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ABSTRACT

Aluminium matrix composites are among the most promising candidate materials for light
weight and high strength applications such as transportation and armour. In a previous study
6061 aluminum matrix composites reinforced with plain weave carbon fiber preform (AS4
Hexcel) were successfully fabricated by squeeze casting using the laminate fabrication
technique. This research aims at optimizing the fabrication process in order to achieve improved
strength and mechanical properties. It focuses on the liquid infiltration squeeze casting method.
Good mechanical bonding between fiber and aluminium is achieved thanks to improved
infiltration and impregnation of the fabric by liquid aluminium. Oxidation products at
fiber/aluminium interface and porosity are reduced. As a result, composites are produced with
overall improved mechanical properties. The flexural strength is increased by up to 19.9% and
15.4% compared to the laminate approach and the reference 6061 aluminium alloy squeeze cast
under identical conditions, respectively. Similarly, overall hardness is improved. However, the
impact strength is reduced by 7.76% and 25.78% when compared to casts fabricated by the
laminate method and the reference aluminium alloy, respectively. The thesis constitutes a good
basis for further research on fiber and particle reinforced aluminium matrix composites with the
goal of further improving fracture toughness, particularly for gradient materials used in armour

applications.
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MMCs Metal matrix composites
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1 MOTIVATION AND INTRODUCTION

1.1 Motivation

During the past quarter-century, specific material property requirements for advanced
applications have tremendously increased, making many conventional alloy systems
inappropriate. Therefore, composites have emerged as a class of materials providing enhanced
mechanical, physical and thermal properties. Their performance is being optimized making
them increasingly superior to their monolithic material counterparts [1]. The fibers provide
strength and stiffness to the material, and the matrix holds the fibers in place and transfers
internal loads between them. The matrix also protects the fibers from environmental damage
[2]. Composites are engineered materials whose properties are directionally specific and can be

tailored according to specific application requirements [3] [4].

The applications of metal matrix composites (MMCs) range from military and
commercial aircraft to helicopters and spacecraft, automotive and marine [5], electronics,
sports industries, and electrodes for metal plating processes. Particularly, for high temperature
applications, polymer matrix composites are inappropriate due to their low melting point.
Therefore, either metals, MMCs or in the case of extreme temperatures, ceramic matrix
composites must be considered [6]. Currently, both Airbus (A350) and Boeing (787) are

developing next-generation aircrafts with over 50% composites [3].

Metal matrix composites are widely used in aviation industry which includes turbofan
engine blades [7]; blades-engine connections for the Eurocopter; lower drag brace for the F16
main landing gear [8]; struts of US space shuttle fuselage [9]. MMCs are also interesting for

space structure applications due to their excellent specific mechanical properties, high thermal



and electrical conductivity, and low coefficient of thermal expansion. In particular, graphite
reinforced aluminium composites are often desirable as they offer almost zero coefficient of

thermal expansion.

Composite materials, especially those made of carbon fiber, have better specific
properties than many traditional materials. The maximization of the strength/weight ratio is
desirable, especially for industries driven by weight reduction such as transportation and wind-
energy [3]. Application examples include Honda engine blocks with MMC cylinder liners;
Toyota diesel engine piston; disk brakes for aircraft and racing cars [9]; drive shafts, brake
rotors and calipers in the automotive and railway industries. The demonstrated reduction in
overall engine weight varies from 15 kg to 35 kg [1]. Squeeze cast aluminium matrix
composite pistons are widely used in heavy-duty diesel engines. The low coefficient of thermal
expansion of composites enables near “zero” clearance pistons by reducing piston clearance
from 0.051 mm to 0.005 mm which minimizes ring seal leakage [1]. The dimensional stability
of MMCs makes them appropriate for tools and dies for shape metal parts [6]. The extremely
high stiffness of graphite fibers enables composites to meet space structure application
requirements such as in antennae and telescopes where precise pointing and tracking are

required [6].

1.2 Introduction

Metal matrix composites can potentially offer many advantages over metals and their
alloys. Major advantages include higher specific mechanical properties like modulus-to-density
and strength-to-density ratios; improved fatigue life [10]; higher application temperature
because of the stable second phase that is contained in the metal matrix [6] [11]; as well as

good wear resistance and low thermal expansion [12]. When compared to polymer matrix



composites, metal matrix composites have potential benefits such as good electrical and
thermal conductivity; no moisture absorption; no out-gassing in vacuum; metallic joining
concepts may be more directly usable; higher temperature utilization; and less degradation of

properties [6].

Although many MMCs are attractive for use in different industrial applications,
aluminium matrix composites (AMCs) have proved most attractive particularly thanks to their
exceptional stiffness-to-weight and strength-to-weight ratios. In addition AMCs show
enhanced directional properties; great retention of properties at elevated temperature; fatigue,
creep [13] [14] and wear resistance [12] [15]; as well as good durability, machinability,

availability, effectiveness and low cost [16] [17] [18].

Of all fabrication methods such as rheocasting, compocasting and powder metallurgy
[19] [20], the squeeze casting method is the most developed and advantageous technique for
commercial applications. The major advantages of squeeze casting include: (1) elimination of
porosity and shrinkage with good dimensional accuracy and surface finish in the casting [5];
(2) capability of production at large scale; (3) well-known technical conditions; (4)
improvements in the wettability at interfaces [16]; (5) solidification under pressure producing
near zero defects with better metallurgical properties [16] [21]; (6) ability to limit
reinforcement at only selected regions of parts [16]. Pressure on the solidifying liquid produces

virtually near net shape and fully dense castings [21].

The present work deals with the fabrication of Aluminium Matrix Composites (AMCs) by
squeeze casting technique. Carbon fiber fabric preform (AS4 Hexcel) and 6061 alloy matrix
are used. Mechanical properties such as hardness, impact strength and bending resistance are

studied. The properties thus obtained are compared with those of reference squeeze cast



aluminium fabricated under identical conditions as well as composites fabricated in a previous

study using a laminate approach.

Characterization of the castings is done using optical and scanning electron microscopes in
order to have a good understanding of the relationships between chemical composition,

fabrication method and properties.



2 LITERATURE REVIEW

2.1 Properties of aluminium matrix composites

Metal matrix composites are engineered materials with a combination of two or more
dissimilar materials (at least one of which is a metal and the other a non-metal) to obtain
enhanced and tailored properties [20] [22]. Composites work by integrating high strength, high
modulus reinforcements such as fibers in a ductile matrix [4] [6] [23]. Mechanical properties of
composites are intermediate between those of the matrix alloy and those of the reinforcement.
Fibers take the load (tension/compression) and provide the strength and stiffness to the material
while the matrix transfers stresses to the fibers, gives shape to part and protects the fibers from

environment damage [2].

Non metallic or fiber

Metallic material material

Predominatly Predominantly

sMetallicbond MMC -L-Ion:jﬂpolarordipolar
on

sDuctile

) sDuctile at high
*Crytalline structure temperature
*Good conductivity sAmaorphor structure

*Chemically unstable ePoor conductivity

sChemically stable

Figure 2-1: Properties of metal matrix composites.

In most composites, fibers such as glass, graphite, boron, pure silica or many whisker
crystals are embedded in a matrix yielding high strength and stiffness as well as resistance to
crack propagation due to strong interaction between fibers and matrix. Continuous

reinforcement composites are characterized by high mechanical strength along the direction of



reinforcement, so they are highly anisotropic. They incorporate better wear resistance, lower
coefficient of thermal expansion and higher thermal conductivity in the selected matrix [8]. On
the other hand, discontinuous reinforcement composites are almost isotropic [2] [18]. The main

combinations of MMC systems can be summarized as in Table 2-1.

Table 2-1: Main combinations of MMC systems [8] [13] [24] [25] [26].

Metal Matrix | Reinforcement Type | Reinforcement Material
Long fiber Carbon, Boron, Silicon carbide, Alumina
Short fiber Alumina, Alumina-silicon
Aluminium
Whiskers Silicon carbide
Particle Silicon carbide, Boron carbide
Long fiber Alumina, Graphite
Magnesium Whiskers Silicon carbide
Particle Silicon carbide, Boron carbide
Long fiber Silicon carbide
Titanium
Particle Titanium
Long fiber Silicon carbide, Carbon
Copper
Particle Titanium carbide, Silicon carbide, Boron carbide

This work focuses on aluminium metal matrix composites (AMCs). AMCs have usually
low density and light weight, high temperature strength, high hardness, high stiffness, high

fatigue strength and high wear resistance in comparison to monolithic aluminium [27] [22].

2.1.1 Density

One of the simplest and important physical properties of composite materials is density

(p). AMCs density can be estimated using the rule of mixture as:

Pc = prf + pmVim [2] (1)



where p., pr and p,, are the densities of composite, fiber and matrix respectively. Vy and V;,,

(where V;,, = 1 — V) are the fiber and matrix volume fractions respectively.

Thus, the density of a composite can be estimated by the density and the volume fractions of

both fiber and matrix [28].

2.1.2 Stiffness and strength / composite micromechanics

Composite micromechanics is the determination of equivalent elastic modulus and
strength of a composite material in terms of the elastic moduli and strengths of their
constituents [29]. The physical properties of the components or constituents in composites may
alter substantially due to phase changes or chemical reactions during fabrication. Excessive
difference in shrinkage between the constituents can result in high internal stresses which may
lead to premature failure of the composite [30] [31]. Using the rule of mixture, the elastic

modulus of MMCs can be given as:

E. = EfVe + Ep Vi, [2] [29] (2)
where E., Er and Ey,, are the elastic moduli of composite, fiber and matrix respectively. It is

clear from the above considerations that the addition of fibers with high stiffness can increase

the stiffness of the aluminium matrix composite substantially.

2.1.3 Hardness

Hardness is a measure of a material's resistance to permanent deformation or damage
caused by a harder material [32]. Hardness tests are generally used as a simple, quick and
effective means for assessing the overall mechanical strength of the composite [33]. Most

indentation type hardness testing methods are non-destructive [34].



Hardness measurements are useful in determining the suitability of composite materials
for a specific application, testing the uniformity of a product, or determining the quality that
has been achieved through a manufacturing method. It helps to assess other fundamental
properties such as ultimate tensile strength (UTS), yield strength, ductility, compressive
strength, toughness and impact strength [34] [35] [36].

Hardness testing is the evaluation of choice for materials under development that can
only be produced in small quantities. Consequently, tensile testing requiring relatively large
samples are inappropriate and only second choice after hardness testing. There is a
proportional relationship between hardness, yield strength and tensile strength as can be seen in
Figure 2-2 (a). The same proportionality applies to composites as illustrated in Figure 2-2 (b).
For carbon and alloy steels it can be given as:

HV = 3 oyrs [34] 3)
And for copper and copper-zinc alloys, as:

3oy < HV < 3oyrs [34] (4)
where oy, oyTs and HV are the yield strength, ultimate tensile strength and Vickers hardness of

the material respectively.
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Figure 2-2: Relationship between hardness (Vickers/Rockwell B-scale) and strength for (a) carbon
and alloy steels [34]; and (b) AMCs [33].

The Rockwell indenter is generally a diamond cone with a blended spherical tip of 0.2mm
radius or a steel ball indenter. The steel ball indenter is normally 1.588mm in diameter;
however, larger diameters may be used for soft materials. Among the several hardness scales,
the C scale is the most commonly used. For the B scale, a 100 kg load with a 1.588 mm
diameter steel ball indenter is used. For the C scale, a 150 kg load and a 120° conical indenter
are used. The Rockwell scales give identical macro-hardness values which do not vary for a
given material. The hardness values correspond to the resistance of the material to indenter

penetrations and can be given as:

depth of penetration (mm)
0.002

Rockwell hardness C = 130 —

[37] (5)

where 0.002 mm is a unit division at Rockwell scale.

Equation 5 shows that the hardness is directly proportional to the depth of penetration
which in turn is proportional to the indentation diameter. In other words, larger indentation
diameters mean low resistance to penetration, and therefore low hardness. The relation
between hardness and indentation diagonal is also illustrated in Figure 2-3 for the case of

Vickers hardness.



In the Vickers micro-hardness test, a diamond indenter, of square pyramid shape with
an angle of 136" between the opposite faces, is pressed into the polished surface of the
composite specimen using a standard load as shown in Figure 2-4. Standard loads are 5, 10, 20,
30, 50, 100, and 120 kgf depending on the type of material. The load is maintained for the
duration of 10 to 15 seconds. After the load is removed, the length of the indentation diagonals
d; and d, are measured with an optical microscope. The Vickers hardness number Hv is
defined as the applied load (F) divided by the area of the indent on the specimen and is given
by:

__2F . 136°

= 2sin=- = 1.854% [37] (6)

Hv
where the mean diagonal is d =(d; + d2)/2 in mm; F is load in kgf.
Again, Equation 6 shows the inversely proportional relationship between hardness and

indentation size.
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Figure 2-3: Relation between hardness and indentation diagonal [37].
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Figure 2-4: Sample indentation during Vickers hardness testing and illustration of the indentation
diagonals [38].

2.1.4 Thermal expansion, thermal and electrical conductivity

The thermal expansion coefficient of AMCs reinforced with carbon fiber is much lower
compared to that of polymer matrix composites. The electrical conductivity of aluminium is
higher than that of carbon fiber. Therefore, Al-composites with high carbon fiber volume
fraction show low electrical conductivity. As carbon fibers have very low coefficient of
thermal expansion, increasing their volume fraction can yield composites with coefficients of
thermal expansion at the level of steel [39]. The electrical conductivity of composites can also

be described by the rule of mixture and is influenced by the application temperature [10].

2.1.5 Toughness and failure

When a material is deformed by external loading, it absorbs and stores strain energy
throughout its volume. It is sometimes referred to as internal work. The strain energy recovered
during unloading is called the Elastic Strain Energy, and the energy which is lost in the process
of permanently deforming the material is called Inelastic or Plastic Strain Energy. The strain
energy per unit volume of the material is known as Strain Energy Density. The toughness is a

measure of the energy per unit volume that can be absorbed by a material without breaking and

11



is important in resistance to crack and crack propagation [28]. Whereas strong materials have
high ultimate stress, a tough material has large area under the stress-strain curve, and therefore
requires more energy to get fractured, as seen in Figure 2-5.

Rupture

Stress
p

Stronger material

Modulus of
toughness

1
1
1
1
Tougher material
1
1
1
1

&

Figure 2-5: Energy related moduli [40].

The bulk failure of metal matrix composites can result from either:

e Ductile failure by nucleation, growth, and coalescence of cracks in the matrix [dominant
failure process in many fiber reinforced Aluminium Matrix Composites (AMCs) and
particle reinforced AMCs]

e Or brittle failure of the reinforcement

The low ductility or brittleness of MMCs causes crack initiation that generally begins at
interfaces. Therefore, the overall mechanical performance and the failure mechanism of
composite materials not only depend on bulk properties, but also on interface properties or

possible fracture along the interface between the matrix and the reinforcement [1].

The ability of a material to remain serviceable when containing cracks, or when cracks
develop during service, depends upon its toughness. The failure mode of fibers in the
composite mainly depends on the adhesion between fiber and matrix. With low adhesion, the
filaments delaminate from the matrix, and the fibers undergo columnar buckling. At

intermediate adhesion strength, the fibers undergo micro-buckling along the line of maximum
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shear stress. And at high adhesion, fiber compressive failure occurs in several planes due to
strong fiber/matrix adhesion. Therefore, the fibers can be compressively loaded to their

maximum capacity [14].
Composite failure mechanism and mode are influenced by the following factors [1]:

e The size, shape, concentration and distribution of the reinforcement.

e The concentration of impurities present in the constituent phases of the composites.

e The production method and heat treatment processes, including any aging treatments, to
which the composite is subjected prior to mechanical loading.

e The coatings applied to the reinforcement (if any).

Composite materials are inherently heterogeneous in nature, causing undesirable effects at

interfaces because of [1]:

e Reinforcement clustering.

e Larger volume fractions of reinforcements.

e Larger particles (greater probability of finding a pre-existing crack or the probability of the
occurrence of a larger size flaw within the particle which can cause premature particle
fracture). Large size foreign particles provide the primary nucleation sites for the formation
of cavities in composites. However, the growth of large cavities can be facilitated by voids
formed around smaller particles that can then coalesce by the linkage of cavities nucleated

around dispersoid particles and fibers [1].

These imperfections at interfaces support nucleation of cavities and cracks. Furthermore, the
sharp corners of the reinforcements exhibit geometric imperfections that can promote damage

initiation and growth [1]. In the case of composites showing a very strong fiber/matrix
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interface, the fibers are likely to break along the matrix crack. This is the case even if matrix
fracture occurs by a ductile mechanism as shown in Figure 2-6 (a). If the matrix is weakly
bonded, the stress concentration field at the matrix crack tip causes debonding that leads to

fiber pull-out to achieve full crack surface separation. This is shown in Figure 2-6 (b).

a b

Figure 2-6: Crack propagating through long fiber reinforced MMCs: (a) strong fiber/matrix
interface, a planar crack occurs with brittle fracture in the matrix; (b) weak fiber/matrix interface,
ductile flow in the matrix leads to fiber/matrix decohesion and nonplanar fracture [1].

The matrix volume that undergoes deformation during fracture is proportional to the fracture

toughness and strongly depends on fiber spacing, fiber volume fraction and fiber size [1].

2.2 The fiber/matrix interface

The fiber/matrix bond plays an important role in the load transmission from the matrix
to the fibers. Since the fiber is stiffer than the aluminium matrix, it is the fiber that takes most
of the applied load. The load at the interface is a shear stress. Therefore, it is essential that the
interface be capable of sustaining shear load without failure [1]. Figure 2-7 shows the matrix
deformation pattern around the reinforcement fibers. If the fiber/matrix interface shall fail to
transmit the load, then fibers may instead weaken the composite due to the volume occupied by
such ineffective fibers [17]. Consequently, the plastic deformation of MMCs mainly depends

upon the fiber/matrix interface [11].
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Figure 2-7: Schematic illustration of reinforced composites: the matrix surrounding a fiber that is
subjected to tensile load [41].

In fact, the fabrication conditions to which reinforcement and matrix are subjected can produce
compounds and/or phases along the fiber/matrix interface that can significantly influence the
mechanical properties of the MMCs [8]. This interface or fiber/matrix bond can be classified

into three types: chemical diffusion bond, chemical reaction bond and mechanical bond.

The interface layer can result in good adhesion provided that defects such as voids are
not produced at the interface. This interface layer is produced by carbon dissolution into liquid

aluminium and by diffusion of aluminium atoms into the carbon fibers [8] [42].

The reinforcement/matrix interface bond in MMCs can be a reaction bond taking the
form of a layer of reaction products at the interface such as different carbides produced
between light alloys and carbon fibers. These reaction products are generally brittle in nature
and can be preferential sites for cracks to initiate. These cracks can propagate and eventually

cause the composite to fracture [8] [43].

The fiber/matrix bond due to interlocking is created by wetting of the reinforcements or

external bond agents. Coating of the fiber with wettable metal or external bond agents (sizing)
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such as copper, zinc, magnesium [42] or nickel [15] [44] serves two purposes: it results in
better wetting of the fiber by the molten aluminium and restricts chemical reactions at the
fiber/matrix interface [44] [45]. Hence, they influence mechanical properties within the fiber-
sizing-matrix region. The interface between fiber and matrix is a continuous change from the
core properties of the fiber to the core properties of the matrix. The chemistry and mechanical
properties at and near the surface may be altered by substantial adsorption of the aluminium

matrix and the fiber [14].

During bonding of two dissimilar materials, chemical processes can occur that lead to a
modification of the properties of the interface. Therefore, it is essential to also study the
chemistry at the interface. If two different materials are brought into close contact, interaction
processes may occur that reduce the total energy of the system. This amount of energy is also
referred to as work of adhesion, which is the energy required for separating the fiber from the

liquid aluminium at the interfaces [14].

Generally, material failure is governed by a main crack nucleating from defects inside
the matrix or at the interface between the matrix and the reinforcement. Furthermore, the crack
propagation or its arrest strongly depends on the degree of resistance offered by the
reinforcement. Obviously, fibers offer strong resistance to crack propagation than the matrix as

illustrated in Figure 2-8.

Figure 2-8: Crack propagation through fiber in composites [46].
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2.3 Manufacturing of metal matrix composites

Metal matrix composite materials can be produced by many different techniques. By
altering the manufacturing method, the type and form of the reinforcements, it is possible to

obtain different mechanical properties [26] [27].

MMCs are produced by combining ingredient materials either by casting (molten metal
and fiber preforms) or powder metallurgy (powdered metal and loose ceramic particles)
methods depending on the type of hardening particles and intended application conditions [19].
Secondary processing follows primary processing, and its aim is to alter the shape or
microstructure of the material. Secondary processing includes shape casting, forging,
extrusion, heat-treatment, machining [8] [47]. These secondary processing methods can also be

used to reduce porosity [44].

This thesis focuses on squeeze casting of aluminium based composites reinforced with
woven carbon fiber fabric. The method of pressure infiltration to manufacture composites
offers many advantages such as locally reinforced composites with near net shape, good
surface quality, high production rate, low production costs, as well as short contact time of
liquid metal with reinforcement that considerably prevents degradation of the composites [12]
[48]. The liquid metallurgy technique is the most economical of all available techniques in the

production of MMCs [27] as it facilitates the flow to fill the interstices and cover the fibers
properly [8].

Squeeze casting is a unidirectional pressure infiltration technique especially used for
the fabrication of aluminium matrix composites [8]. It combines the advantages of traditional

high pressure die casting, gravity permanent mold die casting and common forging technology

[5] [19] [49]. It involves the solidification of molten metal under high pressure to eliminate

17



casting defects [47]. Pressure during solidification helps to achieve near zero defects with

improved metallurgical properties [50] [51].

At elevated temperature, carbon fibers react with the molten aluminium alloy to form
reaction products. To avoid chemical reactions at fiber/matrix interfaces, fiber surface coating
is added which increases the cost [14]. Fibers may be coated to improve wettability of graphite
by liquid aluminium as discussed in 2.2. This surface treatment can be avoided in squeeze
infiltration method thanks to short liquid-fiber contact time [14]. Besides thorough infiltration,
the application of high pressure raises the solidification temperature of the matrix and increases
the rate of heat dissipation through the die. This effect minimizes fiber-matrix reaction at the
interface and eliminates defects such as gas porosity and shrinkage [45]. Due to high heat

dissipation through the die, composites with fine grain structure are obtained [5].

The main cause of porosity in reinforced MMCs is gas entrapment, and the presence of
water vapour on the reinforcement surfaces. At temperatures above the liquidus temperature of
the aluminium alloy (650-750°C), the solubility of hydrogen gas in molten aluminium is high.
However, the gas solubility decreases as the temperature drops. Therefore, when aluminium
solidifies, the hydrogen dissolved in molten aluminium alloy gets trapped, which produces gas
porosity [52].

The main process parameters in squeeze casting process include [5] [8] [45]:

o infiltration speed (mainly caused by applied pressure)
e spacing between particles of the reinforcement
e duration of pressure application

e die and preform preheat temperature

e molten metal temperature, volume, and viscosity
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3 METHODOLOGY

3.1 Materials description

3.1.1 Aluminium

In this study commercially available aluminium alloy 6061 is used as composite matrix.
Aluminium is one of the most abundant metals and valuable because of many properties such
as its lightweight, high strength, long life, high ductility, machinability, excellent thermal and
electrical conductivity, recyclability and corrosion resistance [53] [54] [55]. Some important
properties and the chemical composition of 6061 T6 are tabulated in Table 3-1 and Table 3-2
respectively.

Table 3-1: Some important properties of Aluminium 6061-T6 [56].

Physical Properties Values
Density 2.7 g/cc
Brinell hardness 95
Ultimate tensile strength 310 MPa
Yield tensile strength 276 MPa
Modulus of elasticity 69.0 GPa

Linear coefficient of thermal expansion | 23.6 um/m-°C

Thermal conductivity 167 W/m-K
Melting point 582 -652°C
Solidus 582 °C
Liquidus 652 °C
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Table 3-2: Composition of the matrix alloy Aluminium 6061-T6 [25] [56].

Elements Wt. %

Magnesium, Mg 0.8-1.2

Silicon, Si 0.4-0.8

Copper, Cu 0.15-04

Iron, Fe 0.7 Max.
Manganese, Mn 0.15 Max.

Titanium, Ti 0.15 Max

Zinc, Zn 0.25 Max

Other 0.05 Max
Aluminium, Al Balance (95.8 -98.6)

3.1.2 Plain weave carbon fiber fabric

This work focuses on plain weave carbon fibers as composite reinforcement. They are
lighter than glass and lower cost [47]. Carbon fibers are perfectly circular in cross-section and

usually vary in diameter from 5 pm to 10 pm [57].

A carbon fiber filament is the smallest part of the carbon fiber fabric. Tows or filament
bundles are untwisted bundles of individual filaments or strands [58]. A tow can be twisted
into a yarn, or several tows combined into a roving. Weaves are the strongest and most stable

structures that can be obtained from interlacing yarns.

Plain weave is the simplest weave form that can be produced [59] [60]. The carbon
filling or weft yarns (yarn in the 0° direction) and carbon warp yarns (yarn in the 90° direction)
are interlaced in a repeated sequence one over and one under pattern. Each warp yarn passes
over one pick and under the next; similarly each weft yarn passes over one pick and under the

next as shown in Figure 3-1. It provides maximum fabric stability and firmness with minimum
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yarn slippage. Different structures and types of woven textiles can be produced depending on

required mechanical properties and application conditions.

& | E1 A E3
1t b b

1
A

Figure 3-1: Yarn interlacing in plain weave fabric [59] [60] [61].

3.1.2.1 Fibers properties

Carbon fibers have highest specific modulus and offers highest specific strength of all
reinforcing fibers; therefore they are used in composites requiring exceptional strength, high
stiffness, low weight and outstanding fatigue characteristics in critical requirements [59]. A
very important property of carbon fibers is low coefficient of thermal expansion that makes
these fibers invaluable in applications where high dimensional stability is required [6]. Carbon
fibers also have good electrical conductivity, thermal conductivity, low coefficient of thermal
expansion and do not suffer from stress rupture at high temperature as other fibers do [6] [23]
[58]. Carbon fibers have a hardness of 6.78 GPa which is five times higher than that of
aluminium [15]. Similarly, carbon fibers are good for chemical inertness and high damping

properties.

AS4 Hexcel Carbon fiber is continuous 3K filament bundles. This is high grade PAN

based fiber suitable for high strength and strain applications [62]. AS4 Hexcel fiber is received
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as plain weave fabric as shown in Figure 3-2. The properties of the fiber are tabulated in Table

3-3.

Figure 3-2: AS4 Hexcel plain weave carbon fiber fabric [49].

Table 3-3: Properties of AS4 Hexcel, continuous 3K [62].

Properties Values
Tensile strength 4433 MPa
Tensile modulus 231 GPa
Ultimate elongation at failure 1.8%
Density 1.79 g/cm’®
Weight/length 0.210 g/m
Approximate yield 4.76 m/g
Tow cross-section area 0.12 mm®
Filament diameter 7.1 microns
Carbon content 94 %
Specific heat 0.27 Cal/g-°C

Electrical resistivity

1.7 x 10> Ohm-cm

Coefficient of thermal expansion

0.63 ppm/°C

Thermal conductivity

6.83 W/m-°K
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3.2 Manufacturing process

3.2.1 Setup of squeeze casting

For the squeeze casting equipment, stainless steel 316 is selected as it can withstand
high temperature and accelerated oxidation environment [63] [64] experienced during squeeze

casting.

Plunger

Die

Pre-heated
Plates

Base Flange

Figure 3-3: Squeeze casting setup [49].

The squeeze casting setup consists of two stainless steel spacers, stainless steel plunger,
die, and base as shown in Figure 3-3. The cylindrical die is designed in order to minimize
leakage, provide uniform pressure [49], and ensure smooth ejection of the cast [21]. The die
cavity has an internal diameter of 78 mm with 5.5 mm wall thickness. It is connected to a 12
mm thick perfectly flat welded flange of 122 mm diameter using head cap screws and nuts.
The plunger is a close fit to the die cavity in order to minimize leakage. The plunger is
designed to be 50 mm longer than the die depth in order to be also used as ejector of the

squeeze cast sample.
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High temperature mold release (white graphite) spray is used as lubricant. A thin film
of mould release is applied to the inner walls of the die cavity, plunger, base plate and the
spacers. The purpose of using the mold release is twofold. First, it prevents adhesion and
sticking of the composite specimen to the inner die wall, the steel spacers and to the punch.

Second, it facilitates the sample ejection from the die after squeezing.

Excess molten aluminium is poured into the die for each experiment to minimize the
effect of temperature drop, when molten aluminium comes in contact with the punch. The
additional aluminium provides surplus heat capacity and helps prevent the deterioration of
fluidity and impregnation capacity of the molten aluminium.

A 50 mm thick ring is used to support the die during the ejection of the sample after the
die base has been removed. Two close fit, 14 mm thick stainless steel spacers were used. One
between sample and punch and the other between sample and die base. The spacers are used to

maintain pressure and achieve minimum leakage of molten aluminium during squeezing.

3.2.2 Sample manufacture

Extruded aluminium A6061-T6 rods with 50 mm diameter are used. A band saw is
used to cut the rods into appropriate sizes. The aluminium charge is molten in a graphite
crucible cup placed inside a Lindberg Blue M vertical type furnace as shown in Figure 3-4.
Simultaneously the preform is heated in a horizontal type LINDBERG convectional furnace as
shown in Figure 3-5. A graphite crucible is selected due to its high thermal shock resistance. It
has a molded-in pouring lip to facilitate pouring of molten aluminium into the die cavity as

shown in Figure 3-6.
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Figure 3-4: Lindberg vertical furnace used to melt aluminium 6061.

Figure 3-5: Lindberg horizontal furnace used to preheat the fiber preform.
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Figure 3-6: Graphite crucible cup to handle the molten aluminium alloy.

Carbon fiber density, if required, is reduced by removing alternate yarns using tweezers. In
order to maintain the original arrangement of the plain weave fabric and to prevent the
movement of the fiber bundles, the carbon fiber fabric is first cut using scissors to a square
shape. After appropriately removing fibers and obtaining the required fiber density as shown in
Figure 3-7 (a), the square preform is then clammed and pressed between two aluminium plates

(template) of the die size and cut to the required shape as shown is Figure 3-7 (b).

Figure 3-7: Preparing AS4 Hexcel preform by removing alternate yarns of fiber fabric.
3.2.3 Squeeze casting process

The preform (fiber) is placed in the die and pre-heated [5] to 550°C. Heating is required

to enhance the wettability with the molten matrix alloy [27] [44] which helps in reducing the
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porosity in the final composite [52]. The plunger is also pre-heated separately in the same
furnace in order to reduce heat losses and rapid temperature drop as the plunger comes into
contact with the molten aluminium charge during squeezing. The heating time from room
temperature to 550°C is about an hour. The aluminium 6061 alloy charge is melted and
maintained at 850°C (typically between 150-250°C above its liquidus temperature [5]) for

about 40 min in order to homogenize its temperature and viscosity.

The die is placed in the squeeze equipment consisting of a 50 ton hydraulic press as
shown in Figure 3-8. The molten aluminium is then poured into the die; the plunger inserted
into the die from the top; and the pressure is applied while liquid aluminium solidifies [5] [8].
If the melt solidifies prior to infiltration into the preform, perfect infiltration cannot be obtained
and severe damage of preform is caused by squeezing in the presence of solidified particles
[16] [51]. Therefore, all steps shall go quickly from the time the crucible is taken out from the
furnace to pouring the molten aluminium into the die, to pressure application. Constant squeeze
pressure is maintained 1 to 2 minutes during which the plunger is further pressed downward in
order to compensate for any shrinkage. Relatively low squeeze pressure of approximately 20
MPa is applied to avoid excessive damage of the fiber [16]. The ram of the hydraulic press is
disengaged and the screws joining the base plate to the die are released. The plunger is further

pressed by again using the ram, until the cast is completely ejected out from the die.
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Figure 3-8: Hydraulic press (50 ton) for squeeze casting setup.
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The complete squeeze casting process is illustrated in the flow chart in Figure 3-9 below:

Die material
selection

'

Die design and
manufacturing

Mould release

Y Die coating
(White graphite)

'

" Die preheating
Furnace (550°C) (Die with fiber
(Horizontal type) preform + plunger)
Aluminium charge Placing die on the
6061 T6 press

v v

Furnace (850°C) Pouring of molten
(Vertical type) aluminium

'

Plunger inserted into

die cavity

v

Hydraulic press Squeezing (20 MPa)

A 4

Maintaining
pressure during
solidification

v

Die cooling

v

Cast ejection

y

Die opening

Figure 3-9: Squeeze casting flow chart.
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For direct comparison, the liquid infiltration method used in this work is compared to the
laminate method developed in a previous study. In the laminate method, aluminium sheets/foils
and carbon fiber fabric were alternatively placed in the die as shown in Figure 3-10. The die
containing the sample is then heated and maintained at 850°C for about 30 min in the furnace
to homogenise the temperature. The plunger was then inserted into the die and the sample was

squeezed under a pressure of approximately 20 MPa.

Aminium fodl

Carbon fiber fabric

Figure 3-10: Sample preparation in the laminate method [49].

3.3 Mechanical testing

Impact, hardness, and bend tests are conducted. The behaviour of the composite obtained
by squeeze casting is compared to that of the reference aluminium alloy casted under identical
conditions. The liquid infiltration technique is also compared to the laminate method used in

the previous study [49].

3.3.1 Impact testing

The energy absorbed prior to fracture or the resistance of composite beam samples to

breakage is determined using Charpy impact test as shown in Figure 3-11.
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Figure 3-11: Charpy impact test equipment.

Specimens for the impact test are rectangular bars cut in dimensions of 70 mm length (L), 12
mm width (b), and 3.64 mm to 6.00 mm thickness (d). Notches are not cut in the samples for
simplicity. When the swing pendulum strikes the composite specimen, the specimen absorbs
energy until yielding. At this point, the specimen starts to undergo plastic deformation. When

the sample can no longer absorb more energy, fracture occurs [5].

The sample is held in place at both ends in the test fixture as shown in Figure 3-12. It is
hit by the pendulum of the test equipment at the speed of 3.46 m/sec. Toughness and failure

mode of each specimen are evaluated by visual examination of the fracture surface [65].

Figure 3-12: Specimen in fixture of the Charpy impact tester.
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3.3.2 Hardness testing

Hardness tests are performed at two scales [66]:

(1) Macro hardness is performed using a Rockwell hardness tester (see Figure 3-13).
Because of the relatively low hardness of the composites that is out of scale, no hardness
values can be determined and only the indentation diameter is used as measure of the
composite bulk hardness [67]. The hardness tests are conducted at room temperature with 150
kg indentation load on the thickness surface in order to deform both matrix and fiber layer. An

optical microscope is used to measure the indentation diameter as shown in Figure 3-14.

Figure 3-13: Rockwell macro-hardness tester.
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Figure 3-14: Indentation diameter measurement using optical microscope.

(2) Vickers hardness tests are used to investigate the local hardness, the adhesion
between the fiber and matrix and the formation of different phases at the fiber/matrix interface.
These tests are performed using a STRUERS DURAMIN A/S DK-2750 micro-hardness
testing machine (Figure 3-15). An indentation load of 500g (HvO0.5) is used and hardness

values are obtained from the digital output of the machine.

Figure 3-15: STRUERS DURAMIN micro-hardness testing machine.

3.3.3 Three point bend test

Three point bend tests are used to measure the force required to bend a beam under 3

point loading conditions. Specimens for the three point bend tests are rectangular bars cut in
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dimensions of 55 mm length (L), 12 mm width (b), and 3.64 mm to 6.0 mm thickness (d). A
test specimen is held as a simply supported beam and is subjected to three-point bending [68]
as shown in Figure 3-16. A computer controlled Instron universal test frame is used as shown
in Figure 3-17. The cross-head displacement speed is 10 mm/min and the deflection is

measured up to 2 to 5 mm after the start of fracture.

The flexural modulus (E) can be obtained from Hooke's law using Equation:

E= % [69] [70] (7)
where
’m
3PL
o= a2 9)
and
== (10)

where P is the midspan point load (N); D is the maximum deflection of the center of the beam
(mm); and m is the slope of the elastic region of the load-deflection curve. Bend tests are only

intended for relative comparison between the different investigated samples.

§ O

Indent

Workpiece

Support

Figure 3-16: Setup for the bend tests.
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Figure 3-17: Instron universal testing machine for the bend tests.
3.4 Microscopy

Optical and scanning electron microscopy investigations are used for microstructure,
chemical composition, phase formation at the interface, and porosity characterization.
Metallographic samples are prepared for all cast samples. STRUERS Secotom-10 equipped
with a digital controller is used to cut the specimens using a silicon carbide cutting blade. The
specimens are then mounted in resin using a STRUERS LaboPress-3 at 20 kN pressure and
150°C for 12 min. Grinding and polishing are carried out using a STRUERS Tegrapol-31

machine.

Optical microscopy is performed using an XJP-3A microscope (Figure 3-18, left). It is
equipped with a Clemex video camera to take and save images to a computer for subsequent
image analysis using Clemex vision 4.0. SEM ZEISS EVO-MA10 (Figure 3-18, right) is used
for scanning electron microscopy examination. It is equipped with EDX spectrometry detector

for chemical analysis and phase investigations.
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Figure 3-18: XJP-3A optical microscope (left) and ZEISS electron microscope (right) used for
microscopy.
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4 RESULTS

Composites reinforced with different carbon fiber volume fractions are investigated as

shown in Table 4-1.

Table 4-1: Samples investigated with different fiber densities.

Samples | No. of fiber layers Type of fabric

S: 6 fiber layers Original fiber fabric

S, 9 fiber layers Original fiber fabric

S3 12 fiber layers Original fiber fabric

S4 24 fiber layers Fiber fabric with every second fiber yarn removed
Ss 30 fiber layers Fiber fabric with every second fiber yarn removed
S 6061 (T6) aluminium Ejf:;jg;::eaclg?;ir(]\githout fiber layers), Fabricated

4.1  Microstructural evaluation and chemical composition

Microstructural analysis of all the samples was conducted using Optical Microscopy
(OM) and Scanning Electron Microscopy (SEM). Optical microscopy is used to investigate
the porosity in the cast composites, while scanning electron microscopy is used to characterize
the formation of new phases, the fiber/matrix interface, and the chemical composition. This
section explains the variation in the microstructure based on the fiber density achieved by
varying the fiber spacing. It also compares the results of the infiltration method with those of

the reference aluminium and the laminate method.
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4.1.1 Optical microscopy analysis

A quantitative porosity assessment at interfaces is done using optical microscopy. The
dark gray areas are identified as carbon fiber and the remaining light gray zones as the matrix
with virtually zero porosity [8] [71] as seen in Figure 4-1. In contrast, porosity can be seen as

dark patches in the composites fabricated by the laminate method as shown in Figure 4-2.

Aluminium

Fiber

Figure 4-1: Porosity analysis at the carbon fiber/aluminium matrix interface (no porosity
observed).

Figure 4-2: Porosity analysis at the carbon fiber/aluminium matrix interface (laminate method).
Some porosity can be observed at fiber/matrix interfaces [49].
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4.1.2 Scanning electron microscopy analyses

A SEM micrograph of sample Ss is illustrated in Figure 4-3 and shows the matrix
boundary between two orthogonal layers of plain weave. The matrix region of the samples
containing the original fiber fabric differs from that of the low density fiber fabric, and the
variation in the interspacing between plain weave tows affects the composites’ overall
properties. A similar fiber fabric configuration was obtained in composites fabricated by the
laminate method (see Figure 4-4) except that no porosity was observed in the case of liquid

infiltration.

Mag= 500X EHT=2000kV WD=100mm Signal A= SE1

Figure 4-4: SEM micrograph showing aluminium matrix and carbon fiber ply laminates (laminate
method) [49].
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Due to the lack of interspacing between fiber layers as they are laid in the casting die prior to
casting, the liquid infiltration method yields overall higher fiber volume fractions in the

composites compared to the laminate method as illustrated in Figure 4-5.
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Figure 4-5: Amount of carbon fiber, porosity and aluminium in samples.

4.1.3 EDX analysis using scanning electron microscopy

SEM EDX (Energy-Dispersive X-Ray Spectroscopy) is carried out for chemical
analysis. Precipitation of elements is observed at some regions near the interface as shown in

Figure 4-6.
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Figure 4-6: SEM EDX area mapping of sample Ss.

Table 4-2: Element contents in sample Ss.

Elements | Al C 0] Mg Si Fe Cu Mn Au | Total

Wt % 27.57 | 62.77 | 245 | 1.35 | 291 | 0.49 | 0.81 | 0.38 | 1.27 | 100

It is evident from the element contents summarized in Table 4-2 that other than aluminium and
carbon, oxygen, magnesium, and silicon are present. Between the different samples, the weight
percentages of aluminium and carbon are almost identical. Precipitates are also observed
clustered together at grain boundaries within the matrix and at the fiber/matrix interface as can
be seen in Figure 4-7. In contrast, precipitates appeared to be lamellar in the case of the
laminate method as can be seen in Figure 4-8. The results of EDX analysis are summarized in
Table 4-3. The precipitates mainly contain about 8.32wt% iron and 8.78wt% silicon, which is a

significantly higher amount than in the aluminium matrix.

Carbon from the fiber diffuses into aluminium leading to a higher concentration of
carbon in the matrix. As illustrated in Table 4-3, the carbon concentration in the matrix is about
11.44%, which is much higher than the 4.73wt% carbon concentration measured in the
laminate method. The matrix in the composite fabricated by the infiltration method is free from

oxygen, while 1.34wt% of oxygen was found in the case of the laminate method. EDX line
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mapping is performed to analyse the variation in element content across aluminium matrix,

interface and carbon fiber as shown in Figure 4-9.

40pm Electron image 1
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——
40pm Electron Image 1

Figure 4-7: EDX analysis at the matrix (top), and at the precipitate (bottom).
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Figure 4-8: EDX aﬁalysis at the matrix (left), and at the brecipitate (right) (laminate method) [49].

42



Table 4-3: Element content in the matrix and at precipitates.

Elements Wt % (Matrix) Wt % (Precipitate)
C 11.44 5.18
C (Laminate [49]) 4.73 3.92
Al 87.74 65.03
Fe 0 8.32
Fe (Laminate [49]) 0 4.31
Mg 0 0
Mn 0 0.45
Cr 0 0.24
Si 0.81 8.78
Cu 0 1.26
0] 0 3.15
O (Laminate [49]) 1.34 1.31
Total 100 100

c)

e)

Figure 4-9: EDX along the a) mapped line: element distribution for b) aluminium, c) carbon, d)
iron, and e) silicon in sample Ss.
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Another type of precipitates is also observed as shown in Figure 4-10. They are relatively
darker in appearance than the first type of precipitates. EDX mapping as shown in Figure 4-10
illustrates that this second class of precipitates holds high concentration of oxygen, silicon, and
magnesium as tabulated in Table 4-4. In contrast, these second type precipitates are rich in
chromium, iron and nickel [49], are needle-like and appeared brighter in the case of the

laminate method as illustrated in Figure 4-11 and Table 4-5.
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Figure 4-10: EDX mapping of a dark precipitate.

Table 4-4: Chemical composition at secondary (dark) precipitates.

Elements Wt %
C 7.72

0] 33.83

Al 23.42

Mg 16.20

Si 18.84
Total 100
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Figure 4-11: Second type precipitates (laminate method) [49].

Table 4-5: Element contents at secondary precipitates (laminate method) [49].

Elements Wt %
Al 47.09
C 48.70
Fe 1.92
0] 1.51
Cr 0.54
Ni 0.24
Total 100

The result of EDX point mapping for 6061 reference aluminium alloy Sp, also fabricated by
squeeze casting, is shown in Figure 4-12 and Figure 4-13. As illustrated in Table 4-6, no
carbon diffusion from the die material is observed in Sa either in matrix or in precipitates.
Also, no other elements are observed except 0.53wt% Mg which is already an inherent element
in the base aluminium alloy as shown in Table 3-2. Some precipitates are also observed at
grain boundaries in the reference sample. Figure 4-12, Figure 4-13 and Table 4-6 show

approximate percentages of the chemical content in these precipitates. Similar to the
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composites illustrated in Figure 4-7 and Table 4-3, precipitates with slightly higher contents of
silicon, copper, and iron are found in the grain interiors of the base aluminium alloy.

On the other hand, in composites from the laminate method [49], carbon concentrations
of 4.87wt% and 4.91wt% were observed in the matrix and at grain boundaries respectively. A
considerably higher iron concentration of 18.81wt% was also observed in these precipitates as

illustrated in Figure 4-14 and Table 4-7.

Figure 4-12: Chemical analysis of the base 6061 aluminium alloy Sa.
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Figure 4-13: Gaunt map analysis in the reference aluminium alloy Sa.
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Figure 4-14: Gaunt map analysis in the reference aluminium alloy (laminate method) [49].
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Table 4-6: Chemical composition in grain interior and at grain boundary precipitates in
the base 6061 aluminium alloy fabricated by the infiltration method.

Elements Wt % (Matrix) W1t % (Precipitate)

a b c d e f
C 0 0 0 0 0 0
Al 99.1 99.5 | 99.76 | 97.96 | 96.13 | 97.25
Fe 0 0 0 0 0.44 0.43
Mg 0.45 0.5 0.24 0.61 0.38 0.37
Mn 0 0 0 0 0 0
Cr 0 0 0 0 0 0
Si 0.45 0 0 0.79 0.95 0.96
Cu 0 0 0 0.63 0.99 0.99
0] 0 0 0 0 1.11 0
Total 100 100 100 100 100 100

Table 4-7: Carbon, iron and oxygen concentrations in grain interior and at grain
boundary precipitates in the reference aluminium alloy fabricated by the laminate
method [49].

Elements Wt % (Matrix) W1t % (Precipitate)

C 4.87 491
Fe -- 18.81
0 1.27 --

4.2 Hardness

Vickers hardness measurements at carbon fiber/aluminium matrix interface are
summarized in Figure 4-15; both samples S, and Ss show almost identical hardness values

which are lower compared to Sy, Sy, and Ss. Figure 4-15 also indicates that the fiber/matrix
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interface is harder, when Ss is compared to the base aluminium matrix alloy and the

composites fabricated using the laminate approach.

Vickers hardness
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Figure 4-15: Vickers hardness comparison between 6061 aluminium reference and fiber/matrix
interfaces of composites fabricated by the infiltration method (S;, S;, S3, S4 and Ss) and the
laminate method.

Rockwell indentation diameters are measured for bulk hardness estimation of the composites.
Larger indentations on the samples S, and Ss indicate that they possess low bulk hardness
compared to the samples S;, Sy, and Sz samples with higher carbon fiber content. Even larger
indentation diameters are measured in samples obtained by the laminate method and in the
base aluminium alloy which exhibits the lowest bulk hardness. The results are summarized in

Figure 4-16.
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Figure 4-16: Indentation diameter comparison among the fabricated composites, 6061 aluminium
reference alloy and laminate composites.

4.3 Bend resistance

Load-deflection curves are shown in Figure 4-17. Samples S, and Ss demonstrate highest
bend resistance, while S;, S; and Sz show low bend resistance when compared to the cast
reference aluminium alloy. Initial slops of the elastic region of the curves are calculated in
order to evaluate bend moduli as tabulated in Table 4-8. The flexural strength values are also
tabulated in Table 4-8. The overall results of the current study show better values in terms of

bend strength compared to the best results of the laminate composites.
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Figure 4-17: Three point bend test curves.

Table 4-8: Sample dimensions and bend moduli for the different composites and the 6061
aluminium reference alloy.

Samples | Thickness ‘d’ | Length ‘'L’ | Width ‘b’ | m (P/D) Flexural Flexural
(mm) (mm) (mm) modulus ‘E’ strength
(GP) (MPa)
S1 3.64 55 12 480.22 34.51 217.93
Sz 3.64 55 12 583.23 41.91 220.42
S3 4.11 55 12 723.02 36.10 221.61
S, 6 55 12 4762.22 76.41 241.58
Ss 6 55 12 4941.20 79.29 267.55
Sa 5.6 55 12 2025.09 39.97 231.80
Laminate method [49]
Sample 4.33 40 12 4887 80.26 223.16
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4.4 Impact toughness

The impact energy absorbed (Eas) during the test and their thickness (t) specific values
(Eans / t) are tabulated in Table 4-9 and plotted in Figure 4-18. In general, 6061 aluminium
alloy is tougher than all composites and absorbs the largest amount of energy. Overall, samples
fabricated by the infiltration method exhibit lower impact toughness compared to the
composites fabricated by the laminate approach. Nevertheless, samples S, and Ss exhibit impact
toughness values closer to the composites fabricated by the laminate method even though they

contain higher carbon fiber volume fractions.

Table 4-9: Impact energy absorbed during Charpy impact test.

Samples Thickness (t) Eabs (J) Eabs/t (J/mm)
S1 3.64 2.32 0.64

S, 3.64 4.04 1.11

S3 4.11 4.89 1.19

Sq 6.00 10.86 1.81

Ss 6.00 11.40 1.90

Sa 5.60 14.33 2.56
Laminate [49]

Sample 4.33 8.91 2.06
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Figure 4-18: Impact fracture energy comparison among the fabricated composites, 6061
aluminium reference alloy and the best sample of the laminate method.

A visual evaluation is performed on fracture surfaces obtained after impact tests. Brittle
fracture is characterised by a flat fracture surface through both composite matrix and fibers
without any fiber pullout whereas ductile fracture shows relatively rough surface with fiber
pullout indicating plastic deformation of the matrix. Based on visual evaluation, it is found that
the fracture mode for samples S;, S, and Sz is 85% brittle and 15% ductile. While the samples
Ss and Ss are tougher and show fracture surfaces with 75% brittle and 25% ductile fracture
proportions as shown in Figure 4-19. Composite materials generally tend to be brittle because
of the presence of brittle reinforcement and therefore possess poorer capability to resist impact
fracture compared to their ductile matrix. This is primarily due to easy debonding between

carbon fiber layers and the aluminium matrix [5] [72].
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Figure 4-19: Fracture in samples S1, Sz, and S3 (85% brittle — 15% ductile); Ssand S5 (75% brittle —
25% ductile).
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Figure 4-20: Deformation of aluminium 6061 (Sa) upon impact test. No fracture occurs.
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5 DISCUSSION

5.1 Interaction between fiber and matrix

The adhesion between the fiber and the matrix is a key factor in the performance of
composites. The reaction between the fibers and the liquid metal promotes wetting and strong
adhesion. However, it can also produce brittle carbides and reduce the strength of the
composites [72]. Therefore, the capacity of the melt to wet the surface of carbon fibers is the

key challenge of the fabrication process.

If coating is applied to the fiber in order to increase wettability with the molten
aluminium, long liquid/fiber contact time may dissolve the coating material [45]. Therefore,
the advantage of the high pressure squeeze casting process is that it reduces contact time
through force-infiltration of molten metal into designed preforms leading to rapid
solidification. Rapid solidification is achieved by the increase in solidification temperature of
the matrix due to high pressure that also increases the rate of heat dissipation through the die.
Hence, the squeeze casting technique can significantly reduce fiber/matrix reactions at the
interface [45] resulting in increased wettability of aluminium on fiber materials [73]. From the
SEM images in the Results section (Figure 4-1 and Figure 4-3), it can be seen that the
fiber/matrix boding is primarily of adhesion type and the interface is free from reaction

products.

In contrast, because of the long contact time between fiber and aluminium during the
heating and cooling cycles in the laminate fabrication process, excessive formation of
detrimental Al,C5 at the fiber/matrix interface can take place [49] (particularly at 500°C [45]).

Also, the presence of an oxide layer over the aluminium foils can provide more oxygen to react
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with carbon which can produce carbon monoxide eventually leading to pores at the interface.

This reaction is described as:
2Al,05; +9C — Al,C5; + 6 CO [49]

The presence of oxide may also lead to precipitation of other oxides which is discussed
in Section 5.3. The pores at the interface can limit or hinder bonding between fiber and matrix;
and thus the strength of the reinforcing fibers cannot be fully utilized in the composites. On the
other hand, the oxide layer on aluminium foils seems to also have the advantage of preventing
interdiffusion between molten aluminium and carbon fibers. In addition, the formation of
Al,C; at the interface seems to consume part of the carbon that diffuses into the molten
aluminium. Consequently, lower carbon concentrations are measured in the aluminium matrix
in the case of the laminate method. Overall, however, it is established that minimizing the
availability of oxygen during fabrication and reducing oxides and carbides at the fiber/matrix

interface can substantially improve the quality of the composites.

5.2 Effect of reducing the carbon fiber fabric density

The infiltration of molten aluminium into the carbon fiber fabric can be described by the

Darcy’s law [3] as:

vE—o [61] (11)

where v is the seepage velocity (m/s); k is the permeability; and u is the viscosity. The
negative sign indicates that the fluid flows from high pressure to low pressure regions. The
Darcy’s Law implies a uniform (linear) pressure drop along the entire length of the composite

as shown in Figure 5-1 [74].
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Figure 5-1: Pressure distribution in unidirectional infiltration [75].

Since the viscosity of molten aluminium and the pressure gradient through the fiber fabric are
assumed to be constant during infiltration, the Darcy’s law can be simplified into a linear
proportionality between liquid seepage velocity v and the permeabilityk.

vak

The lower density fabric is approximately two times more permeable than the original fabric as
interpreted from Figure 5-2. Therefore, the seepage velocity of the molten aluminium through
the reduced fiber fabric can also be expected to be approximately twice that of the original
fabric. The carbon fiber content affects the bond strength between the fiber and the matrix by
influencing the liquid infusion capability of aluminium into the fiber [74] [76]. In the laminate
method, it has been already established that with increasing carbon volume fraction there are
more regions that are not properly infused by the matrix resulting in porosity at the interface
between the fibers and the aluminium matrix [49]. It has also been demonstrated in the
previous study that there is an optimum fiber volume fraction around 45% that provides best
mechanical properties. However, this thesis emphasizes that the fabrication process also plays
an important role to obtain composites with good fiber/aluminium bonding, minimum defects

and porosity; hence, better mechanical properties. This is in agreement with the Darcy’s law
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that denser carbon fiber fabric leads to more restricted flow of the molten aluminium and to
stronger pressure drop during squeeze casting as shown in Figure 5-1. Consequently, it
produces weaker fiber/matrix interface and low impact resistance in the final composite. For
example, as mentioned in the Results section, samples S, and Ss yield overall improved results
including higher modulus of elasticity and impact resistance compared to samples S, S, and S3
with higher carbon fiber contents. This is because of the comparatively better matrix
infiltration due to much easier flow of the molten matrix into the loose fabric. However, better
fluidity of the molten metal and better fiber/matrix adhesion can compensate for higher fiber
volume content. Therefore, samples S, and Ss show properties similar to the best samples
fabricated by the laminate method (see Table 4-8 for flexural modulus and flexural strength
and Figure 4-18 for impact resistance) even though they contain higher carbon volume
fractions (see Figure 4-5). An exception is that composites fabricated by the laminate method
showed higher modulus of elasticity and impact strength because of their lower fiber volume
fraction. Samples S;, S; and Ss have higher Vickers hardness (see Figure 4-15), smaller
Rockwell indentation diameter (see Figure 4-16); but they behave more brittle, absorb only
little energy to break (see Figure 4-18) and show low impact strength. This is due to low
quality aluminium/fiber interfacial bonding as a result of improper infusion which degrades the
load transfer capability of the matrix to the fiber within the composite.

Hardness and toughness are the two main requirements for applications such as armour
plates, whereby hardness is the priority for the front impact face and toughness is the priority
for the backing face. In this study, the reference aluminium alloy showed higher fracture
toughness, but lower hardness and strength. Therefore, the reference aluminium alloy can be

considered more appropriate for the backing face, whereas the higher hardness and strength of

59



composites S, and Ss as demonstrated in Sections 4.2 and 4.3 are an indication that they are

more appropriate for the front face of potential gradient composites plates.
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Figure 5-2: Permeability as a function of pore size in woven fabric [77] .

5.3 Formation of precipitates

Precipitates are observed in discrete patches at some locations as bright color interlayers.
It has been shown that an increase in carbon concentration in precipitates can be linked to the
formation of aluminium carbide crystals as observed using EDX SEM images (Figure 4-6 and
Figure 4-7). From the aluminium-carbon phase diagram (Figure 5-3), it is observed that over a
wide range of temperature and concentrations, two phases co-exist. One is liquid, that is,
aluminium matrix and another is the reaction product, that is, Al,C5; which accumulates in the
form of precipitates during fabrication [21]. Al,C5 is brittle and leads to relatively low impact
fracture energy and brittle fracture during Charpy impact tests [21]. It is important to note that
the formation of carbides takes place whether air is present or not [72] and the reaction is given
as:

4Al+3C— Al,C; [78]
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Figure 5-3: Aluminium-carbon phase diagram illustrating the presence of aluminium-carbide in
aluminium matrix composites [79].

Beside Al,Cs, the presence of oxygen in the environment during squeezing leads to oxidation,
and hence to the formation of a potential Al,0,C phase which can be further detrimental to the
composites as demonstrated in the laminate method [49], where Al,0,C was reported at the
fiber/matrix interface along with Al,C; and CO [49]. The formation of these reaction products
is more detrimental at the interface than within the matrix as they cause interfacial debonding
and eventually low quality composites. Therefore, it is a great advantage of the liquid
infiltration method that such reaction products are substantially reduced. This successfully

eliminates excessive oxidation and pores in the casts.

In addition, the presence of Si in aluminium 6061 serves to limit the formation of Al,Cs.

Free Si reacts with C to form SiC and thereby prevents aluminium-carbide formation and
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promotes wettability [72]. In contrast, the difference in thermal expansion coefficients between
fibers and matrix aluminium causes incoherency or high dislocation density near the
fiber/matrix interface. This promotes precipitation reactions as dislocations act as

heterogeneous nucleation zones for precipitates [16] [21].
Two other types of precipitates are observed in the composite:

(1) White precipitates that are iron rich and are thought to be iron aluminide (FezAl)
(Figure 5-4). They are created by diffusion of iron from the die into the molten aluminium
during squeeze casting [49]. These iron aluminide intermetallics form during solidification at
temperatures around 550°C to 400°C [80] [81] [82]. They might contain another iron
aluminide intermetallic, that is, FeAl supposed to form due to relatively higher iron content
over a wide range of temperature as shown in Figure 5-4. Iron-aluminide precipitates were also
observed in composites fabricated using the laminate method [49]. However, as observed in
Figure 4-8, the precipitates in composites fabricated by the laminate method are lamellar in
appearance and are thought to be a eutectic structure composed of Al and FeAls layers formed

at 660°C and 2wt% Fe (point ‘E’ in the phase diagram in Figure 5-4).

(2) The dark precipitates shown in Figure 4-10 are rich in oxygen, silicon, magnesium,

and carbon. Their element concentrations are tabulated in Table 4-4.
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Figure 5-4: Iron-aluminium binary phase diagram [80].

Again, carbon obviously originates from the fibers and/or the crucible during casting. Silicon
and magnesium can be linked to their respective oxides. Silicon possesses strong affinity with
oxygen which produces SiOz [83]. In this thermal oxidation process, silicon reacts with either
oxygen or water vapour present in the furnace, and also during squeezing when the temperature

is above 600°C, to form silicon dioxide. The reaction can be described as [84]:
Si+ 02 = Si02
Si + 2H20 - SiO2 + 2H>

The products of the reactions between SiOz and molten aluminium containing Mg may be

Al;03, MgO, MgAl204. For high Mg concentrations, MgO can be expected, whereas for low
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concentrations of Mg, MgAl,04 can be expected [85]. Precipitates may also contain reaction
products such as Mg»Si [85]. Al.03 may also be present as a metallurgical inclusion due to
contact of molten aluminium with ambient air. Alumina (Al03) may undergo reduction
reaction with carbon to produce Al,C;, therefore may be considered as secondary source of

Al,C5. The reaction can be described as:

2 Al,05 +9C — Al,C; +6 CO [86]

The reference aluminium casting also contains some precipitates; their composition is
listed in Table 4-6. These precipitates are rich in magnesium, silicon and copper. They may
also be oxides of magnesium and silicon similar to those in composites. The presence of
copper can be linked to stable intermetallics such as Al,Cu [87]. Similarly, some oxides were

noticed in composites fabricated by the laminate method [49].

5.4 Physics based calculation of composite properties

Simple but important physical properties such as elastic modulus, flexural strength and
density are calculated and compared with experimental values. The modulus of elasticity of
composites (E.) can be estimated by using the rule of mixture for carbon fibers (f) and

aluminium matrix (m) as:

where E; = 231 GPa and E,,, = 69 GPa (Table 3-1); V= 0.647 for S5 (Figure 4-5), and V,, =
1-V,=0.353

yielding:
E. = (231)(0.647) + (69)(0.353)

E. = 1743 GPa
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The experimental value of the modulus of elasticity is computed to be 79.29 GPa for Ss (Table
4-8) which is 2.19 times lower than the theoretical composite value and only slightly higher
than the aluminium matrix elastic modulus.
Similarly, the rule of mixture can be applied to the flexural strength of the composites as:

0. = 07Vs + 0,V
where oy = 1810 MPa [88], and o,,, = 231.80MPa (Section 4.3)
yielding for Ss:

0. = (1810)(0.647) + (231.80)(0.353)

0. = 1252.8 MPa
The experimental value of the flexural strength of the composite is computed to be 267.55 MPa
for Ss (Section 4.3). This value is 4.7 times lower than the theoretical composite value and
slightly higher than the aluminium matrix strength.

These discrepancies between theoretical and experimental values can be linked to fiber
pullout from the matrix during loading because of precipitates that weaken the fiber/matrix
bond and cause crack initiation and propagation [89]. Also, the elastic modulus is known to be
very sensitive to pre-existing cracks developed during fabrication and the increase in crack
density during nucleation and coalescence [90].

Similarly, the density of the composites can be estimated as:
Pe=PVit ppVm
where p = 1.79 g/cm® (Table 3-3), and p, = 2.7 g/em®(Table 3-1)

yielding for Ss:
p, = (1.79)(0.647) + (2.7)(0.353)

p, =214 g/cm’
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The actual density of the fabricated composite is measured by dividing the weight of the
composite by its volume to be 2.21 g/cm® for Ss which is slightly higher than the calculated
theoretical value from the rule of mixture. This difference in density may be due to the
diffusion of iron with higher density from the die, which is in agreement with the observed
precipitation of iron aluminide intermetallics as already discussed in Section 5.3. The atomic
weights of iron, aluminium and carbon are 55.845, 26.9815 and 12.0107 respectively [91]. So,
iron is 2.06 and 4.65 times heavier than aluminium and carbon respectively. Therefore, its

addition into the composite can well be expected to increase the composite density.

5.5 Manufacturing defects

Changes were made with respect to the previous work [49] in order to reduce
manufacturing defects. First, graphite used as lubricant in the laminate method was shown to
be an additional source of carbon diffusion into the composite [49]. Therefore, Boron Nitride

(white graphite) supplied by Slide, USA, is used in this study.

The physical properties of aluminium matrix composites are tailored by appropriate
types, content and configuration of fiber as well as by the method of fabrication. The method
of fabrication dictates several aspects such as formation of precipitates, phase changes, and
chemical reactions which govern the quality of the composite. The manufacturing method and
phase transformations upon cooling can produce considerable residual stresses in composites.
In this study, the composites are subjected to the fabrication temperature of 850°C. Therefore,
large thermal stresses are developed as a result of excessive shrinkage during cooling and
solidification of the aluminium matrix. These stresses cause substantial plastic deformation of
the matrix and/or relative sliding between fiber and matrix at the fiber/matrix interface. This
relative sliding can cause interfacial debonding of the fibers from aluminium leading to a

reduction in elastic modulus and premature fracture of the composites [1]. The thermal stresses
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generate during cooling either from temperature gradients within the composite and/or from a
mismatch of coefficients of thermal expansion (CTE) between the matrix and the
reinforcement. The effect of temperature gradient can be minimized by slow and steady
cooling of the material. But the mismatch of CTE is inherent to composites as multiphase
materials; therefore, it cannot be addressed through modifications of the manufacturing method
but rather by appropriate selection of matrix and fiber compositions. The difference in CTEs in
metal matrix composites is generally large. For example, in aluminium matrix composites the
CTE of Al is 25x10°/K [1] and the CTE of PAN-based carbon fibers is only 15x10°%/K [92].
Hence, upon cooling, aluminium undergoes larger contraction compared to the fibers leading
to tensile residual stresses in aluminium because of higher coefficient of thermal expansion and

compressive residual stresses in the fiber because of lower coefficient.

Inclusions and precipitates are locations of stress and deformation concentration and
therefore promote crack nucleation and propagation.

:
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Figure 5-5: Schematic representation of a crack tip high strain zone and cracks in

precipitates/inclusions in the highly deformed region [93] [94].

In fact, precipitates in the vicinity of the plastic deformation zone undergo interface decohesion

with the matrix. Therefore, these inclusions provide the primary nucleation sites for the
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formation and growth of cavities by coalescence. This degrades the toughness of composites as
compared to its matrix alloy fabricated under identical conditions as demonstrated in Figure
4-15. Overall, the distribution and amount of heterogeneous phases affect the toughness of the

composites [93].
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6

CONCLUSIONS

Carbon fiber reinforced aluminium matrix composites are successfully manufactured by the

squeeze casting infiltration process. The resulted composites show improved properties as

follows:

1)

2)

3)

4)

5)

The fiber/matrix bond is primarily of adhesion type and the interface is free from reaction
products. In this process, liquid pressure during cooling and low liquid viscosity promote
strong fiber/matrix bonding.

The lack of spacers between the fiber fabric layers produces aluminium matrix composites

with overall higher fiber volume fraction compared to the laminate method.

Liquid infiltration produces overall higher hardness at fiber/matrix interfaces. Properly
infiltrated sample (Ss) shows 8.52% higher hardness than the composite fabricated by the
laminate method. Similarly, the composites fabricated by liquid infiltration experience
3.71% lower indentation diameter (bulk hardness) than the composite fabricated by the
laminate method. Both methods produce higher hardness compared to the reference 6061

aluminium alloy casted under identical conditions.

The flexural strength of the composites is increased by 19.9% compared to the laminate
approach probably due to higher fiber contents. The flexural strength of the composites is
also increased by about 15.4% compared to that of the reference 6061 aluminium alloy
squeeze casted under identical conditions.

Composites by liquid infiltration possess overall lower modulus of elasticity, indicating

that they are less stiff compared to composites fabricated by the laminate method.
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6) A reduction in impact strength of 7.76% is observed compared to the composites fabricated
by the laminate method. The impact strength is reduced by 25.78% when compared with
the reference aluminium alloy.

7) Increase in stiffness and in impact strength is achieved with reduced fiber fabric (reducing
fiber volume fraction by 3.7%, compared with composites having original fiber) which
demostrates that further reducing the fiber volume fraction to the optimum value [36] [45]
of about 45% [49] may further:

a. improve wettability

b. provide thorough infiltration

c. give better fiber/matrix interface

d. produce better composites in terms of toughness due to thorough impregnation of
fibers by molten aluminium

Overall, the liquid impregnation method prevents excessive oxidation and miniminzes brittle

phase formation due to shorter fiber/molten aluminium contact time which are major

advantages compared to the laminate method. However the fiber volume fractions are too high

and need to be further reduced.
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7 FUTURE WORK

The current work completes a comparative investigation of two fabrication methods for
carbon fiber reinforced aluminium matrix composites: (1) the liquid infiltration and (2) the
laminate squeeze casting methods. Future work will focus on gradient composite materials

manufacture and characterization.

In gradient composite materials, fiber concentration, microstructure and properties will be
varied across the thickness from one face to the other. The comparative investigation showed
that while forced liquid infiltration provides better impregnation of the carbon fibers by liquid
aluminium resulting in composites with far less porosity, the laminate method allows greater

flexibility and control over the microstructure across the composite thickness.

On one hand, reactions and oxidation shall be further limited for the laminate method for
instance by melting in a vacuum furnace in order to improve resulting composite properties.
On the other hand, means of appropriately spacing the single fiber fabric layers shall be found
for the liquid infiltration method in order to further reduce the fiber volume concentration in

the composites.

Inter-diffusion of carbon from crucible to the matrix of composites can be minimized by

using crucible of different material or by using ceramic lined crucible.

Overall, combining the advantages of both techniques can contribute to improved
properties as well as increased control over properties across the thickness for advanced

gradient composites for armour applications.
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