121 123 2
25 vol% (@ 750 °C) |150[150|142]145|149 147 4
30 vol% (@ 750°C) [155]142]150|147|151 149 5
0vol% (@ 800°C) [102| 95| 99|104| 94 99 4
20 vol% (@ 800 °C) |135]135[135]135]|135 135 0
25 vol% (@ 800°C) |135]135[142]139]135 137 3
30 vol% (@ 800°C) [174[179]179{174|180 177 3

Table F.3 Hardness test results of AlSi10Mg0.8 matrix composite specimens
obtained from vertical to the fiber orientation

HARDNESS
NAME VAUES (HB) STD.
OF THE AVERAGE DEV.
SPECIMEN Measurement No
1123|415

0vol% (@ 750°C) |[108|105]|112]109|108 108 3
20 vol% (@ 750 °C) |135]135[138|136|135 136 1
25vol% (@ 750 °C) |150|150|155|145]155 151 4
30 vol% (@ 750°C) [179]174]169|172]176 174 4
0vol% (@ 800°C) |[110]|112|108 111|115 111 3
20 vol% (@ 800 °C) |135]138|135]|137|135 136 1
25 vol% (@ 800°C) |164[159]155]162|157 159 4
30 vol% (@ 800 °C) [169]169]169 168|172 169 2
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Table F.4 Hardness test results of AlSi10Mg0.8 matrix composite specimens
obtained from parallel to the fiber orientation

HARDNESS
NAME VAUES (HB) STD.
OF THE AVERAGE DEV.
SPECIMEN Measurement No
1 2 3 4 5

0vol% (@ 750°C) |110]107]110]110[108] 109 1
20 vol% (@ 750°C) |115]124]131]125|122 123 6
25vol% (@750 °C) |138]150]135]140]142] 141 6
30 vol% (@ 750 °C) |150|155]155[147]156 153 4
0vol% (@ 800°C) |110|110|115|110|114 112 2
20 vol% (@ 800 °C) | 128128128 130|126 128 1
25vol% (@ 800°C) |164[159]155]162|157 159 4
30 vol% (@ 800 °C) [169[169|169|168|172 169 5
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Appendix G: Detailed Results of Density Measurement

Table F.1 Density measurement results of AISi7Mg0.8 alloy matrix composite
specimens

Densit Theoretical
. Weight Weight Volume of Y density
Fiber L2 . . of the
N 1n air in xylene | the composite . of the
vol% 3 composite :
(8) (8) (cm’) (g/em’) composite

i (g/em’)
0 vol%

(@750°C) 3.7623 2.5487 1.4046 2.6785 2.6850
20 vol%

(@750°C) 4.0457 2.7845 1.4597 2.7716 2.8280
25 vol%

(@750°C) 3.6575 2.5378 1.2959 2.8223 2.8638
30 vol%

(@750°C) 3.1325 2.1607 1.1248 2.7850 2.8995
0 vol%

(@ 800°C) 3.8067 2.5727 1.4282 2.6653 2.6850
20 vol%

(@ 800 °C) 1.1309 0.7783 0.4081 2.7711 2.8280
25 vol%

(@ 800°C) 4.5583 3.1647 1.6130 2.8260 2.8638
30 vol%

(@ 800°C) 4.2073 2.9160 1.4946 2.8151 2.8995
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Table F.2  Density measurement results of AISi10Mg0.8 alloy matrix composite
specimens

Densit Theoretical
. Weight Weight Volume of Y density
Fiber .9 ) ; of the
o in air in xylene | the composite . of the
vol% 3 composite .
(8) (8) (cm’) (g/em’) composite

(g/em’)
0 vol%

(@750°C) 3.9827 2.7099 1.4731 2.7035 2.7130
20 vol%

(@750°C) 4.1097 2.8165 1.4968 2.7457 2.8504
25 vol%

(@750°C) 4.0862 2.8386 1.4440 2.8298 2.8848
30 vol%

(@750°C) 4.8796 3.3833 1.7318 2.8176 2.9191
0 vol%

(@ 800 °C) 4.2879 2.9160 1.5878 2.7004 2.7130
20 vol%

(@ 800 °C) 3.2299 2.2200 1.1689 2.7633 2.8504
25 vol%

(@ 800 °C) 5.0366 3.4869 1.7936 2.8080 2.8848
30 vol%

(@ 800°C) 3.0541 2.1112 1.0913 2.7985 29191
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