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Abstract

This chapter discusses the concepts, casting techniques and applications of functionally
graded materials metal matrix composites (FGMMCs). Considerations were given to
bulk functionally graded aluminium matrix composites (FGAACs) production processes.
Liquid-metal forging processes of FGAACs fabrication, such as infiltration process, squeeze
casting, friction casting or compocasting, stir, and centrifugal casting were discussed. The
chapter provides basic concepts of the processes and overview of their processing param-
eters, such as mould rotational speed; reinforcement particles size and volume; degassing
method; melting and pouring temperatures; pressure; and stirrer. The study notes that
functionally graded materials (FGMs) are commonly used in automotive, aircraft, aviation,
chemical, medical, engineering, renewable energy, nuclear energy, and optics electronics
industries.

Keywords: FGMMCs, aluminium matrix, FGMs fabrication techniques, centrifugal
casting, stir casting, ceramics reinforcements, squeeze casting, infiltration process,
compocasting

1. Introduction

Man has always found materials critical to his existence and advancement. As time pro-
gresses, he is often faced with challenges that usually change his opinion and ways of doing
things. Material is not left out in this evolution, which most times facilitates the improvement
of knowledge and technology. Value addition to engineering natural materials became desir-
able in man’s quest to add more meaning to both his life and those of the people around him.
This is a result of the dissatisfaction and challenges that accompanied the use of materials in
their natural forms. The engineering of materials for specific characteristics dates as far back
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60 Advanced Casting Technologies

as 1000 BC, in which straw and mud were used as forms of composites [1]. Refinement of
these composites have advanced over time; for example, fibre glass reinforced plastics com-
posites, which are more superior, were introduced four decades ago. In very little time, many
limitations were found in fibre reinforced plastics, the majority of problems being attributed
to delamination. This delamination shortcoming, coupled with the need of materials to sat-
isfy functional requirements, led to another breed of advanced materials: functionally graded
materials (FGMs). The advent of FGMs was a major breakthrough in addressing material
properties abrupt change in traditional composite, associated with large inter-laminar stresses
leading to delamination [2]. These heterogeneous materials with gradually varied properties
have replaced homogenous materials in some critical applications. The base (matrix) material
of FGM can be metal or non-metal. Metallic matrix FGM is termed as functionally graded
metal matrix composites (FGMMCs). Engineers and scientists are increasingly interested in
the research and fabrication of heterogeneous FGMMC:s for specific use.

This group of materials can be categorised as advanced materials in the family of engineering
composites. Functionally graded material comprises of two or more component phases with
continuous and gradually changing composition [3, 4]; they are characterised by continuous
transitions in the material’s microstructure and composition in a specific direction [5]. FGM
gradually vary over volume in both microstructure and composition, resulting in subsequent
alterations in the material properties.

1.1. Types of FGMs

Functionally graded materials can be classified based on the material gradient types, as
shown in Figure 1: fraction gradient, shape gradient; orientation gradient; and size gradient.

Functionally graded material structural unit is regarded as a material ingredient or element.
Material ingredients are like biological cells such as tissues and other examples are presented
in Table 1.

Although the type of this advanced material was developed by engineers and scientists, FGMs
are also found in nature. Examples of naturally occurring FGMs are bone, teeth, bamboo and
tree human skin. The grading of the human bone is shown in Figure 2.
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Figure 1. Types of FGMs based on gradient: (a) gradient with fraction; (b) gradient with size; (c) gradient with orientation;
and (d) gradient with shape [2].
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Chemical Inorganic, organic, ceramic, metal, and polymer

Physical Electronic state, ionic state, crystalline state, dipole movement, magnetic movement, band
gap, potential well, and barrier

Geometrical Granule, rod, needle, fibre, platelet, sheet, pole, texture, and orientation

Biological Complex macromolecule, organelle, cell, and tissue

Table 1. Various material ingredients that can compose FGMs [6].

cancellous Bone

Articular Cartilage

Graded porosity E o

Graded porosity

Figure 2. The naturally occurring FGMs human bone.

2. Historical background

2.1. Evolution of FGMs

Functionally graded materials were originally presented as a group of superior composite
materials with a single continuous or discontinuous inclination with regard to composition
and microstructure as shown in Figure 3 [7, 8]. The concept of structural gradients was first
developed from composites and polymeric materials in 1972. Different methods of apply-
ing gradients in in filament concentration, composition and in polymerisation, coupled with
application areas of graded structures were proposed. Though many of FGMs’ principle theo-
retical studies were reported in the 1970s, the influence of these works was not felt propor-
tionately. This was due to the inadequate actual investigative studies on the manufacturing
techniques and evaluation of the graded structures.

Present day FGMs were developed from the study of composites and polymeric material in
1972 by Bever and Duwez. The study investigated the properties of global material and re-
evaluated the potential application of graded composites [10, 11]. In the same year, Shen and
Bever studied the structure and properties of polymeric materials having spatial gradients
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(a) (b)
Figure 3. Functionally graded material structure types: (a) continuous and (b) discontinuous [9].

and their potential applications. The study declared that alteration of the chemical formation
of monomers, morphology or supramolecular structure and the molecular makeup of the
polymers may affect the graduation of polymeric material. However, the study failed to con-
sider the design, fabrication and evaluation of the gradient of the structure [10].

The development of modern day FGMs began in the mid-1980s in Japan. The Japanese engi-
neers were confronted with difficulty in finding a material suitable for a particular barrier in a
space project, hypersonic plane. The barrier requires a thickness less than 10 mm and thermal
working conditions of 1000 K and 2000 K of inside and outside temperatures respectively. This
necessity pushed the engineers to FGM fabricate the barrier using FGM concept [12]. In the
development of ceramic coatings and joints for the reusable rocket engine, the application of
continuous texture control was suggested in 1985 [13]. This is to minimise the thermal stress
and to increase the adhesion strength. These types of graded materials were named function-
ally gradient materials in 1986, which later became functionally graded materials with acronym
FGM. The first FGMs national symposium was organised in Sendai, Japan in 1990 [14]. From
1987 to 1991, the FGM technology became very popular and several production techniques were
developed. The early manufacturing processing methods include chemical vapour deposition
(CVD), plasma spraying, powder metallurgy, self-propagating high-temperature synthesis
(SHS), and galvanoforming. Since 1991 to the present date, these earlier FGM processing meth-
ods have been re-evaluated and modified and new one developed. These fabrication techniques
have been categorised in various ways by several authors. Miyamoto et al. in 1999, grouped the
processes into four main categories: layer, melt, bulk and preform processes [6]. These FGM
techniques of production eliminated traditional composite delamination problem, caused by
the sharp interface that is mainly responsible for the failure in the composites.

2.2. Functionally graded materials (FGMMCs)

Functionally graded metal matrix composites (FGMMCs) belong to a group of advanced
material termed functionally graded materials (FGMs). The uniqueness of FGMs is that they
smoothly change properties and composition spatially and vary from any single material that
form them. They are materials that are specially engineered in a controlled manner for specific
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mechanical or chemical properties for both harsh working environments and optimal perfor-
mance. This category of high performance materials is described as knowledge-based multi-
functional materials (KMMs). They are applied in thermomechanical and high impact loading,
high strain rates, high temperature, and aggressive chemical environments. Such environments
are associated with turbomachinery, aerospace, automotive, chemical, microsensors, electronic
devices, biological implants, and household appliances. Functionally graded materials are a
major category of KMM materials. Functionally metal matrix composites (FGMMCs), such as
Al-Si-SiC, possess both high wear resistance and high bulk toughness. The structure of FGMMC
is continuously or discretely altering the mechanical and thermal properties at the macroscopic
or continuum scale. These spatially varied properties are achieved by varying certain process
parameters of the reinforcements, such as type, size, shape, and dispersion pattern.

3. Concept of FGMMCS

This category (FGMMCs) of materials was an offshoot of the traditional composite materials,
considered as advanced engineering materials. Composites are normally formed by combina-
tion of two or more different materials with individual physical and chemical properties in
solid forms. However, composite material is characterised by an abrupt interface and a weak
interfacial bond between the combining materials. This results in sharp property changes and,
as a consequence, eventual failure under harsh working conditions, such as high temperature
and high impact load. This failure is attributed to disintegration of reinforcement from the
matrix; this type of failure is called delamination [15]. The sharp interface and the gradual
change of a traditional composite and FGM are shown in Figure 4a and 4b, respectively. The
differences between composite and FGM are presented in Table 2.
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Figure 4. Material of two phases [16]: (a) traditional composite—constant composition and properties; (b) FGM—
gradual change in composition and microstructure gives a gradient in properties.
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Traditional composite FGM

Abrupt interface between combining materials, causes sharp ~ Smooth transition between combining materials
properties change

Delamination occurs under extreme working conditions Very good interfacial bond between materials, so
delineation is avoided

Matrix charge, weakness and strength of the combining Properties of the combining materials are spatially
materials are equally distributed distributed is possible

All the part is a bit thermal conductive and the matrix lost a One side is largely hard and the other side is

bit of hardness largely thermal conductive

Table 2. The differences between composite and FGM.

The concept of FGM substitutes the abrupt interface of traditional composite materials with grad-
ually changing interface and this eliminates the shortcomings that accompany the sharp interface.
Subsequently, the chemical composition is altered at the interface, which ultimately improves
the mechanical properties of the composite. Properties of FGM vary spatially; they are location-
dependent in the bulk structure of the material. Functionally graded materials are engineered to
possess changing properties, such as varying magnetic, thermal, mechanical, chemical composi-
tion, and electrical properties, changing microstructural and atomic arrangement. Figure 5 shows
the model of FGM object gradient, bi-linear material variation and thermal stress relaxation.

3.1. Production methods of FGMs

The development of FGMs production methods witnessed a tremendous push in the last
two decades, resulted in several FGMs fabrication methods, as presented in Table 3. These
production methods are in both chemical and mechanical forms, and their applications are
guided by the type/state of raw materials, facility availability and functional properties

Thermal stress
relaxation

(a) (L) (©)

Figure 5. Model of FGM (a) FGMs object; (b) bi-linear material variation; and (c) thermal stress relaxation [2].
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Method Type Group of
FGM
Vapour deposition technique Chemical vapour deposition (CVD) and physical vapour Thin surface
deposition (PVD) coating
Powder metallurgy (PM) Stepwise Compositional Control: powder stacking, sheet Bulk

lamination and wet powder spraying

Continuous composition control: centrifugal powder forming
(CPF), impeller dry blending, centrifugal sedimentation,
electrophoretic deposition and pressure filtration/vacuum slip
casting

Melting processes Centrifugal casting, sedimentation casting infiltration processing, Bulk
thermal spray processing

Material prototyping/solid Laser based processes: laser cladding, melting, laser sintering, Bulk
freeform (SFF) Fabrication selective 3D-printing and selective laser
Other methods Plasma spraying, electrodeposition, electrophoretic, ion beam Thin coating
assisted deposition (IBAD), self-propagating high-temperature
synthesis (SHS)

Table 3. FGM fabrication methods and their applications [18-21].

required. This development led to the emergence of many attractive engineering materials
applied in the automotive and aviation sectors. These methods may be broadly categorised
into the following [17]:

Constructive process: in this process the engineer determines the phase replacement within
the formation.

Transport based process: This process depends on an appropriate and the created in situ reac-
tions of processes during material production.

Also, FGMs are categorised based on products thickness or size into [4, 22]:

i. Thin FGM: Thin FGMs are relatively thin surface coatings or thin sections, formed by
chemical or physical vapour deposition (CVD/PVD), self-propagating high-temperature
synthesis (SHS), plasma spraying, etc.

ii. Bulk FGM: Bulk FGMs are fabricated by the following methods centrifugal casting, pow-
der metallurgy, squeeze casting, solid freeform technology etc.

Constituents are the basic building cellblocks of a FGM, made up of matrix, particulates, inter-
phase, precipitates and any other additives, which are identified in the material’s microstruc-
ture. Constituents in FGM structure are usually described by their chemical composition,
volume fraction, size, morphology and orientation within the material. In a broader perspec-
tive, FGM is formed by the combination of at least two different materials, which may be
metal-metal, metal-ceramic, polymer-ceramic, etc. The structure of FGM is broadly divided
into two, the matrix and the reinforcement.
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3.2. FGM matrix

The matrix is a monolithic material that forms the surrounding medium or structure, while the
reinforcement is the constituent embedded in the matrix. Non-metal and metal matrices form
functionally graded non-metal matrix composites (FGMMCs) and functionally graded metal
matrix composites (FGNMMCs) respectively. Plastics, polymers and light metals such as alu-
minium, magnesium, brace, bronze, and titanium are widely used matrices for composite.
Cobalt and cobalt—nickel alloy matrices are usually used in elevated temperature applications.

3.3. Reinforcement

Reinforcement is a material embedded in a matrix, which provides the material with the
needed structural and physical properties, such as friction coefficient, wear resistance, ther-
mal conductivity, etc. [23]. The reinforcement can be classified into continuous and discon-
tinuous. Standard metalworking techniques, such as forging, extrusion, or rolling can be used
to work on discontinuous FGMMCs that are isotropic (uniform in all orientations). Further,
polycrystalline diamond tooling (PCD) is required to machine isotropic discontinuous MMCs
using conventional techniques. Continuous reinforcement applies monofilament and form
anisotropic structure in FGMs. This reinforcement alignment plays a role the strength behav-
iour of the material. Single, defect-free crystal filament of material is known as monocrys-
talline whisker. Whisker materials, having very high tensile strength (10-20 GPa), such as
graphite, silicon-carbide, silicon, alumina and iron are commonly used as reinforcements in
FGMMC:s. Table 4 presents other FGM reinforcements that are used.

3.4. Hybrid composite

In a MMC, there are at least two constituents: one material is a metal matrix, and another a
reinforcement, which can be metal or a non-material. A metal matrix composite formed by
two different or more reinforcements is termed hybrid composite. Examples of hybrid com-
posites are Al6061-SiC-Graphite, Al6061-SiC-TiB,, CNTs-Mg-Al, Al6061-SiC-MWCNT, etc.,
where SiC is silicon-carbide; MWCNT is multiwall carbon nanotubes; TiB, is titanium dibo-
ride; and CNTs is carbon nanotubes. CNTs-Mg-Al and Al6061-S5iC-MWCNT are also called
metal matrix nanocomposites.

Metal matrix Reinforcement

Aluminium Nitrides: BN, ZrN, TiN

Brace Carbides: SiC, TiC, ZrC

Bronze Borides: ZrB,, TiB,, SiB,

Titanium Oxides: AL,O,, MgO, TiO,, ZrO,

Magnesium Silicides: MoSi,

Cobalt Intermetallic: Fe,Al, FeAl, NiAl, Ni,Al, Ti,Al, TiAl

Table 4. Metal matrices and reinforcing materials used in FGMMCs.
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4. Functional graded aluminium alloy matrix composites (FGAAMCS)

Basically, FGMMC composed of metal matrix phase and reinforcement phase, such that the
elastic modulus and hardness differ from the metallic phase to the ceramic phase. In this
chapter, FGMs formed by aluminium alloy matrix and ceramic particles reinforcements are
regarded as functionally graded aluminium alloy matrix composites (FGAACs). Since the
Japanese engineers’ breakthrough in the hypersonic space plane project in the 1980s, several
investigative studies on FGAACs have been performed and reported. Studies on the different
aspects of FGAACs are ongoing, which include design of the different composition, charac-
terisation, modelling, optimisation and development of FGMs fabrication techniques [24-28].

4.1. Fabrication techniques of FGAACs

Over the years, several FGAACs production techniques—that is, the processes of combining
aluminium alloy with ceramic material —have been designed, developed and used. Despite the
various FGAACs achievements that have been reported, further development is still expected.
The increase need for FGAACs is due to the lightweight materials demands from the rapidly
growing industrial applications of FGMs in the automotive and aerospace industries [29-31].
Apart from the lightweight advantage, the possibility of determining the mechanical and chemi-
cal properties of FGAACs, through the alteration of microstructure, also account for the growing
interest. Production of a material with high wear resistance at a high temperature is possible by
reinforcing the matrix with ceramic material along the part where bulk toughness required [32].

Among the various FGM fabrication techniques, the melting/casting based processes,
(Table 5 refers), will be discussed in this chapter. These techniques include the squeeze cast-
ing method, centrifugal casting method, sedimentation casting infiltration, vibration casting,
compocasting, stir casting, sequence casting, and pressure casting.

4.2. Squeeze casting

Squeeze casting technique (SCT) is a liquid-metal forging method that involves the solidifica-
tion of liquid metal under pressure in a closed dies placed in between hydraulic press plates.

Parameters Range

Casting temperatures—depend on the part geometry 6-55°C above the liquidus temperature
and the alloy.

Tooling temperatures ranging 190-315°C
Pressure levels 50-140 MPa
Pressure duration Varying from 30 to 120 s

Lubrication-for aluminium, magnesium, and copper ~ Spray of good grade of colloidal graphite lubricant on the
alloys warm dies prior to casting.

Table 5. Squeeze casting parameters [34-37].
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This process creates a fast heat transfer scenario that produces a fine-grain and pore-free cast-
ing. The casting mechanical properties are similar to that of a wrought product. Squeeze cast-
ing process has been classified into four basic steps in the fabrication of FGMs by Ghomashchi
and Vikhrov in a review study as follows [33]: pouring of a molten metal into the mould, clos-
ing the mould, application of pressure and cast ejection. A more detailed series of operational
step is depicted in Figure 6.

However, for quality casting, these following processing variables should be considered
in squeeze casting method: melting temperature (Tm), degassing method, die temperature
(TD), delay time (tD), pouring temperature (Tp), applied pressure (P) and humidity (Hd).
Additional parameters to consider in the case of FGMMCs fabrication include the tempera-
ture of the ceramic particles (Tc), the rate of at which particles are added to the molten metal
(ta), stirring time (ts) and speed (tv) of the mixture. Values for some of the SCT parameters
are presented in Table 5. In the squeeze casting method, casting properties, such as hardness,
density, and secondary dendrite arm spacing, depend mainly on the effects of these process-
ing parameters. Figure 6 shows the input-output model of a SCT.

The many advantages of SCT rest in its production of casting with low gas porosity and
shrinkage; improved mechanical properties through rapid solidification; good surface qual-
ity and performance of good preformation infiltration. The process can be automated to yield
near net shape, high-quality parts, with minor post production processes. Squeeze casting
technique is widely used for the fabrication of aluminium, magnesium alloys and FGMMCs.
A schematic of SCT die set-up is shown in Figure 7.

4.3. Infiltration method

Infiltration is one of the FGMMC:s fabrication techniques, which involves the soaking of a pre-
formed dispersed phase (fibres, particles, woven) in a molten metal. This is to allow the spaces
between the dispersed phase inclusions to be filled. Infiltration requires two stages: initiation of
flow depicted by the dynamic wetting angle, and advancing the flow in the preform capillaries.

(a) (b) (c) (d)

Figure 6. Schematic in squeeze casting process operations [34]: (a) melt charge, preheat and lubricate tooling; (b) pour
melt into the die cavity; (c) close tooling, allow melt to solidify under pressure; and (d) ejecting the casting, and felting
and die cleaning.
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Figure 7. Schematic of SCT die set-up for melt [38].

Infiltrating a preformed porous body with molten metal is normally accomplished by applying
pressure or a vacuum to facilitate penetration of the liquid metal into the voids. Also, this pro-
cess can be achieved through a pressureless infiltration process—that is—without the applica-
tion of external force. The external force required for infiltration operation can be provided
by a hydraulic or mechanical press with a heater or from gas pressure. Infiltration methods
are classified based on sources of external force: pressureless infiltration method; gas pressure
infiltration method; pressure die infiltration method; and squeeze casting infiltration method.

Several successful studies on pressureless infiltration have been reported, and the process has
been modelled in many studies [39—-41]. According to capillary law, the infiltration pressure
threshold, P, is [42]:

P, =62y, cos@(%) (1)

r

Oh, Cornie, and Russell, in their study, defined capillary pressure or infiltration threshold
pressure (P)) in terms of pore fraction of powder compact and particulate size [43]:

6 Ay, cosO(1 - w)
PO - Dw

()

where 0 is the contact angle; A is the geometry depended factor (assumed to be 1.4); y, is the
tension of liquid-vapour surface; D is the mean diameter of the particles; Vp, is the volume
fraction of the particulates; and w is the void fraction in the preform.

4.4. Gas pressure infiltration method

Gas pressure infiltration method (GPIM) is a FGMMC:s fabrication process by forcing a mol-
ten metal to penetrate a preformed dispersed phase using a pressurised gas. This method is
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applied in the manufacturing of large composite components. The method is suitable for non-
coated fibres due to short interaction time of the fibres with the hot metal and ensures low
destruction of the fibres. Figure 8 shows the schematic of a GPIM set up.

Boczkowska et al. in 2013, studied the impact of infiltration method on the mechanical prop-
erties and microstructure of FGAACs [45]. The FGMMCs specimens were produced by GPIM
and pressure-vacuum infiltration at the same conditions of Tp = 7000C, P =4 MPa, tD =5 min.
The infiltration methods were applied to pressure on aluminium alloy melt to penetrate
porous AL O, ceramics preforms. The chemical composition of the aluminium alloy is pre-
sented in Table 6.

The ceramic preforms were produced by sintering of RA-207LS AL, O, powder, provided by
Alcan Chemicals. The aluminium oxide used chemical composition is presented in Table 7.
The preforms have similar porosity, of about 72 vol%, at same level and three types of poly-
urethane sponges, varying density and size of pores (60, 45 and 30) were used. This resulted
to the production of varying pore sizes, from 300 to 1000, preforms.

Molten metal Pressurized gas(N2)

%

Preform Metal Matrix Composite

Figure 8. Schematic of a GPIM set-up [44].

Oxide ALO, MgO CaO Fe,O, SiO Na,O

wt.% 99.8 0.04 0.02 0.03 0.04 0.07

Table 6. Chemical composition of the aluminium oxide.

Element Al Si Fe Mn Cu Mg Ni Zn Ti

wt.% 83.81 12 0.44 0.16 1.08 1.28 1.06 0.14 0.03

Table 7. AK12 cast aluminium alloy’s chemical composition.
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The study observed that:

i. The Preforms with the smallest size of pores shown better degree of infiltration in in both
infiltration methods.

ii. The specimens from both methods showed higher compressive strength, hardness, and
Young’s modulus.

iii. Composites fabricated by GPI smallest pores size preform possessed better mechanical
properties.

iv. The compressive strength, Young’s modulus and hardness improvements were propor-
tional to the increase of the specific surface section of the interphase frontiers.

Per the study, the flow of metal within the preforms hangs on the size of capillary; the pres-
sure difference along the length of capillary; the preserving time of molten metal state in the
capillary; and the alloy’s dynamic viscosity.

4.5. Pressure die infiltration

Pressure die infiltration method (PDIM) involves the forcing of MMCs liquid phase to pen-
etrate into a preformed dispersed phase placed in a die by applying die casting technology.
The molten metal, is ejected through the spruce, under the pressure of a movable plunger to
penetrate the preform. The schematic of PDIM is shown in Figure 9.

4.6. Squeeze casting infiltration

Squeeze casting infiltration method (SCIM) is similar to the squeeze casting technique used for
pure metals and their alloys. In SCIM, however, a hydraulic or mechanical press is required to

Cover die

Molten %7/////4 Ejector die

metal 2 ////ﬁ

Ejector
pins

Plunger

Pressure chamber Sprue Preform

Figure 9. Schematic of PDIM.
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apply external force on the melt to penetrate the preform pores. As shown is Figure 10, the press
may be with or without a heating unit; however, one with a heating unit is preferred. The heating
unit is used to heat up and to keep the die at a required temperature before pouring. In additional
to SCT processing parameters, preform temperature (Tf) is a factor to be considered in SCIM.

4.6.1. Preform

Preform is a rigid, porous body, containing a discontinuous of one or mixture more rein-
forcement materials. Production of a preform has three fundamental steps [46]: processing
of liquid powder, pressing and shaping, and sintering the preform. The concept behind a
preform is the combination of a ceramic powder slurry and a sacrificial organic pore forming
agent (PFA) that will undergo pyrolysis. The thermochemical decomposition of organic in the
absence of oxygen at high temperatures is termed pyrolysis. The blend of ceramic powder
slurry and PFA is pressed and sintered to pyrolyse the PFA in order to form preform voids.
The properties of a preform can be controlled by the following processing parameters: the
type of pore forming agent (PFA), the green pressing pressure and the green sintering temper-
ature. Examples of PFAs are carbon fibres (PF) and cellulose particles (PC). Table 8 presents
some PFAs and their sintering temperature.

~s—— Fluid inlet for squeezing operation
Support/frame

Fluid inlet for squeezing

~=——Cylinder
Cylinder

====#=Fluid inlet for release
Fluid inlet for release

Ram ~————Ram
Die/mould (upper part) = I_J-— Upper die
Heating element |_£_ P :E‘;gl:ng sy
Die/mould (lower part) i ) 4+—— Heating element
1= Lower die
Ejecting piﬂ = Eiection pin

(b)

Figure 10. Schematic of hydraulic or mechanical press: (a) SCIM assembly with heating unit and (b) SCIM exploded

diagram.

Ceramics Pore forming Sintering temperature (°C)
additives

AO PF 1500

AO PC 1600

ALO, Glassy frit binder (AG) 1000

Table 8. Sintering temperatures for different preform formation [47, 48].
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In a study, ceramic preforms were produced by compressing a blended Al,O, Condea CL 2500
powder and PFA in the form of carbon fibres and followed by sintering [49]. The chemical
composition of ALLO, Condea CL 2500 powder is presented in Table 9. The profile of the sinter-
ing process is presented in Figure 11.

4.7. Centrifugal casting

The filling of a rotating mould with a molten metal and allowing the melt to solidify before the
spinning is stopped describes fabrication of FGM by centrifugal casting technique (CCT). The
rotation creates force that pushes the molten metal outwards from the rotating axis. This pro-
cess creates a centrifuge in a fluid and separate the fluid’s constituents into regions based on
density difference. The denser constituent migrates to the outer region. This method was first
used by a Brazilian, Dimitri Sensaud DeLavaud, in 1918 [50]. Subsequently, this concept has
been adapted in the casting of FGMs, aluminium alloys, corrosion and heat-resistant steels,
copper alloys, etc. Its use is also found in the production of non-metal such as plastics, ceram-

Diameter D50 pum Mean mass concentration of elements, wt.%
AlO, Fe,O, CaO §iO, Na,O Others
1.80 99.80 0.02 0.01 0.01 0.05 0.10

Table 9. Chemical composition and particle diameter of Al,O, Condea CL 2500 powder [49].

1600 -
1400 -
1200 -
1000 -
800 -
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Figure 11. Temperature performance during the sintering process [49].
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ics, glasses, and practically every material that is based on liquid or slurries forging method.
A schematic of a centrifugal casting machine is shown in Figure 12.

In the centrifugal casting of hypereutectic Al-Si alloys, such as A390-5%Mg, the outer region
is formed by fibrous silicon. The large a-aluminium dendrites and large primary silicon
occupy the inner region due to similarity in their densities. Such castings are regarded as
FGAACs. The fabrication of FGMs by CCT is characterised by the discontinuous distribution
of reinforcements in a radially graded pattern. The metal matrix and reinforcement density
difference cause segregation in which the particles with higher density move to the outer
region and lower density particles migrate to the inner surface. The grading defines the func-
tionality and can be controlled and improved by processing variables such as centrifugal rota-
tion speed, molten metal alloying temperature, particle size and volume, mould temperature,
and cast geometry [51].

4.7.1. Classification of CCT

The centrifugal casting process can be classified according to mould arrangement and angle
inclination of mould to either vertical or horizontal planes [50], as shown in Figure 13; and
based on the liquidus temperature of the matrix alloy. There are two types of centrifugal meth-
ods based on the liquidus temperature [52]: the ex situ or solid-particle centrifugal method;
and the centrifugal in situ method.

4.7.2. Forces acting on particle in a melt

In CCT, the force generated primarily depends on the speed of mould rotation. Considering a
vertical centrifugal casting, a particle suspended in molten metal is subjected to four types of

~————Pouring

basin
lectric motor

Figure 12. Schematic of a vertical centrifugal casting machine [46].
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a) Horizontal true centrifugal casting process b) Horizontal inclined centrifugal casting process

’ Crucible
<4+—— Crucible

+—Pouring basin

+—Mould

Pouring basin

¢) Vertical true centrifugal d) Semi vertical centrifugal e) Vertical inclined centrifugal
casting process casting process casting process

Figure 13. Classification of centrifugal casting methods based on mould rotation [50].

forces, as represented in Figure 14: centrifugal force caused by mould rotation, FC; drag force
due to viscosity effect, FD; gravitational force, FG; and repulsive force or van der Waal forces
caused by solid-liquid interface movement, FL. Force of gravity is often neglected because it
is very small compared to centrifugal force [53-55].

E ds (t)

¥ B e

|
—— " i
Solid | Liquid oty
| |
+ Fe Fp :
FL —ip < |
| |
! Particle v
| |
| |
| 'FG |
“ -
A |
Interface

Figure 14. Forces acting on a particle moving in molten metal.
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Force balance equation, F_,

The force balance expression, F_ is estimated as:
=F.-F -F 3)

The FL is linked to the particles within a solid-liquid interface or solid wall. The dynamic Fnet
that is not induced by solid wall/interface is:

=F -F 4)
The Fnet equation assuming that the fluid flow is laminar (Re < 1) is:

4/3x mx R3x% p(d®r/dt) = 4/3% 10+ R¥(p,—p,)w?*7=6% 7% R * pu(dr/dt) (5)

The solution of Fnet without FL of a particle at a given position moving at uniform velocity
at any given time, t, is:

4w2(pP_pm)R2t]

r) =r, exp[ 183 (6)

Where r0 = position of the particle at time t = 0.

4.7.3. Application of CCT

In a study, Ramadan and Omer fabricated FGA ACs of varying fraction volumes of boron (1.2%
to 1.85% wt), dispersed in Al, Al-Cu, and Al-Si alloys matrixes respectively, using CCT [56]. It
was observed that B could only dissolve in aluminium alloys sufficiently at elevated tempera-
ture. Consequently, the source of boron, B,O,, was mixed with aluminium alloys at 1400°C and
held for 30 minutes. Centrifugal casting was performed at 800°C. The study reported that two
regions were identified without smooth gradient, as shown in Figure 15, outer zone with AIB2

Extcmal Internal
o J 7"[7- icid |
(g ——

" T ﬂw

(a) (b)

Figure 15. (a) Centrifugal casting mould for Al-AlB, FGAAC (a) internal area and (b) external area [56].
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surplus and inner zone with AIB2 deficit. Further, hardness of 64% and strength increase were
observed with reinforcement particles volume fraction increase at the outer region.

In an investigative study, a complex shape component, a Pelton turbine bucket, was produced
from FGAACs using CCT [57]. Functionally graded materials specimen, A356 alloy and A356—
10%SiCp, were given T6 heat treatment. The study reported that the concentration of SiCp
particles was higher at the inner periphery of the bucket. This was attributed to the Pelton tur-
bine bucket mould design and arrangement. The heat treated specimens shown an apprecia-
ble hardness increase. The Pelton turbine bucket mould configuration is shown in Figure 16.

4.8. Stir casting

The liquid state technique of fabricating MMCs by mechanical means of mixing of molten
metal matrix with the reinforcing particles (dispersed phase) is termed as stir casting. The
schematics of a stir casting set-up as well as a complete stir casting facility are shown in
Figure 17. This method has been described as the simplest and the most effective technique of
liquid state production. The stir casting is made up of liquid phase (matrix) and the dispersed
phase, which is limited to 30 vol. %. Gravity may cause the reinforcement to segregate due
to dispersed and matrix phase density difference. Furthermore, dispersed particles (fibres)
form local clouds (clusters). These reasons are why the dispersed phase is not uniform (homo-
geneous). However, the uniformity of the dispersed phase may be improved when stirring
process is conducted in a semi-solid state and this process is called Rheocasting.

The introduction of particles into the melt is an important step in FGAACs fabrication and
can be achieved in multiple ways. These methods include inserting particles by an injection
gun; adding the particles to the melt stream during pouring; pushing particles into the molten
metal with a reciprocating piston; spraying atomised particles and molten metal on a substrate,
vortexing, and so on. Vortexing is regarded as the most effective approach towards inserting
particles into the molten metal and ultimately dispersing and suspending the dispersed phase
in the slurry. The introduction of stirring process is done after the matrix has melted. Vigorous

Electric motor
Outer basket

Open mould

Inner
bucket

Flywheel

Gear box

Figure 16. Centrifugal casting machine showing the configuration of the mould [57].
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Figure 17. (a) A schematic stir casting set-up and (b) a complete stir casting facility [58].

stirring is required for the formation of vortex at the matrix melt surface. The particles are
inserted into the matrix through the vortex and stirred for few minutes before the slurry mix-
ture is poured into the mould. Stir casting is affected by certain variables, such as stirring time,
pouring temperature, pouring rate, stirrer blade angle, and gating systems [58, 59].

4.9. Compocasting

Many wettability enhancement methods have been introduced and some of these methods
include the use of wettability agents and fluxes, preheating, oxidation and ceramic coating
[60, 61]. The application of some of these techniques is expensive. However, the compocast-
ing method is an economical technique to improve wettability [62]. Compocasting, or slurry
casting, is a liquid state process in which the dispersed phase is added to a solidifying melt
under a vigorously agitation. This method prevents agglomeration and the gravity induced
reinforcement segregation by mechanically entrapping the dispersed phase in the semi-solid
slurry. Further, the reinforcing particles are better distributed, and gives lower porosity cast-
ing [63, 64]. The better wettability between the matrix and the dispersed phase, and matrix
alloy lower volume shrinkage are accountable for the lower porosity.

Compocasting liquid state process technology is undergoing review and the investigative
study on the process is expanding due to its increase in applications. Gladston et al. produced
AA6061-RHAP, rice husk ash particle composite, via the compocasting method [61]. Formation
of intergranular distribution of particles and the enhancement of macro hardness and ultimate
tensile strength of RHA particles of FGAAC were observed. Poor mechanical properties of
Al-Si alloys have been attributed to the challenges of homogeneous dispersion of SiCp particles
and the non-uniform distribution of coarse Si fibres in the matrix. The use of an accumulative
roll bonding (ARB) technique, which operates on the concept of the compocasting technique,
eliminates these setbacks [65]. This was used to produce MMC with finer and spheroidal Si
particles; minimised porosity; no Si and SiC particles free zone; better matrix-particle bonding;
and evenly dispersed Si and SiCp particles. The schematic of ARB is shown in Figure 18.
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Figure 18. Schematic of ARB set-up [65].

5. Effects of wettability and porosity in FGMs

5.1. Wettability

Several barriers prevent FGAACs from performing in their full potentials, and one para-
mount among them is insufficient wetting of reinforcing particles by molten aluminium. The
spreading of a liquid on the solid surface is defined as wettability and has been linked to close
contact between a liquid and a solid. The way in which the dispersed phase is wetted by melt
is a sign of success of particle insertion into the matrix in FGAAC fabrication. The aluminium
oxide layer which covers molten aluminium and/or the inherent silicon oxide that covers
SiC particles is responsible for the inadequate wetting of SiC particles by molten aluminium.
Reactive elements, such as Ti, Zr, Ca, Mg, etc. are added to metal matrix to stimulate wettabil-
ity of matrix on reinforcements.

The relation between bonding force of the matrix and the particles was described by Young
Dupre’s equation in terms of contact angle (0) as depicted in Figure 19 as follows [66]:

0 — 0° (Perfect wettability); 0 — 180° (no wetting); 0 < 6 <180° (partial wetting).
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Vapor

Solid

Figure 19. Schematic showing the contact angle between the liquid phase and the solid phase [59], where v_ is the solid—
vapour; v, is the solid-liquid interfacial energy; and vy, is the liquid—vapour interfacial energy.

5.2. Porosity

Porosities are often seen as defects in engineering materials, unless the materials are delib-
erately designed to have pores for functionality, such as in biomedical materials, where
porosity is useful for permeation of medical compounds. Other applications of porosity
include filters, catalyst supports and furnace lining bricks. FGAAMCs are made dense to
minimise porosity and to improve the mechanical properties of the materials. Damping
capacity, the Poisson ratio, tensile and compressive strengths and Young’s modulus of
elasticity are inversely proportional to porosity. Porosity formation is caused by vapour
from surfaces of reinforcement, air bubbles in a matrix melt, shrinkage during solidifica-
tion and gas entrapment and hydrogen evolution [67]. Series of manufacturing techniques
have been invented and appraised to minimise porosity in cast FGMs and these include:
vacuum casting, casting under pressure, inert gas bubbling past the liquid metal, rolling
of material after casting to close the voids, compressing, and addition of hexachloroethane
to melt [68].

6. Applications areas of FGMS

The FGM concept is described as a systematic process of combining incompatible functions
such as wear and corrosion resistance, thermal, toughness and machinability into a single
part. This has expanded the application of FGMs in many sectors. Two FGMs in commercial
status are high performer cutting tools, namely, tungsten carbide/cobalt and a razor blade of
iron aluminium/stainless steel (FeAl/SS) FGM [6]. Table 10 presents FGMs application areas.
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Sectors Applications

Engineering Cutting tools, machine parts, engine components, etc.

Medical Biomaterials: implants, artificial skin, drug delivery system

Energy Thermionic and thermoelectric converters, fuel cells and solar batteries
Aerospace Space plane nose, combustion chamber protective layer, body components, etc.
Automotive Crown of piston, cylinder liners, exhaust valves and valve seating

Nuclear First wall of fusion reaction, fuel pellets

Optics Optical fibre, lens

Chemical plants Heat exchanger, heat pipe, slurry pump, reaction vessel

Electronics Graded band semiconductor, substrate, sensor

Table 10. Application areas of FGMs.

7. Conclusion

This chapter presents an overview of the bulk FGMs production techniques, their evolution,
principles and applications. The fabrication processes discussed include squeeze casting, com-
pocasting, infiltration process, stir casting, and centrifugal casting. The chapter observed that
despite the tremendous development in developing FGMs and their production technologies,
challenges still abound in getting the desirable material without certain material attributes
being a trade-off. The use of some of these methods for mass production is challenging from
cost of fabrication perspective. However, the combination of techniques seems to be satisfac-
tory as stir casting with compocasting, stir casting with squeeze casting processes. Several
FGAAMCs laboratory investigations have revealed that processing parameters to consider
are peculiar to the type of fabrication method used. However, reinforcement particle size, and
casting temperature seem to be common to all the methods.
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