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THE PRODUCTION OF METAL MATRIX COMPOSITES
USING THE STIR CASTING TECHNIQUE

Jasmi Hashim B Sc¢ (Mech), M Sc (Mater )

ABSTRACT

The fabrication of Metal Matrix Composites (MMCs) using the stir casting
technique 1s the focus of this study A sigmficant part of the work consists of the design
of a specialised nig for this high temperature processing method Following preliminary
tests, graphite was chosen as the mam vessel matenal, and a crucible was designed with a
bottom pouring mechanism In order to optimise sturring conditions, a computer program

was used to stimulate the fluid flow in the process crucible

The mam research challenge was to solve the problem of poor wettability between
particulate SiC and molten aluminum (A359 alloy), materials which are potentially
suitable to the proposed fabrication approach as reinforcement and matrix materials
respectively The percentages of SiC particles used were in the range of 5 to 25 volume
percent, samples were cast into ingot or tensile specimen, and some samples were heat
treated by precipitation hardening with T6 artificial ageing It was found that the both
increasing the stlicon carbide content, and T6 artificial treatment increase the mechanical

properties such as hardness and tensile strength of the matrix alloy Characterization of
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the MMCs produced included observation of microstructure, porosity content

measurement, tensile strength, microhardness, and compression strength measurements

The fabrlcatlop approach was successful in producing cast MMCs samples which
have reasonable mechanical properties The use of clean SiC particles, magnesium as a
wetting agent, and continuous stirring while the MMC slurry 1s solidifying were found to
promote the wettability of SiC and A359 matrix alloy Decreasing the solidifying time

was found to improve the wettability significantly
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CHAPTER ONE

LITERATURE REVIEW

1.1  BACKGROUND

The application of Metal Matrix Composites (MMCs) as structural engineering
materials has recetved increasing attention in recent years Their high strength and
toughness at elevated temperatures coupled with low-density makes them suitable for use
in applications where conventional engineering materials, such as steel are used MMCs
exhibit significantly higher stiffness and mechanical strength compared to matrix alloys,
but often suffer from lower ductility and inferior fracture toughness MMCs gam the
ability to withstand higher tensile and compressive stresses by the transfer and
distribution of an applied load from the ductile matrix to the reinforcement material This
load transfer 1s only possible due to the existence of an mterfacial bond between the
reinforcement elements and the matrix material Therefore, appropnate selection of
reinforcement material and 1ts properties coupled with a good fabrication method both of

which effect this bond will significantly influence the resulting MMC

There are different routes by which MMCs may be manufactured, and among all
the hquid-state processes, stir casting technology 1s considered to have the most potential
for engineering applications 1n terms of production capacity and cost efficiency Casting
techniques are economucal, easier to apply and more convement for mass production with
regard to other manufacturing techmques There are also various types of the

remnforcement material continuous and discontinuous fibre, or particle Although the



##
6H##
C
K "
L !
C
M8N"
D
!
!
C
M@B" 5A3N
#H "

/$ 0 IC -

#H#

Cs$

| 6## 0"

I M5N



as possible a distribution of the SiCp 1n the matrix, and to keep the porosity level to a
minimum as possible The main part of this study involved the design of a purpose built

rig to produce cast MMC, and 1nvestigates the influence of the process parameters

In this research, A359 aluminium alloy was used as the matrix matenial and S1Cp
as the reinforcement material A series of wettability tests have been carried out using
S1C particles and A359 alloy material The application of magnesium as a wetting agent,
and sturing the slurry in a semi-solid condition was used to improve the wettability
Preheating of the SiC particles was also tried to investigate any possible beneficial

effects

The synthesis of MMCs using the stir casting method was carried out according to
the following procedure All the substances A359 alloy, SiC and magnesium as a wetting
agent, were placed n a graphite crucible, and then all of them were heated up 1n an inert
atmosphere Stirring was started after the matrix alloy melted, and was continued until
the matrix alloy became partly solidified The slurry was then re-melted and re-stirred
before being poured into a mould from the bottom of the crucible The slurry was cast
mnto ingot and tensile specimen shapes The cast MMC produced by this method was
studied The microstructures of the samples were observed, the porosity contents were
measured, tensile strength, microhardness, and compression strength of MMC produced
were measured, before and after precipitation hardening with high temperature artificial
aging (T6 treatment) The percentage of SiC particle used was 1n the range of 5 to 25

volume percent In order to achieved a better mixing effect of the SiCp and molten



matrix, a computer simulation was carried out and this model was validated by

comparison with visualization experiments

The experimental data shows that the approach used to produce cast MMC 1s
successful The proposed method can be used to solve the wettabillity problems
associated with this technique Microstructural observation shows that the distribution of
S1C particles 1n the matrix alloy is relatively good The values of the tensile strength, and
microhardness are also comparable with the data for MMC produced by other methods,
reported by other researches It was found that the properties of the particulate
composites are controlled by the properties of the matrix and the reinforcement, the gram
size of the matnx, the porosity content of the composites, the volume fraction and
distribution of the reinforcing particles The precipitation hardeming also contributed

significantly to improving the properties of the cast MMC

This research work as shown 1n the Figure 1 1, can be sub divided into six
sections such as
1) Literature review
1) FEA simulation
1) Designing of rig
v) MMC fabrication
V) MMC evaluation

V1) Mechanical testing



Literature review FEA simulation
Visualization Experiment
Designing Rug
Wettability testing
MMC Fabnication
By Stir casting
MMC Evaluation as
Cast and heat treated
l A 4 l
Microstructure Mechamcal Porosity
Study testing Measurement
l A 4 l
Micro Tensile Compression
Hardness Testing Testing

Figure 1 1 Flow chart of the research work

This thesis contains five chapters The first chapter deals with the introduction to
the present research work, and literature review carried out for this research includes the
topics of material selection, MMC fabrication methods, problems in stir casting and
mechanical properties of cast, particles reinforced MMC FEA computer simulation of

particle distribution 1n cast MMC 1s presented in Chapter 2 Chapter 3 describes the



experimental equipment and procedure carried out, including designing of ng, wettability
experiments, samples preparation, and mechanical testing Result and discussion based
on the experimental works are presented in Chapter 4 All graphs were produced using
SPSS Processor Finally chapter 5 contains the conclusions from this present research,

and provides suggestions for future work, which 1s related to this field of study



1.2 LITERATURE REVIEW

Extensive research and development in composite material began in the 1960s
However, nterest n MMCs dimimished n the early 1970s and polymer matrix
composites became the dominant materials Nowadays composite material 1s widely
recognized according to 1ts matnix materials Accordingly, composites are classified into
three mam groups as Metal Matrix Composite (MMC), where metal 1s used as the matrix
material, Polymer Matrix Composite (PMC), where polymer 1s used as the matrix
material and, Ceramic Matrix Composites (CMC) where ceramic 1s used as the matrix
material Among them PMC are still the most mature of composite technologies CMC
are the least mature and the latest development, and MMC systems lie somewhere

between the two

Composites are a combination of at least two different materials with an interface
separating the constituents The suitability of these composite materials for a given
apphication, however lies 1n the judicious selection of synthesizing or processing
technique, matrix and reinforcement materials Matrices can be selected from a number
of metal or alloy candidates such as alumintum alloys, and the reinforcement matenal can
have different size and morphology as well as material This reinforcement can be
combined with different matrix matenals, which will result in a large number of possible
composite material systems By combining the matrix and reinforcing elements
appropnately, new materials with dramatic improvements in strength, elastic modul,

fracture toughness, density and coefficient of thermal expansion (CTE) can be



manufactured Controlling these properties depends on both a successful selection of
the reinforcing phase and an efficient bonding between the matrix and the reinforcing

element

In the context of metal based composites, their development has resulted from
an attempt to achieve an improvement 1n structural efficiency, reliability and overall
performance through either reductions in weight or increases n strength to weight
ratto A reduction in material density can be directly translated to reduction 1n
structural weight This leads the aerospace industry to develop new materials with
combinations of low density, improved stiffness and high strength as alternatives to

existing high strength aluminium alloys

In a broader sense, cast composites where the volume and shape of reinforcing
phase 1s governed by a phase diagram, for example, cast 1ron and aluminium-silicon
alloys, have been produced by foundries for a long time The modern composites are
different 1n the sense that any selected volume, shape and size of reinforcement can be
artificially introduced into the matrix The modern composites are non-equilibrium
combinations of metal and ceramics, where there 1s less thermodynamic restriction on
the relative volume percentages, shape and size of ceramic elements Structurally,
MMCs consist of continuous or discontinuous fibres, whiskers, or particles 1n an alloy
matrix reinforcing the matrix or providing 1t with requisite properties, which are not

achievable 1n monolithic alloys



1.3 MATERIAL SELECTION

The aim of designing metal matrix composite materials 1s to combine the
desirable attributes of metal and ceramics The addition of high strength, high modulus
refractory particles to a ductile metal matrix will produce a material whose mechanical
properties are intermediate between the matrix alloy and the ceramic reinforcement
Metals have a useful combination of properties such as high strength, ductility, and high
temperature resistance, but sometimes some of them have a low stiffness value, whereas
ceramics are normally stiff and strong, but brttle For example, alumimum and silicon
carbide have very different mechanical properties with Young’s moduli of 70 GPa and
400 GPa, coefficients of thermal expansion of 24 x 10°/°C and 4 x 10%°C , and yield
strength of 350 MPa and 600 MPa respectively By combining these materials e g
AA6061 (at T6 condition) with 17 volume fraction of SiC particle, a MMC with Young’s
modulus of 96 6 GPa , and yield strength of 510 MPa can be produced [3] By carefully
controlling the relative amount and distribution of the ingredients of the composites, as

well as the processing conditions these properties can be further improved

There are a number of criteria that need to be considered before a right selection
of the material can be made Some of these criteria are inter-related Several criteria for
the selection of matrix and reinforcement materials are as follows [4,5]

1 Compatibility

n Thermal properties

1 Fabrication method



I\ Application
v Cost
V1 Properties

vit Recycling

1.3.1 Compatibility

The chemical stability, wettability, and compatibility of the reinforcement with
the matnix material are important, not only for matenals fabrication, but also for
application Not all reinforcement 1s compatible with every matrix alloy The wetting and
bonding or, on the other hand, excessive chemical reactions between the matrix and
ceramic are generally regarded as the major 1ssue 1n producing most MMC materials [6]
The wettability can be defined as the ability of a liquid to spread on a sohid surface, and
this phenomenon will be discussed in greater detail in section 172 If a chemical
reaction occurs, 1t can change the composition of the matrix alloy Alternatively some of
the chemical reactions at the interface may lead to a strong bond between the matrix and
the reinforcement, but a brittle reaction product can be highly detrimental to the
performance of the composite Table 11 shows examples of interaction 1n selected
reinforcement-matrix systems [7] The detail about chemical reactions between
reinforcement and matrix materials will be discussed separately 1n section 1 74 Among
the many ceramic reinforcements considered for making aluminum matrix composites,
ALO; and SiC have been found to have an excellent compatibility with the aluminum
matrix [8] since SiC offers an adequate thermal stability with aluminum alloy during the

synthesis and application

10



1.3.2 Thermal Properties

These properties can be important for an application where the component 1s
often subjected to thermal cycling, or when the material cannot be allowed to expand,

(where close tolerances are needed)

Table 1 1 Examples of interaction 1n selected reinforcement- matrix systems [7]

Approx. temp. of
System Interaction significant interaction
Q)
C-Al Formation of Al,C; 550
B-Al Formation of borides 500
B-Ti Formation of TiB, 750

No significant reaction below melting

Si1C-Al point Melting point, 660
SiC-Th T1S1,, T15S1; and TiC form 700
SiC-Ni Formation of Nickel silicides 800

ALO, — Al No significant reaction below melting Melting potnt, 660

pomnt

It 1s also important to have small differences in the coefficients of thermal
expansion (CTE) when different matenials are combined, to avoid internal stress and
thermal mismatch strain being generated in the composites [9] In general, the CTE of
the reinforcement material 1s low compared to the matrix alloy For example, in the
case of an Al-SiC composite, the CTE of aluminium 1s 24 x 10-6/K whilst 1t 1s 3 8 x

10-6/K for SiIC The CTE of the composite depends on the volume fraction of the

11



reinforcement, which normally decreases the CTE with increasing particle content
[10] The thermal mismatch strain, €, between reinforcement and matrix 1s an essential
consideration for composites that will be exposed to thermal cycling This strain 1s a
function of the difference between the CTE of the reinforcement and matrix Aa,

according to the following expression [11],

e = AoAT (1)

Where AT 1s the temperature change It 1s important that the temperature change be
minimum 1n order to mimimize strain accumulation However, unavoidably on cooling
from high temperatures during materials processing, a thermal mismatch strain 1s
generated across the interface between the two components of the composite For
example the value of coefficient of thermal expansion of aluminium alloy and silicon
carbide particle 1s 24 x 10°/°C and 4 x 10%/°C, and this will give Aa. of about 20 x 10-
6/°C During solidification from melting temperature of about 700°C to room
temperature of about 20°C will give AT of about 680°C Therefore the amount of a

thermal mismatch strain that will generated during solidification process of aluminium-

silicon carbide composite 1s about 0 0136

1.3.3 Fabrication Method
There are several fabrication techniques available to manufacture MMC materials A

powder metallurgy (PM) route 1s the most common method for the preparation of

12



## M8A" 82D8@N" $ !

! mn
C
cC* | "3 D
" #  M8>N C
$
M8BNC "
!II
C n
n C n
" MBBN"
8ca2c?
" " D C
n C
n - C
- D C
6 I 5AAQ
" !

M84N"

@



1.3.5 Cost

Recent developments in MMC fabrication are aimed at cheaper and simple
techmques Liquid state processing incorporating various casting methods, powder
metallurgy methods and, in-situ processing are being used 1n current production of
particulate reinforced aluminium matrix composites However, the powder metallurgy
route 1s difficult to automate, and for this reason may not be the night answer for
economical production of aluminium matrix composites The most economical
techniques are found among the liquid state and n-situ processes, and among them the
most simple, inexpensive and widely used methods are casting methods [20] In some
fabrication techniques, the size and shape of component are limited and standard metal
working and machining methods normally cannot be applied Machining of MMC
components will always give a very bad surface finished, and a special tool has to be
used Consequently, the production costs of these materials remain high [21] Figure
1 1(a) shows the relative costs of various processing techniques and reinforcement

materials
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Figure 1 1(a) Relative cost effect of various processing method and

reinforcement [21]
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matenal could be used 1n a applications where abrasion resistance 1s of consent The wear
resistance normally increases with the amount of reinforcement However, the
combination of a number of properties 1s very important It is not always justified to
choose aluminium matrix composite because of its high specific properties only, e g the
low weight and the resulting weight saving The ductility decreases with increasing
amount of reinforcement matenial added Coarser particles should be avoided to minimize

particle fracture [22]

1.3.7 Recycling

The production cost of aluminium is expensive compared to other commercial
materials such as steel, but if aluminium 1s recycled, great savings in energy consumption
can be gamned The energy consumed when aluminium 1s recycled 1s only about 5% of
that used in primary production [23] It 1s important to choose matrnx and reinforcement
with the consideration that detrimental inter-metallic may be formed that will make
rec»yclmg difficult The formation of certain intermediate phases will decrease the

[

possibilities of recycling This problem is possible to avoid by carefully selecting

i

reinforcements having compatibility with the matrix

1.4 SELECTION OF MATRIX MATERIAL

In MMC, metals or alloys are used as the matrix material The matrix acts as the

bonding element and its main function 1s to transfer and distribute the load to the

16



reinforcement materials This transfer of load depends on the bonding between the
matrix and the reinforcement However the bonding depends on the type of the matrix
and the reinforcement as well as to the fabrication technique For the matrix matenal,
factors such as density, and strength retention at elevated temperature and ductility are
considered to be important [24] To achieved higher composite strength, metal alloys
are used as the matrix instead of pure metal The matrix materal is used in various
forms for different fabrication methods, for example powder 1s used in powder
metallurgy techniques and liquid matrix material 1s used 1n liquid metal infiltration,

squeeze casting and compocasting

Matrix selection depends not only desirable properties but also which material 1s best
sutted for a particular composite manufacturing technique The matrix alloy should be
chosen after giving careful consideration to the chemical compatibility with the
reinforcement or 1ts coating, to its ability to wet, its own characteristic properties and
processing behaviour [25] Generally Al, T1, Mg, N1, Cu, Pb, Fe, and Zn are used as the
matrix material [25], but Al, T1 and Mg are widely used Nowadays the mam focus 1s
given to aluminium alloy as the matrix material [26] because of its unique combination of
good corrosion resistance, low density and excellent mechanical properties This 1s also
because alummmum 1s light, which 1s the first requirement in the most potential
apphcations of MMC Additionally, 1t 1s inexpensive 1in comparison to other light metals
such as titantum and magnesium Among all excellent aluminium alloys, the precipitation
hardenable alloys, such as Al-Mg-S1 and, Al-Si1 are normally selected Other Aluminium

alloy systems that have been used as a matrix material are 2XXX (Copper- Aluminium

17



good effect of L1 1s that when 1t 1s alloyed to aluminum, 1t simuitaneously decreases the
densities and increases the elastic modul of the alloys [27] The typical properties of

some metals used as matrices in composites are shown in Table 1 2 [28]

Table 1 2 Typical properties of metal matrix constituent [28]

Tensile
Density Mt.zlting CTE ] renoth Modulus

Metal [gem?] | Point [°C] | [x10°%°C? ] f;l;';%‘ [GPa]
Aluminum 28 590 234 310 70
Beryllum 19 1280 115 620 290
Copper 89 108 176 340 120
Lead 113 320 288 20 10
Nickel 89 1140 133 760 210
Niobum 86 2470 68 280 100
Steel 78 1460 133 2070 210
Tantalum 16 6 2990 65 410 190
T 72 230 234 10 40
Titamum 44 1650 95 1170 110
Zinc 66 390 274 280 70

Another important structural aerospace metal is titanium Titanium has been used
in aero-engines mainly for compressor blades and discs, due to its elevated temperature
resistant properties Although it has higher density than Al, it still shows excellent
strength to weight and stiffness to weight ratios The melting point of titamum is
relatively high and it retain strength at much higher temperatures than aluminum As the
corroston and oxidation resistance of Ti 1s good, 1t 1s an 1deal material, for example, for

jet engines 1n aerospace industry [29-31] However, titantum 1s a very expensive materal

is rather soft and 1ts corrosion resistance 1s based on a surface oxidation layer It 1s not

18



1ts corroston resistance 1s based on a surface oxidation layer It 1s not very wear resistant,
and 1t cannot resist combined wear and corrosion Hard ceramic particles in titanium
matrix may improve the wear resistance significantly

Magnesium 1s the hightest of structural metal, approximately 35% lighter than
alumimum Magnesium 1s readily available and 1t 1s relatively easy to cast Magnesium 1s
a potential material to fabricate composites for making reciprocating components n
motors and for making pistons, dudgeon pin, and spring caps It is also used in aerospace
applications due to its low CTE and high stiffness properties with low-density [32] The
mechanical properties of magnesium matrix composites are comparable to those of
alummum based matenal However, 1ts corrosion properties are poor, and this 1s usually

minimized by painting and coating techniques

Inter-metallic compounds have also been developed as matrix materials Their
high temperature capability and oxidation resistance 1s higher than those of titanium
matrix composites Among them are Ni3Al, TzAl, and MoS1, [36] These intermetallic
materials have high strength, high elastic modul and good creep resistance The major
disadvantage of these matenals 1s their low ductility at room temperature, and this makes
the processing method of structural components more difficult However this problem
can be reduced by the addition of certain alloying elements

Stainless steel and superalloy have been used as matrix matenals [30,31] In this case
a modern highly alloyed PM super-duplex stainless steel Its yield strength 1s more than
two times higher than for standard austenitic grades Despite the high strength the impact

toughness of these materials remains high, and they have a very good resistance against

19



pitting corrosion The wear resistance of this steel 1s improved when ceramic particles are

added

1.5 SELECTION OF REINFORCING MATERIALS.

In general the prime role of the reinforcement material 1n the matrix metal 1s to carry

load The reinforcement may be divided into two major groups continuous and

discontinuous

The MMCs produced by these are therefore named continuously

reinforced composite and discontinuously reinforced composite In general the

reinforcement increases strength, stiffness, and temperature resistance capacity but

lowers the density fracture toughness and ductility of the MMC's The correct selection

of remnforcement type, geometry or shape i1s important in order to obtain the best

combination of properties at substantially low cost When selecting the reinforcement

materials the following aspect must be considered [34,35]

1

1

m

v

Shape — continuous fibre, chopped fibre, whiskers, spherical or irregular
particles, or flakes

Size — diameter and aspect ratio )

Surface morphology — smooth or corrugated and rough

Structural defects — voids etc

Inherent properties — such as strength, moduli and density

Chemical compatibility with the matrix

20
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In terms of shape, the reinforcement material may be sub-divided into four major

category [24]
1 Continuous fibres
i Short fibres (chopped fibres are not necessarily all the same length)

11 Whiskers

v Particles or platelet, and

1.5.1 Fibre

Continuous fibres exhibit highest strength when they are onented
unidirectionally, but the composite then has low strength 1n the direction perpendicular to
the fibre orientation Whereas, whiskers and particles giving a better strength when
distributed uniformly 1n the matnix carbon, boron, SiC and Al;O; are the most researched
continuous reinforcements The density of carbon fibre 1s the lowest, accordingly, 1t can
offer sigmificant weight savings Boron fibres show the greatest strength in comparison
with other fibres However the cost of these fibres is very high [36]

The continuous fibre reinforced composite offers the best combination of strength
and stiffness, compared to other types of reinforcement Among the greatest benefits are
the increased strength with increased temperature Aluminium based fibore MMCs have
useful strength up to 400°C [37] However the cost of these systems 1s very lugh, mainly
because of high costs of the continuous fibres and the composite production cost [38]
These expensive materials have military applications, where weight saving 1s of great

importance compared to the production cost However, continuous fibres suffer from
\

fibre damage especially during secondary processing [39], such as rolling and extrusion
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Table 1 3 [36].

Table 1 3 Charactenistic some of continuous fibres [36]

These matenals are not recyclable Properties some of continuous fibre are shown in

Fibre- Filaments Di?&ttne r Specific Young’s Failure
composition | per Yarn [m] Gravity | Modulus[GPa] | Strength|GPa]
B (cvd on

1 140 26 410 41
W)
ALO; 900 10-13 39 350 21
AL0;- 16
20510, 960 10 31 160
ALOs-
15810, 1000 17 325 210 18
1000 -
C 12000 7 176 230 35
1000 -
C 6000 65 181 390 27
SiC (+O) 500 15 255 200 28
%)C O+ 1 200-1600 | 89 2325 200 28
S-glass 1000 9 249 80 414
E-glass 1000 9 249 70 27

1.5.2 Short Fibre

Short fibres are used mainly for refractory msulation purposes due to therr low
strength, and fibres such as saffil and kaowool are used as the reinforcement materials 1n
automobile engine components In term of price, short fibres are normally cheaper than
both fibre and whiskers [40] Characteristic some of these short fibres are shown 1n Table

14
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Table 14 Charactenistics of ceramic short fibres [40]

Stortibre | Length ) delml | e | (Geal | 1o
Carbon 25 78 175 345 230
SiC Nicalon | 1-6 10-15 255 3 195
ALO, 3-6 15-25 396 17 380

1.5.3 Whiskers

Numerous matenals, including metal, oxides, carbides, halide and orgamc
compounds have been prepared under controlled conditions into the form of whiskers
The whiskers based composites are more costly than the particles based ones But 1n
general they offer higher strength than particle based composites Compared to
discontinuous reinforcement, such as polycrystalline flake, particle or chopped fibres
single crystal whiskers usually have a much greater tensile strength Whisker reinforced
compostte offers the potential for enhanced properties, but suffers from whisker breakage
and damage during secondary fabrication [41] Discontinuous fibres and whiskers are not
as expenstve as continuous fibres, however the whiskers having a higher cost than
discontinuous fibres The whiskers reinforced matenial retains strength up to 250°C [42]

Mechanical properties whiskers fibres are shown in Table 1 5 [41]
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Table 1 5 Mechanical Properties of some whisker reinforcement [41]

= Mﬁeﬁ al il‘ensile Strength Densi4ty Young Modulus { Speafic | Specific Medulus
=T~ [MPa} - fgem™] [MPa} Strength [MPpa]
Alumina 21 396 430 53 110
Silicon carbide 21 321 490 65 150
Graphute 20 166 710 120 430

Boron carbide 14 252 490 56 190
Silicon nitride 14 314 380 44 120

1.5.3 Particles

Particles are the most common and cheapest reinforcement This type of
reinforcement material produces discontinuous remnforced composites with 1sotropic
properties Another advantage 1s that conventional fabrication methods may be used to
produce a wide range of product forms, making them relatively inexpensive compared to
composites that are reinforced with continuous fibre or filaments The useful temperature
range of particle reinforced aluminium based composite 1s 20-150°C Because of their

relatively low cost, these materials are likely to find extensive applications [42]

Particle shape and size play an important role since angular particles can act as
stress raisers, whereas rounded or globular particles are favoured for the impact
properties Spherical particles should give better ductility than angular shapes [42]

Several different particles or powder shapes are as shown 1n Figure 1 2 It has been found
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that fine particles are more effective 1n strengthening the composites than coarse particles

of the same volume fraction {43]

Sponge or
porous

Cylindneal

Irreqular

Figure 1 2 Dafferent shape of particles [42]

Finer particles result 1n a closer inter-particle spacing Coarser particles are in general
easily incorporated in hiquid melts but are more susceptible to gravity settling and can
result in a heavily segregated casting [46] Coarse particles are more susceptible to
cracking under stress, resulting in poor mechanical properties of the composite [44]

Larger particles show a greater propensity to crack than smaller particles having a higher
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probability of containing defect However, fine particles in a melt matrix pose difficulty
due to the clustering of the particles and other problems assoctated with the larger surface
area of the particles, such as increased viscosity of the melt, making processing more
difficult Most molten metal processing use ceramic particle in the size rang of 10-20 pm

[46] It has been observed that the increase in load capacity given by cubic particles

results 1n a decrease 1n ductility [45]

The preferred and most used of the particles materials, for aluminum alloy matnx
composites s silicon carbide (SiC), due to its favorable combination of mechanical
properties, density and cost [47] Another widely used particle remnforcement 1n
aluminlum matrix composites 1s Al;O; In comparison to SiC, 1t 1s more inert 1n
aluminum and 1t 1s also oxidation resistant Accordingly, it 1s more suitable for high
temperature fabrication and use Some other particle reinforcement also has been
investigated for example graphite can give the composite spectfic tribological properties,
and B4C reinforced materials may have nuclear application because of neutron capturing

propertties of boron [48]

It 1s well established that umformly distributed reinforcements of finer size and
clean interface are essential for improvement of mechanical properties [109] Moreover,
improved elevated temperature properties can be obtained in these composites, if the
reinforcements, especially the interfaces are stable at such temperatures over a prolonged
period of ime Table 1 6 shows the characteristics of ceramic particles, which are often

used imn MMC, fabrication [40] Optimizing alloy development ought to include
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1.6 MMC FABRICATION METHODS

Discontinuous Reinforced Metal Matrix Composites (DMMC) have achieved a
dominant position in the metal matrix composite field because of low production cost as
compared to continuously reinforced maternials In an effort to optimize the structure and
properties of particle reinforced metal matrix composite, various processing techniques
have been evolved over the last twenty years Processing of DMMC matenals generally
involves at least two operations — production of the composites matenals itself, and
fabrication of this composite into useful product forms Both operations can effect the
properties and interfacial charactenstics of the final product The methods, which are
commonly employed to manufacture DMMC, can be grouped depending on the
temperature of the metallic matnx during processing

1 Liquid phase processes, and

| Solid state processes

1.6.1 Liquid Phase Fabrication Methods

Generally there are three hiquid phase fabrication methods or casting routes,
which are currently 1n practice stir casting, liquid metal infiltration and squeeze casting
The application of this high temperature processing method 1s limited by poor wettability
and a hgh tendency for chemical reaction of the renforcement with liquid metal

However, there are a number of techniques used to control this phenomenon Normally
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this type of fabrication method 1s carried out under vacuum or using an inert gas

atmosphere to minimize the oxidation of the liquid metal

In the stir casting method, the ceramic particles are incorporated into a molten
matrix using various techniques, followed by mixing or pressing, and casting the
resulting MMC In this process, a strong bond between the matrix and reinforcement 1s
achieved by using high processing temperatures, and often, alloying the matrix with an
element which can interact with the reinforcement to produce a new phase which
improves wetting between the matrix and the reinforcement material There 1s variation
in stir casting methods, 1n the way the liquid metal 1s stirred 1n fully hiquid state, such as
by vortex method, or 1n a partially solidified state such as in the compocasting method
[49] In the vortex method, the reinforcement is introduced into a vortex created in the
liquid metal by stirring Reinforcement 1s efficiently distributed throughout the melt, and
the resulting composites can be cast Whereas in the compocasting, or rheocasting
techmque, the melt 1s vigorously stirred as 1t cools below the liquidus temperature This
produces a slurry in which the metal solid has a non-dendritic or rounded form The
muxture 1s cast, often using pressure to ensure flow of the viscous material It is possible
to incorporate an addition during the stirring stage to produce a composite, hence the
descriptive term of compocasting Incorporation of the reinforcement particles within the
semi-solid alloy 1s claimed to be advantageous because the solid mechanically entraps the
reinforcement and agglomeration, and settling or floatation 1s avoided [51]

Figure 13 shows schematic diagram of vortex method [52] The detail of this
process, so called stir casting will be discussed 1n the section 1 6 More recently, semi-

solid processing has attracted considerable attention as a direct result of its intrinsic
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ability to yield fine-grained microstructures and provide improved mechanical property
[306] Semi-sohid processing involves the agitation of a metal alloy, as sohidification
begins Mehrabian et al [50] found that, even 1n cases where the ceramic particles are not
wetted by the matrix, the ceramic particles were prevented from settling, floating or
agglomerating by the partially solidified matrix They also found that increasing the

mixing times promotes metal-ceramic bonding

Reinforcement
particles added to
the side of the
vortex

) - Moten matrix alloy

Figure1 3 Schematic diagram of producing MMC slurry

using a vortex method [52]

Squeeze infiltration 1s the most successful form for MMC production In this
technique the molten metal 1s forced-infiltrated into fibre bundles or preformed, expelling
all absorbed and trapped gasses This method involves placing a preheated preform of
reinforcement into a preheated die, filling the die with molten matrix metal, squeezing the

molten metal into the preform using a hydraulic press with a preheated ram, holding the
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pressure during solidification, releasing the pressure and ejecting the resulting composite
The preheated reinforcement, usually 1n the form of a pre-compacted and morganically
bonded preform, 1s placed in a preheated metal die Superheated hiquid metal 1s
introduced 1nto the die and pressure 1s applied to drnive the metal into the interstices
between the reinforcing matenials The pressure required to combine matrix and the
reinforcement 1s a function of the friction effects due to viscosity of the molten matrix as
it fills the ceramic preform Squeeze casting produces components, which are free from

gas or shrinkage porosity Figure 1 4 shows squeeze casting schematically [53]

@ Infiltration Pressure @

Figure 1 4 Squeeze casting process [53]

1.6.2 Solid State Fabrication Process

Solid state processes are generally used to obtain the highest mechanical
properties in MMCs, particularly 1n discontinuous MMCs This 1s because segregation

effects and brittle reaction product formation are at a mmimum for these processes,
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residual contamination that causes deterioration of the mechanical properties of the
composites In order to facilitate the bonding of powder particles, the compact 1s then
heated to a temperature below the melting point but high enough to develop significant
solid state diffusion (sintering) Sometimes 1t becomes necessary to maintain the
consolidation temperature slightly above the solidus to minimize deformation stress and
to avoid the damage of particles or whiskers The consolidated composites are
subsequently extruded or forged into desired shape [55] Figure 15 shows a schematic
diagram of the PM technique [54] Table 1 7 shows a comparative evaluation of different
processes, which are commonly used for discontinuously reinforced metal matrix

composite production [57]

1.6.3 Spray Casting

Others methods of manufacturing MMCs are the spray casting or also call spray
deposition method This method also can be used on unreinforced materials In this
process, a controlled stream of molten metal 1s produced The stream 1s converted to a
spray of molten droplets 1n an nert atmosphere, for example in Nitrogen gas The size of
the droplets are approximately 205-40 um 1n diameter The droplets are impacted onto a
collecting surface, and allowed to coalesce It 1s possible to add solid particles such as
S1C and Al;O; to the atomised metal stream The advantage with this process 1s the short
contact time between the liquid matrix and reinforcement that will reduce chemical

reactions However the production cost of this process 1s very high [307-309]
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1.6.4 Secondary Processing

Secondary processing of DRMMC such as extrusion and rolling, leads to break

up of particle (or whisker) agglomerates, reduction or elimination of porosity, and

improved particles-to-particle bonding, all of which tend to improve the mechanical

properties of these materials When composite sheet or product are required, rolling

follows extrusion Because compressive stresses are lower in the rolling operation than in

the extrusion, edge cracking 1s a serious problem with these materials It was found that

rolling of DRMMC is most successful in the range of 0 5Tm using relatively low rolling

speeds As in the case of extrusion, further break-up of particulate agglomerates takes

place during rolling [56]

Table 1 7 A comparative evaluation of different techmques used for discontmuously
reinforced metal matnix composite fabrication [57]
Range
Range of sha f
Method ‘ange 0 shape and Metal 0 D:.lmage to Cost
size yield volume. | reinforcement
fraction
Liqud
Wide range of shapes, Very high, i Least
::na:t;nllurgy (Str larger size to 500 kg >90% Upto03 | No ge expensive
g)
Limited by preform shape Moderate
Squeeze casting Up to 2 cm height Low Upto 045 | Severe damage expensive
Powder Fibre or particle
metallurgy Wide range, restricted size | High fracture Expensive
03-07
Spray casting Limited shape, large size Medium Expensive
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1.7  STIR CASTING FABRICATION METHOD

Among the variety of manufacturning processes available for discontinuous metal-
matrix composites, stir casting 1s generally accepted, and currently practiced
commercially Its advantages lie 1n its simplicity, flexibility and applicability to large-
scale production and, because 1n principle it allows a conventional metal processing route
to be used, and its low cost This liquid metallurgy technique 1s the most economical of
all the available routes for metal matrix composite production [58], allows very large
sized components to be fabricated, and 1s able to sustain hgh productivity rates
According to Skibo et al [59], the cost of preparing composites matenals using a casting
method 1s about one-third to one-half that of a competitive methods, and for high volume

production, 1t 1s projected that costs will fall to one-tenth

1.7.1 Fabrication Process

In general stir casting of MMCs involves producing a melt of the selected matrix
material, followed by the introduction of a reinforcing material into the melt, obtaining a
suttable dispersion through sturing The next step is the solidification of the melt
containing suspended particles to obtain the desired distribution of the dispersed phase in
the cast matrix The schematic diagram of this process 1s as shown in Figure 16 In
composites produced by this method, particle distnbution will change significantly
depending on process parameters during both the melt and sohdification stages of the

process The addition of particles to the melt drastically changes the viscosity of the melt,
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and this has imphcations for casting processes It is important that solidification occur

before appreciable settling has been allowed to take place

= | +— Stirrer

)

ol ~d— Molten metal

S

- b3}
Reinforcement MMC
mixed with Slurry
molten metal

Pour into ingot
or mould

Figure 1 6 Schematic Diagram of Stir Casting

The earlier approaches to producing metal matrix composite used sohd particles
produced within the melt through a chemical reaction This results in dispersed phases as
in precipitation hardening of Al-4wt% Cu alloy Other approaches to produce metal
matrix composites involve the introduction of second phases particles in the metal melt
The foundry technique involves the mixing of reinforcement particles by stirring the

molten alloy matnx
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The process 1s generally carried out at two different ranges of temperature of the
melt, beyond the hiquidus temperature [60-63] or at the melt temperature maintained
within the partially solid range of the alloy [64-66] The techmique involving the latter
range of temperature 1s called the compocasting process and 1t 1s very effective in making
cast composites with higher particle content [50] The reinforcement particles are added
gradually while sturring continues at a constant rate According to Miwa [67], 1n order to
get good incorporation, the addition rate needs to be reduced with a decrease 1n size of
the particles Lee et al [68] introduced particles at 4-5g/hour, and Salvo [69] takes about
5-10 munutes to incorporate silicon carbide particles into the melt In some cases the

particle were introduce through a nitrogen gas stream [73,74]

The reinforcement particles used normally are one of two types either in as
recetved condition, or heat-treated (artificially oxidized) Oxidation has take place at
1000°C for 1 5 hours 1n air [70] at 1100°C for 12 hours [71] or one and half hours [72],
and at 850°C for 8 hour Additionally, gas absorbed on the surface of SiC, which was
prepared 1n arr, can be removed by preheating at a certain temperature for a certain period
of time For example particles have been heated to 554°C for one hour [70,75], 850°C for

8 hours [76], or at the temperature of 900°C [77[, 799°C [74,78] and 1100°C [69]

Most previous researches have used the matrix metal alloy in the ingot form
[68,69,74,80] or extruded bar [69] As a starting point the ingot 1s generally melted to
above the hiquidus temperature, for example to 50°C above the liquidus temperature [68]

A different approach has been proposed by Young and Clyne [81] and in therr work
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slurry was prepared from powdered material Composite melt may be prepared in a
graphite crucible [70,73,74,82], silicon carbide crucible [69,72], alumina crucible
[76,83,84], or concrete crucible [79] In order to keep the melt as clean as possible the
ingot 1s melted under a cover of an inert gas such as nitrogen, or 1n a vacuum chamber
[74] or 1n a pressure chamber [69] There also helps to minimize thE /ox/ldatlon of the
molten metal [77], or reduces porosity (under pressure) McCoy et al [79] prepared
composite with the whole apparatus being sealed within a glove box which was filled
with mtrogen gas According to Yamada et al [80] the molten aluminium should be
subjected to a high vacuum atmosphere to degas hydrogen, before the reinforcement
materials are completely added Gupta and Surappa [77] treated the metal ingot in
different ways In therr work the metal ingot, before melting, was treated with a warm
alkaline solution and washed with a mixture of acids, 1n order to reduce the thickness of

the oxide film and to eliminate other surface impurties

The most significant requirement when using a stir casting technique 1s
continuous stirring of the melt with a motor driven agitator to prevent settling of
particles If the particles are more dense than the host alloy, they will naturally sink to the
bottom of the melt [88] This means that some method of sturing the melt must be
introduced before casting to ensure that the particles are properly distributed throughout

the casting Some of the stirrer which are normally be used is shown 1n Figure 1 7
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Figure 1 7 Several type of stirrer [88]

Dispersion by stirring with the help of a mechanical stirrer has become widely
used after this method was introduced by Ray [86] This external force 1s used to mix a
non-wettable ceramic phase into a melt, and also to create a homogeneous suspension 1n
the melt The uniformity of particle dispersion in a melt before solidification s controlled
by the dynamics of the particle movement 1n agitated vessels The composite slurry may
be agitated using a various types of mechanical stirrer [85] such as graphite stirrer [70]
steel stirrer coated with ceramic [79], four bladed alumina spray-coated stirrer [84] or

alumina stirer The vortex method 1s the most frequently used [70,73,77-80, 85] since
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any sturing of a melt naturally results in a formation of a vortex Ceramic particles are
introduced through the side of a vortex which 1s created 1n the melt with a mechanical
impeller at different agitation speeds such as at 100 rpm [70,68] 580 rpm [70], 600 rpm
[76,80, 84] ,1000 rpm [73], or 400-1500 rpm [74] Particles have, for examples be
continuously stirred after being incorporated 1nto the melt, for 45 minutes [79], or for 15

miunutes [75] Some foundries use a slowly rotating propeller for continuous stirring

Introducing reinforcement particles to the stirred molten matnix sometimes will
entrap not only the particles but also other impurities such as metal oxide and slag, which
1s formed on the surface of the m:elt Dunng pouning, air envelopes may form between
particles, which can alter the mterface properties between particles and the melt, retarding
the wettability between them In the cas:e where the temperature of the particles added
are not at the same as the temperature of the molten slurry the viscosity of the slurry
increases very rapidly The development of a vortex duning stirring has been found to be
helpful for transferring the particles into the matnix melt In this method the
reinforcement particles are added to the top of the stirred liquid, and are drawn toward the
center of the vortex In other words, the vortices formed tend to concentrate particles
added to the surface at the center of the mould A pressure difference between the inner
and outer surface of the melt sucks the particles into the hiquid [74] However, air bubbles
are also sucked by the same mech:amsm into the liquid metal, resulting 1n high porosity 1n
the cast product However, vigorously stured melts will also entrap gas, which 1s

extremely difficult to remove as the viscosity of the slurry increases Gibson et al [87]

dispersed graphite powder in agitated slurry of Al-Si alloys by using a special rotor
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design to prevent surface agitation of the melt and consequent air entrapment Slag that
forms on the surface of the aluminium melt will also entrap the reinforcement particle
and result 1n slag or particle clusters that lead to poor dispersion It 1s important therefore
that the matrix materials be as clean as possible An inert cover gas such as dry argon can
help to prevent atmospheric contamination of the melt It has been possible to reduce the

extent of porosity by the use of vacuum [80,84]

The melt particle slurry prepared by stirring will have to be transported to a die or
casting bay either by using a slurry pump or by being held in a ladle During the holding
the slurry must be stirred continuously if the holding time 1s long enough to allow
considerable settling, leading to a non-umform distribution of the particles in the cast
components The settling rate 1s a function of volume fraction of particles in the slurry
[89] The utilization of fine particles with large volume fraction will reduce the settling If
a mixture of fine and coarse particles 1s used 1n slurry, the coarse ones will settle faster
than the fine particles In a large mass of liquid, such as m the furnace or crucible, there
may be thermal current flowing around the melt, which helps to keep the particles 1n
suspension However, if the melt 1s not continuously stirred, 1t 1s important to remember
to stir 1t immediately before pouring, whether or not it was stured while melting and
holding [90] The particle distribution or homogeneity will be maintained if their settling

has been controlled
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Table 1 8 Summary of several stir casting techniques

MC Processing route Melting and Mixing Mould Ref
system
Graplute Crucible
A6061 A6061 m mgot form Steel sprayed with | Gosh & Ray
Vortex, stir at 400-1500 for 240 sec
ALOsp | Preheated Al,Osat 799°C befor;"pommg Pm water (741
A356 mn mgot form In vacuum ¢ al
SiCw | chamber, and  Whiskers | YERIESOONS, - )
ncorporated via mtrogen gas
A6061 o Ghosh &
ALO, Preheated Al,O, at 799°C Graphite crucible Vortex, 7-25 1ps Steel Ray[66]
Process 1n glove box filled with
4961 | Argon oo S m sov | ST e, e ot S | e Mooyt
P box at 100 - 500°C
A356 Yamada et al
SiCp - Using two graphite impellers, 600 rpm Steel [80]
A356 A356 1n mgot form o Ribes &
S1Cp S1C oxidized m arr at 1100°C Shurry reheated to 700°C before pounng Preheated mould. Suery [91]]
A356 Usmg Nirtrogen gas to protect | Graphite crucible Milhere &
SiCp melt from oxidation Stimng speed 1000 rpm Under pressure Suery [73}]
A6061 A6061 m mgot form Preheated  mould | Lee H
ALOwW | Al preheated. Sturrng at 200-400 rpm and under pressure | C [68]
A356 o Alummna crucible Graphite preheated | Wang &
sicp | Freheatedat850°C for 8hours |y s stirrer, at 600 rpm at 838K Ahesh [76]
A356 o Alummum coated | Yarrandi et
SiCp - Graphite cructble Melt at 740°C with graphite al [82]
A2024 SiCw preheated at 554° for 1 Crucible dropped mn | Miwa et al
SiCw hour Sturr at 250 rpm the water bath (67
S1C crucible Preheated steel
A6061 A6061 1 mgot form ? o Miwa et al
SICp S1C oxadized m arr at 1100°C Vigorously agitated, melt reheated at 700°C | Casting under [75]
before pouring pressure
o Graphite stirrer Yimaz &
A336 | SIC oxdixed m ar at 1000°C, | 400" 0 " cted to 700°C for 1 muute | OTEPhite preheated | g oo
Si1Cp for 1 5 hours at 300°C
before pourmg (72]
o, Wang &
A356 S1C oxidized m air at 850°C for | Alumina crucible Graphite ~preheated Asesh [84
S1Cp 8 hours Alumina stirrer, 600 rpm. at 838K vesh [84]
A5083 S1C oxidized m arr at 1100°C | S1C crucible, 600-640 rpm, reheated to Under pressure Zhong et al
SiCp for 12 hours 720°C for 5 minutes before pouring pr [72]
A6061 A6061 m ingot form Prebeated | Melting under Nitrogen gas Cast Gupta &
SiCp Sic at 900°C Vortex astiron surappa [77]

p = particle, w = whiskers
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Table 1 9 Recommendation from manufacturer for stir casting processes [92]

Manufacture’s recommendations
Precaution
in respect of Duralcan,USA COMALCO, Australta
Clean dry tools and mould
Pre-melting inmgol‘;ncl:éz?:, g{ eheazic;{:(; gnrﬁlgﬁ ed All steel tools coated with
p can. chromium/alumna/zircon/boron nitride
Purge furnace with ert gas — dry argon
Contmue the gas flow throughout ISI;Sr;lgsaui'fr::g :flgzsccllunng air melting
meltmg Do not degas or flux the melt
Melting Temperature control 1s mandatory if Avoid fluxing and degassing
th pe ble of ch al r3; " Temperature control necessary to avoid
ere 15 possibie of chemical reactio undesirable chemical reaction
Gentle stirnng but quite at surface
Sturin Necessary to counter particle sctthing Induction stirring 1s not enough
1mng Avoid turbulence If interrupted, stir again for ten minutes
at worst case
Avoid turbulence Prefer bottom pouring with continued
stirring
Pouring Maéze u:ed ceramuc foam filters or May use woven fibre or preheated
screen ceramuc foam filters
1)
Cast e fl};dg:seef:ﬁﬂmg drstance by 65% of that Enlarge section sizes of gates and by
asting sprucs May reqmreg additional nser 25% over that of the base alloy

After the incorporation of the particle into the melt 1s completed (in the case in
which the stirring action was performed 1n semi-solid condition) the slurry need to be re-
melted to a temperature above the liquidus before being poured into the mould The re-
melted temperature used varies from 700°C for one minute [69, 72,80] and 720°C for 5
minutes [72] The composites slurry 1s then poured into a steel mould [69,78], copper
mould [79], graphite mould [72,84] or 1n cast iron mould [77] Normally the mould 1s
preheated and has been to 300°C [72,69], 370°C [82] and 5650C [76,84] In some cases
the casting 1s solidified under pressure to prevent porosity [68,69,72,80] The viscosity of

the melt-particles slurry 1s higher than that of the base alloy, and this may offer greater
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resistance to flow in the mould cavity Table 1 8 summaries stir casting processing of
MMC reported 1n hterature The table has been restricted to include alummium-based
composite only Table 19 shows ingot manufacturers recommendations for casting

practice in metal matrix composite fabrication

1.7.2 Solidification of Metal Matrix Composites

During sohdification it 1s important to have an understanding of particle
movements and distribution, as the properties of composite are known to critically
depend on the distribution of the reinforcement The solidification synthesis of cast
metal-ceramic particle composites involves producing a melt of matrix material, followed
by the introduction of the particles mnto the melt, and the final step 1s solidification of the
melt into a certain shape, such as an mgot or a billet form The solid particles are present
virtually 1n unchanged form, both 1n the liquid and the solid metal The incorporation of
the reinforcement particle will immediately increase the viscosity of the matrix melt For
example, 1f 15 volume percent of reinforcement particles 1s added mnto the fully melted

matrix mixture, this means that the melt will be occupied by 15 percent of solid particle,

or 1n the other word, the slurry 1s partially sohidified [93]

It 1s established that the formation of the microstructure 1n cast particle reinforced
composites i1s mainly influenced by the following phenomena particle pushing or
engulfed by the solidification front, particle settling or floatation i the melt, the

solidification rate of the melt, and chemical reaction between particles and the matrix
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1.7.2.1 Particles Pushing or Engulfed

During solidification the reinforcement particle acts as a barrier to solute diffusion
ahead of the liquid solid interface, and the growing solid phase will avoid the
reinforcement 1n the same way that two growing dendrites avoird one another The
individual particles may be pushed by the moving solid-liquid interface into the last
freezing inter-dendritic regions, or the growing cell may capture them [94] The ceramic
particles, which generally have lower thermal conductivity than that of the melt, are often
surrounded by the last freezing fraction of the molten alloy during sohidification of slurry
Therefore the last portion of the metal to solidify will be located close to, or at the
reinforcement-matrix interface This phenomenon has been interpreted by several
researchers such as Ulhmann et al [95], m terms of particle pushing by the solidification
front, or interaction of particles with a planar solidification front They observed that for
every size of particle, there 1s a critical velocity of solidification front, below which the
particles are pushed by the front, and above which the particles are to be engulfed by the
sohdifying phase [95,96] There are several prediction models of particle pushing
including the Ulhman, Chalmers and Jackson’s model [96] and Bolling and Cisse’s
model [97] The first model 1s a kinetic approach to particle pushing, which assumes that
a particle 1s pushed 1n front of the solid-liquid mnterface Repulsion between the particles
and the solid occurs when the sum of the particle-liquid and hiquid-sohid interfacial free
energies 1s less than the particle-solid mterfacial free energy This model introduced
critical velocities, above, which the particles should be entrapped, and below which the
particles are rejected by the moving solid-hquid interface The critical veloctty 1s given

by
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Ve = %(n + 1)LA,V,D/KTR? Q)

Where,

V¢ = theoretical critical velocity

L. = Latent heat of diffusion per unit volume

A,= Atomic spacing hquid

V= Atomic volume of hquid

D = Diffusion coefficient of liquid

KT =Boltzman factor

R =particle radus

n =i1s a constant approximately equal to 5 0 [95]

If the growing solid metal captures the reinforcement particles, little redistribution
of the particles will occur during solidification, and hence the particle distribution 1n the
solidified material will be as uniform as in the liquid state On the other hand, if the
particles are pushed by the sohdification front, they will be redistributed, to be finally
segregated 1n the last pool of liquid matnx to solidify This 1s represented in Figure 1 8
[98] According to Rohatgi et al [99], when the renforcement 1s relatively movable
within the solidifying matnix, the particles pushing effect can be important This will
effect the distribution of the particles, which are generally found between individual

dendrite arms
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the main factors to consider when investigating this phenomenon In general, particle
setthng or floating may occur because of density differences If the oniginal distribution
of particles 1n the melt 1s uniform, the theoretical prediction of settling can be made by
using Stoke’s Law [as stated in reference no 100], which assumes that the particles are
spherical, and that no interaction occurs between particles Stokes predicted the settling
rate of particles using

_2R,(p,— P8
Su

|14

P

€)

where,
V, = settling velocity of the particles
R, = particle radus
pp = particle density
pm = matrix density

u= viscosity of molten metal

The result of the settling experiments of Sekkar et al [101] indicate that the silicon
carbide particles show a tendency to segregate in alummmum alloy as a result of settling
It was concluded that as holding time 1n the molten state increase, the particles settling

will also be increased

1.7.2.3 Solidification Rate of the Melt
In recent years attempts have been made to rapidly sohdify composite melts to

combine the advantages of a dispersed ceramic phase, and rapidly sohdified structure of
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the matrix The mucrostructure of rapidly solidified composite has finer dendrite size, and
this permits fewer reinforcement particles to be segregated in the intercellular and
interdendritic boundaries, giving a more homogeneous particle distribution Samuel et al
[98] studied the effect of the solidification rate on the silicon carbide particle distribution
in an A359 alloy They found that the inter-particle distance distribution for the silicon
carbide particle composites proved that finer dendrites arm spacing produces a more
uniform distribution, while higher spacing leads to particle clustering The presence of
fibers influences the secondary dendrite arm coarsening process, leading to the
elimination of all dendrite arms at sufficiently low cooling rate [102] The resulting
microstructure consists of a solute-poor primary phase away from the fibres, and a solute-
rich primary phase with secondary phases concentrated at the fibre/matrix interface Kang
et al [103] have investigated one dimensional heat transfer during solidification of
aluminium-alumina slurry and concluded that the particles are surrounded by solute rich

liquid cooling at a relatively slow rate

The gram size 1n a casting 1s determined by the nucleation rate which results in
grain multiplication [104] as well as the presence of fluid flow during solhidification The
nucleation rate 1s influenced by the cooling rate and by the presence of heterogeneous
nucleation catalyst The particulate reinforcement can influence each of these processes,
and hence modify the resulting gram size in the matrix If the reinforcement surface
serves as a propitious site for heterogeneous nucleation of the matrix, a much finer gram
size will result Titanium carbide 1s a material that 1s known to act as a gram refiner in

aluminium [105]
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The dendrite arm spacing 1s fine in the case of a fast cooling rate Due to this fine
dendrite arm spacing, the number of reinforcement particles, which are accommodated at
each dendrite boundary, 1s less as compared to the case where the dendrites are larger at
slower cooling rates The greater the dendrite arm spacing, the greater will be the
segregation due to particle pushing A rapidly solidified structure therefore has a better
distribution of the reinforcement particles According to Girot et al [14], there i1s an
increased tendency for dendrites to form at the top of the ingot due to the settling of the
solid phase This depends on the viscosity of the slurry, and the extent of the dendrite
growth increases with the lowering of the holding temperature, sturing speed and the size

of the impeller

The cooling curve of the A356 alloy 1s shown 1n Figure 1 9 [106] The hquidus
and solidus temperature are 615°C and 543°C respectively Backerud et al [107]
determined the solidification curve of A357 alloy, which 1s similar to the A356 in the
study of Jeng et al [106] The liquidus temperature determined by Backerud et al was
615°C and was 1n agreement with the result of Jeng et al The principle characteristics of
the solidification curves determined for the A356 and A357 alloy were similar The
sohidification rate was relatively constant n the beginning, and a sharp increase of the
sohdification rate occurred at 570°C, and the rate decreased again toward the end of
solidification The cooling curves and the solidification curves of the A356 alloy and its

composites are similar, as shown i Figure 19 However an approximately ~10°C

deviation of the liquidus temperature has been found
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flow Also the apparent viscosity increases with the volume fraction of particles in slurry
Higher viscosity helps to enhance the stability of the slurry by reducing the settling

velocity, but also create resistance to flow 1n mould channels during casting [110]
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Figure 1 10  Influence of shear rate on the viscosity of A356-S1C composite [135]

The strong shear thinning behaviour of the semuisolid slurries 1n steady state conditions 1s
attributed to compete agglomeration processes of the primary phase globules Strong
agglomeration at low shear rates produces a large amount of entrapped liquid and, as a
consequence, an increase in the effective fraction of solid, resulting 1n a lugh viscosity
At higher shear rates the bond between primary phase globules are broken by shearing

forces and a lower viscosity 1s found The viscosity increases with the volume fraction of

the reinforcement, and with a decrease 1n the particle size The apparent viscosity’s of the
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composite slurry will furthermore decrease with increasing shear rate over a wide range

of shear rate, corresponding to non-Newtonian pseudoplastic behaviour
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Figure 1 11 The effect of extrusion ratio on the particle distribution [8]

1.7.3 Post Solidification Processing

The composite can be used in the as-cast condition, for shape casting applications,
or the ingot can be secondary processed by techniques including hot extrusion or rolling
This secondary processing will modify the particle distribution According to Lloyd et al,
[152] secondary fabrication processes, such as extrusion, can modify the particle
distribution but complete declustering cannot be achieved even at the highest extrusion

ratto Figure 1 11 shows the effect of extrusion ratio on the particle distnibution [8] It

54



shows that extrusion rapidly homogenize the distribution at quite low extrusion ratios,
and the particle distribution does not change significantly with greater degree of extrusion
However secondary processing may change the particle distribution by cracking the
particle [153] Use of an appropniate reinforcement particle size range, and correct

fabrication practice minimises particle fracture

1.8 PROBLEMS IN STIR CASTING

In preparing metal matrix composites by stir casting, there are several factors that

need consideration imncluding

1 The difficulty of achieving a uniform distribution of reinforcement
material

1 The poor wettability between the two main substances

m The propensity for porosity in the cast metal matrix composite

v Chemucal reaction between reinforcement material and matrix alloy

In order to achieve the optimum properties of the metal matrix composite, the distribution
of the reinforcement materals in the matrix alloy must be uniform, and the wettability of
bonding between these two substances should be optimized The chemical reaction
between reinforcement matenals and the matnx alloy and porosity must be avoided or
minimised The high Al-SiC interface bonding strength 1s the mam reason for the
compostte relatively high specific mechanical properties A sufficient bond 1s achieved
only when good wetting of the reinforcement by the matrnix 1s obtained, and this 1s

dependent on the surface properties of the two phases [111] It 1s believed that a strong
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interface permuts transfer and distnibution of load from the matrix to the reinforcement,
resulting 1n an increase n elastic modulus and strength [75] Fracture in discontinuously
reinforced composites can result mainly from de-bonding of particles from the matrix

[112]
1.8.1 PARTICLE DISTRIBUTION

The distribution of the particle reinforcement 1n the matrix alloy 1s significantly
influence by three main stages the melt stage, solidification and post-solidification
process Melt and solidification stages are inter-related and need to be continuously
controlled Post-solidification process could help to homogenmize the distribution of the

particles 1n the final product

Particle distribution in the matrix material during the melt stage of the casting
process mainly depends on the viscosity of the slurry, the extend to which particles are
successfully incorporated in the melt, and the charactenstics of the reinforcement
particles The characteristics of the reinforcement particles influence setthing rate, and the
effectiveness of mixing 1n breaking up agglomerates, minimising gas entrapment and
attaining distribution of the particles

Casting of particle reinforced metal matrix composites generally occurs 1n the
F
semi1 solid state as 1t 1s advantageous compared with conventional casting where the alloy

1s completely melted This is because when the composite slurry 1s 1n the temperature
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range where the matrix itself 1s partly solid as in compocasting, httle or no gravity-
induced segregation of the ceramic reinforcement occurs, even if the slurry 1s at rest
[113] This occurs as the solid matrix phase has about the same density as the hiquid

metal, so 1t netther settles nor floats in the slurry, and holds the reinforcement 1n place

1.8.1.1 Particle Incorporation

In general there are two types of barrier to particle incorporation nto a hquid
melt These are mechamcal barriers such as a surface oxide film, and thermodynamic
barriers, which are usually referred to in terms of wettability Mechanical barriers can be
reduced by good foundry practice, but overcoming thermodynamic barriers 1s more
difficult Generally ceramic reinforcements used m MMCs are non-wettable by the
metallic melt, requiring an external driving force to overcome the surface energy barriers
This force 1s provided by sturing the melt with a mechamcal stirrer or using
electromagnetic stirring It has been shown that alloy chemistry, temperature of particle
addition and sturing rate are some of the parameters controlling wetting of the
reinforcement by the melt [120] Once the particles are transferred into the hiquid and the
energy barrier 1s overcome, the surface energy or surface forces will not change with
position nside the melt The dynamics of particles in the melt will be governed by other
forces including gravity, buoyancy or by stiuring action However, two problems
complicate the incorporation process (1) particle agglomerates must be broken up before
complete dispersion and wetting can occur, and (u) it 1s energetically conducive for the

particles to become attached to gas bubbles
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During particle addition, there 1s some local solidification of the melt induced by
the particles, and the entire matrix melt temperature can fall below the sohdus, depending
on the temperature of the particles It was also found that the perturbation 1n the solute
field due to the presence of particles can change the dendrite tip radis, and the dendrite
tip temperature [121] These effects give rise to a dendrite-to cell transition as the density
of particles 1s increased Also the length of the dendrite 1s reduced 1n the presence of the

particles

The method of particle introduction to the matrix melt 1s a very important aspect
of the casting process There are a number of techmques [99,122] for introducing and
mixing the particles However, some of these methods have several disadvantages Gas
mnjection of particles for example will introduce a quantity of gas into the melt, some
methods are not very effective in dispersing the particles and some, such as the ultrasonic
technique are very expensive, and are difficult to scale to production level Whereas, by
using centrifugal action, the distribution of the particles varies from the inner to outer part

of a billet because of the differences 1n centrifugal force [123]

1.8.1.2 Particle Characteristics

One major processing problem 1s that particles either sink or float, depending on

the particle-to-liquid density ratio In foundry operations, segregation of the particles may

occur between the time stirring has stopped, and the melt has solidified Clustering of the

particles is a contributory problem, making the particles settle more quickly Therefore,
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the particles may be unevenly distributed macroscopically (denuded region due to
settling) and microscopically (clusters of particles) [56,119] Particle enriched zones may
form either as a consequence of gravity segregation of particles 1n melts during holding,
or during slow solidification or as a consequence of selective segregation under the action
of centrifugal acceleration in centrifugal casting [124] In foundry operations, where
composite 1ngots are re-melted for product casting, there may be problems of clustering if

the melt 1s not intensively stirred

At sufficiently long holding times, top parts of the casting are completely denuded
of particles, which settle to the lower parts of the casting, as a function of time
[46,59,125] Therefore the melt must be re-stured prior to casting if long holding times in
the molten state are used According to Geiger et al [126] the settling rate will also be a
function of the particle density and size, with particle shape and size possibly playing a
role [46] At high volume fractions, particles interact with each other and settling 1s
hindered [127] Hindered settling for spherical particles has been modelled by Richardson
and Zaki [128] with the particle velocity, V. 1s given by V. = Vo(1-)" where, V, 1s the
Stokes’s velocity, f 1s the volume fraction of particles, and » 1s a factor dependent on the
Reynolds number, the particle diameter and the container diameter, and which increases
with increasing particle diameter The studies on the settling indicate that the finer the
dispersions and the higher theirr volume fraction, the slower the rate of settling
Hanumanth et al [129] using an average particles size of 90um found a slurry of 02
volume fraction of SiC particles settled completely in about 300 seconds resulting 1n

loosely packed particles at the bottom of an alumimum alloy matrix At lower volume
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fraction of particles the settling time 1s less So, 1t 1s apparent that slurry with large size
particles will have to be stirred all the time until casting In practice the situation 1s
complicated by the fact that there 1s a range of particle shapes and sizes As large,
irregular particles sink, the liquid they displace can influence the settling rate of other
particle [130] Settling 1s not a concern during imtial mixing because of the turbulence 1n
the muxer, but it 1s important i any subsequent molten metal transfer Thomas [131]
studied the state of dispersion of particles 1n slurry under dynamic conditions of flow, and
in this context it was found that the particle shape and size are the most important

parameters The flow behaviour of the slurries has been summarised as follows

1 Particles below 10 um size are almost always carried fully suspended 1n
the liquid, and gravitational effects are negligible

] Gravitational effect 1s not neghgible for particles in the size range of 10
pum to 100 um, and a particle concentration gradient will develop

m Particles ranging from 100 to 1000 um in size, are fully suspended at ugh

velocities and often deposit at the bottom of the channel at lower flow
velocities
According to Ray [132], when the flow velocity 1s above a critical value for a
! {
given size of particle, the suspension will remain homogeneous during flow If the flow
velocity 1s reduced below the critical value, the suspension becomes mhomogeneous If

the flow velocity 1s further reduced, the particles will sediment at the bottom of the

channel and move by tumbling over each other
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1.8.1.3 Mixing

It 1s essential to produce as uniform a distribution as possible without any gas
entrapment, since any gas bubbles will attach to renforcement particles leading to poor
bonding with the matrix Excessive gases content can result from over agitated melts,
which lead to unacceptable porosity content in the ingot Even 1n nert gas or vacuum

operated processes, top melt surface agitation 1s known to cause problems

Stirring 15 a complex phenomenon, and 1t can be a problem to control the process
such that a uniform distribution of particles 1s achieved Mechanical stirring being usually
used during melt preparation or holding, the stirring condition, melt temperature, and the
type, amount and nature of the particles are some of the mam factors to consider when
investigating this phenomenon [133, 134] Settling and segregation are both to be
avoided In creating a homogeneous distribution of particles in a molten alloy, the high
shear rate caused by sturing the slurry should result in a fawrly umform particle
distribution 1n the radial direction, and also prevent particles from settling Secondary
flow 1n the axial direction results in transfer of momentum from high to low momentum
regions and causes hifting of particles To correlate particle lifting with flow parameters,
one defines a Particle Dispersion Number (PDN) as the ratio of the axial velocity of
secondary flow to the termunal settling velocity If PDN is greater than one, the settling
velocity 1s smaller than the axial velocity of the secondary flow, and the particles will be
carried to the top of the melt On the other hand if PDN is smaller than one, the particles

will remain at the bottom For homogeneous dispersion PDN should be greater than four
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[135] To correlate particle Lifting with flow parameters, one defines a Particle Dispersion
Number (PDN) as the ratio of the axial velocity of secondary flow to the terminal setthng

velocity If PDN 1s greater than one, the settling velocity is smaller than the axial velocity
of the secondary flow, and the particles will be carried to the top of the melt On the other

hand if PDN i1s smaller than one, the particles will remain at the bottom For

homogeneous dispersion PDN should be greater than four {135] PDN s given by

H, ()"

where Ho is the height of the melt, Q the angular velocity of the stirrer, 7, the radius of the
wnner cylinder, d the gap between the inner and outer cylinder, V; the particles settling

velocity and p the viscosity of the slurry

It 1s generally accepted that the liquid movement around the particles creates a shear rate,
which helps to "wash’ the particle surfaces of detrimental oxides or other contaminants

This washing action constantly refreshes the iquid presented to the particle
1.8.1.4 Solidification

There are essentially three mechanisms, which will affect particle redistribution
during solidification processing These are agglomeration, sedimentation and particle
engulfment or rejection (pushing) ahead of the solidification front The prevalence of one

or more of these mechanisms is dependent upon elements of the processing technique as
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well as the physical and chemical properties of the particle and the matrix [136] The
distribution of particles in the resulting solid may or may not follow the distribution in
the liquid The actual distribution of particles that one obtains in the solidified matenal
will largely depend upon the morphology of the interface that 1s present under given
experimental conditions When the particles are trapped by a plane front or cells, the
distribution remains stmular to that present in the hiquid prior to solidification On the
other hand, when a dendritic structure 1s present dunng solidification, then the
solidification of particles 1n the solid can be significantly different from that in the liquid
The trapping of particles between dendrites usually occurs just behind the tip, within the
first ten secondary branches These secondary branches close to the dendrite tip have
smaller branches The particles which are trapped between these branches, as close to the
tip will remain between these branches as the dendrites grows The particles that have
been trapped a few branches behl‘nd the tip may appear to be trapped at the base of the

dendrite in metallic systems [121]

The result of extenstve particle redistribution during processing can be to create
large particles-free regions 1n a casting, large particles agglomerates and cluster, inter-
dendritic  distribution of the reinforcement In order to generate uniform stress
distributions during service, a homogengous distribution of the reinforcement phase 1s
desirable and i1t 1s suggested that this 1s achieved by mimmsing holding and casting
times, thus avoiding extensive settling, and by stimulating particle engulfment nto the

primary matrix gram or dendrites during freezing
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During solidification of a liquid contaiming dispersed second phase particles, the
particles 1n the liquid melt can migrate towards, or away from the freezing front It has
been found that those small particles are entrapped between the secondary arms, while
comparatively large particles are entrapped between primary dendritic arms [138,139]
When the compostte slurry 1s poured into a cold mould, the temperature of the melt drops
rapidly at the mould boundary Thus dendrites appear on the mould boundaries first and
push the particles 1n a direction 6pp051te to heat transfer as the temperature in the mould
decreases According to Xiao et al [137], in MMC castings there 1s a boundary layer over
which (due to friction at the boundaries and the growing mechamism of dendrites), only
few particles are entrapped Ths results in a lower volume fraction of particles near the

boundanies

It 1s now well established that depending on the mterfacial energies, a growing
crystal can erther engulf or reject particles [99,134,140] Engulfment of the reinforcement
means that not only the particles unlikely to be associated with brittle inter-metallic
phases and other partlclels 1n the inter-dendritic and inter-granular regions, but the fact
that engulfment occurs suggests that reinforcement wetting has taken place, and that the
interfacial bonding between the particles and the matrix must be good Two mechanisms
have been suggested for particle pushing from fluid flow [141,142] In the first
mechanism, the particle 1s 1n contact with the solid and 1t 1s moved over the surface by
the fluid flow as the solid grows Whereas 1n the second mechamsm, the particle which 1s

located near the solidification front becomes trapped because of the roughness of the

solidification front When the particle 1s rejected by the growing crystals and pushed
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ahead of the advancing interface, a viscous force 1s generated and this tends to prevent
the pushing of the particle Hence, 1t 1s the balance of these counteracting forces which
decides the rejection or engulfment of the particle It 1s parameters such as relative
density difference, relative difference in thermal conductivity and heat diffusivity
between the particle and the metallic melt, and alloy composition will affect the shape of
the solidification front and determine the magnitude of these forces [99,140] Particle
pushing suggests that the solid metal has no affinity for the reinforcement and that the
interfacial bonding 1s weak Strong mterfacial bonding 1s essential for effective load
transfer from the matrix to the particle and for delaying the onset of particle-matrix de-
coheston, both of which have a profound effect on the strength and stiffness of the

composite

Solidification rate will influence the size of dendrite arm spacing At high cooling
rates where the dendrite arm spacing 1s smaller than the particle size, particles become
virtually tmmobile and no solidification induced segregation results Therefore finer
DASs either close to, or even greater than, the average particle size will produce a more
uniform distribution of the particles in the matnix Increasing the dendrite arm spacing
leads to particle clustering, and clustering increases with increases in particle content
However according to Jin and Lloyd [144], the reinforcement does not normally nucleate

Al dendrites, and does not affect the as-cast grain size

Engulfment and nucleation both require that a low particle-solid interfacial energy

be present, just as particle incorporation requires a low particles-liquid interfacial energy
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This 1s usually achieved through the solid and particles sharing the same crystal structure
and lattice parameter Ceramic material known to act as grain refiner such as TiB; and
TiC, are likely to be engulfed within the metal gram rather than be pushed to the
boundaries It 1s also established that a finer grain size will give better mechanical
properties In this context Kennedy et al [145] incorporated particles of TiB,, TiC and
B4C into aluminium alloy melt This was done without the use of external mechanical
agitation A wetting agent which produce K-AL-F based slag in the melt surface was also

added

A variety of casting techniques have been used to cast molten alloys containing
suspended ceramic particles The choice of casting technique and configuration of mould
are mmportant A sand mould was used [146] to cast aluminium-containing particles
Al O3, S1C and glass, and some settling of coarse particles was observed This 1s because
of the slow cooling rate allowed by the sand mould It was suggested that a metal chips
could be mtroduced in the sand mould to enhanced the soldification and reduce the
floating or settling tendency of the particles [147] Aluminium based composites have
also been cast by Deonath et al [148], demonstrating good distribution of particles as a
result of reasonably rapid freezing Whlle in centrifugally cast aluminium-graphite [149],
highter graphite particles segregategi to the inner periphery of the casting, and similar
results have been reported for po’rous alumina [150], and mica [151], dispersed in
aluminum alloys However, dunng centrifugal casting of aluminium alloy containing

zircon particles, the heavier zircon particles segregate near the outer periphery of the

hollow casting
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1.8.2 WETTABILITY

Casting of metal matrix composites 1s an attractive processing method since 1t 1s
relatively iexpensive and offers a wide selection of materials and processing conditions
Good wetting of the reinforcement particle 1s an essential condition for the generation of
a satisfactory bond between a solid ceramic phase and a hquid metal matrix during
casting of composite [154] In spite of the importance of wettability in the manufacture
of composites, relatively few quantitative studies have been conducted, and many
fundamental questions remain unanswered Many of the problems encountered in the
fabrication of aluminum-ceramic composites are consequences of the charactenstic of the

interface wettability between ceramic reinforcement and matrix material

The mechanical properties of metal matrix composites are controlled to a large
extent by the structure and properties of the reinforcement-metal interface [155-158] It 1s
believed that a strong interface permits transfer and distribution of load from the matrix
to the reinforcement, resulting in an increased elastic modulus and strength From

metallurgical consideration the desired interfacial region 1n a composite relies on several

factors [227]
1 An intimate contact between the reinforcement and the matnix to
established satisfactory wetting of the reinforcement by the matrix
1 A very low rate of chemical reaction at the interface and no or little inter-

diffusion between the component phases so that the reinforcement 1s not

degraded
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1.8.2.1 Definition

Wettability can be defined as the ability of a liquid to spread on a solid surface
Wettability also describes the extent of interface contact between the liquid and the solid
Consider a drop of liquid resting on a solid substrate as shown 1n Figure 1 13 The contact
angle at equilibrium 1s determined by equation (7) often referred to as Young-Dupre

equation [205]

Ysv= Yo + YivCOsO @)

i

where, 75y = the specific energy of the solid-vapor interface, vy = the specific energy of
the liquid-sohid interface, yiv = the specific energy of hquid-vapour interface The three
forces are the specific energies of surface tension, 1¢ energy per unit area When a hquid
drop 1s put on a solid substrate, 1t will replace a portion of the solid-vapour interface by a
liquid-solid and a liquid-vapour interface The spreading of liquid will occur only if this
results 1n a decrease 1n the free energy of the system The work of adhesion, W,, 1€ the

bonding force between the liquid and the solid phase 1s defined in reference [205] as
Wo= Ywt+¥ew - Ya (8)
Combining equation (7) and (8) gives

W,=7r(1+ cos 0) )
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The bonding force between the liquid and solid phase can be expressed in terms of the
contact angle and surface tension of the hquid as shown 1n equation (8) The magnitude

of the contact angle will describe the wettability,

1 6= 0, for perfect wetting
| 6=180, no wetting, and for
n 0 <0 < 180, there will be partially wetting
vopor
yfv
liquid g
. (7 .
st 0 Vsv
solid

Figure 1 13 Sessile-drop test for contact angle measurement [154]

This means that a low contact angle will give good wettability A hiquid 1s said to wet a
sold surface when cos ® > 0,1e wheny s >7vg According to Dellanay et al [161], 1na
vacuum, the driving force for wetting s affected by only two factors the surface tension

of the hquid and the strength of the solid-liquid interaction at the interface

Usually wetting properties are measured by the Sessile Drop method, which 1s

based on the measurement of the work of adhesion Generally the sessile Drop technque
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1s used 1n the 400-2000°C temperature range [160,162-163] This technmque 1nvolves the

placing of a liquid drop of metal on a solid substrate

(a) Tiv
Y
hquid @ sY
) :‘;‘j\‘ ‘,),';‘fx ;,Y:;; v \solid; ?,)

P o 3 e
z«ﬂg"ysl s casollds p 0 R

Figure 1 14 (a) Wetting and (b) non-wetting systems [160]

For the measurement of the dihedral angles, the system 1s raptdly cooled 1n order
to freeze the equilibrium shapes In measuring the contact angle 0, great care must be
exerted to control several important parameters These measurements require very precise
control of experimental condition including the composition of the sohid (particularly its
surface), the melt, and the surrounding atmosphere The chemical purity of all phases

present must be tightly controlled The composition and pressure of the vapor phase can

exert a significant influence on 0 as can deviations of the substrate geometry from a
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plane, Also, oxide formation at the metal drop surface prevents proper contact between
metal and substrate Such control 1s often difficult to achieve and the literature contains

many contradictions and naccuracies attributable to error in experimental conditions

Figure 1 14 shows wetting and non-wetting systems The wetting or contact angle
of various phases by liquid aluminium 1n a Sessile Drop test 1s summarised 1n Table 1 11
It shows that, in general, the value of contact angle decreases with the increase in
aluminium liquid temperature, or m other words, the wettability 1s improved at a higher

temperature, normally above 900°C

1.8.2.2 Factors Which Retard Wettability

Generally the presence of oxides films on the melt surface or, adsorbed
contaminants on the ceramic substrate, lead to non-wetting by molten alloys on
remnforcement particles This oxide layer also creates a resistance to reinforcement
particles penetrating 1nto the molten matrix, especially when the particles are added from
the top of a cast It 1s well known that alummum has high oxygen affinity, and therefore,
oxide formation i alummmum based systems 1s difficult to avoid without special
treatment For example at 400°C, a 50 nm thick layer 1s formed on aluminum alloy n 4
hours [174] To ensure good wetting the contamination or formation of aluminium oxides
on the surface of the ceramic should be minimized during the fabrication of a composite

[160]
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Table 1 11 Contact angles of aluminium liquid with ceramic

Ceramic Temperature Angle [°] Vacuum Reference
Phase [c [o] [Torr]
900 150 27x10% 167
SiC 1100 34 15x10° 168
1100 42 27x10* 169
900 135 10°x 10°° 170
B,C 1100 120 10°x 10 170
1100 119 15x10* 171
900 90 26x103 171
900 120 10° 172
ALO, 1100 70 26x10° 171
1100 80 10" 172
1100 83 107 173

Generally, 1t has been observed that the particle surface 1s normally covered with
a gas layer This prevents molten matrix coming into contact with the surface of the
particle In addition, when the particle concentration in the melt reaches a critical level,
these gas layers can form a bridge, leading to total rejection of particles from the melt
[175] Hence 1t 1s essential that these gasses from the surface of the particles be dried off
prior to composite synthesis Zhao et al [176] have also proposed that the gas layer
surrounding the particles might be the mam reason for poor wettability Therefore 1t 1s
necessary to break the gas layers in order to achieve good wettability When the gas
layers are broken and the particles are wetted the particles will tend to sink to the bottom,

rather than float to the surface
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Properties of the particle surface also affect wettability The wetting of SiC by metals 1s
often hindered by the presence of a layer of silicon oxide on the solid surface As a result,
a sharp transition from non-wetting to wettting 1s observed at a certain threshold
temperature [177] This transition temperature 1s determined by the kinetics of diffusion
of the metal through the oxide layer Wetting 1s not usually observed at below 900°C and
this 1s also agreed with the data from Table 1 11 For example, the contact angle for Al-
S1C system decreases sigmficantly from 150° to 34 ° when the temperature of the melt 1s
raised to 1100° C [168] Eustathopoulus et al [166] showed that this phenomenon 1s due
to the presence of the aluminium oxide layer preventing the direct contact of aluminium

and carbon

The attainment of complete wetting becomes more difficult to achieve as particle
size decreases This 1s due to the increase of surface energy required for the metal surface
to deform to a small radius as the particles begin to penetrate through 1t The smaller
particles are also more difficult to disperse because of their inherently greater surface
area These finely divided powders show an increasing tendency to agglomerate or clump

together as particle size decreases

1.8.2.3 Methods Used to Promote Wettability

Several approaches have been taken to promote wetting of reinforcement particles

with a molten matrix alloy, including [160, 178, 179]
1 Addition of alloying elements to the molten matrix alloy,

1 Coating of the particles, and
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m Treatment of the particles

The basic principles involves 1 improving wetting are increasing the surface energy of
the solid, decreasing the surface tension of the liquid matrix alloy, and, decreasing the

solid-liquid mterfacial energy at the particle-matrix interface [180, 181]

Addition of an Alloying Element

The composites produced by liquid metallurgy techniques generally show
excellent bonding between ceramic and molten matrix when reactive elements are added
to induce wettability [89] For example, the addition of magnesium, calcium, titanium, or
zirconium to the melt may promote wetting by reducing the surface tension of the melt,
decreasing the solid-liquid interfacial energy of the melt, or reducing wettability by

chemical reaction

It has been found that for aluminium based composites, magnesium has a greater
effect in incorporating reinforcement particles in the melt, and improving their
distribution, than other elements tested including certum [181,182], lanthium, zircorntum
and titanum [182], bismuth, lead, zinc, and copper {183] The addition of magnesium to
molten aluminium has been found to be successful in promoting wetting of alumina
[89,184], and indeed 1t 1s thought that magnesium 1s suitable in aluminium with most

reinforcements [185,186]
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Magnestum 1s a powerful surfactant The addition of magnesum to an aluminium
melt improves wetting because of the lower surface tension of magnesium (0 599 Nm™b)
compared to with that of pure aluminium (0 760 Nm™ or aluminium-11 8wt %31 (0 817
Nm™) [187] The addition of 3 wt % magnesium to aluminium reduces 1t surface tension
from 0 760 to 0 620 Nm™at 720°C [189] The reduction 1s very sharp for the mitial 1 wt
% magnesium addition For example, with 1 wt % magnesium, the surface tension of an
aluminium alloy has been found to drop from 860 dyncmto 650 dyncm™ [190] In the
work of Sukumaran et al [188] they concluded that the addition of magnesium 1s
necessary during the synthesis of A356-S1C particle composites by a stir casting route,
and found the optimum addition of magnesum for obtaining the best distribution and
maximum mechanical properties to be around 1 wt % The addition of magnesium lower
than the opttmum value results in the formation of agglomerates of reinforcement

particles and their non-uniform dispersion in the melt

Magnesium can also reduce the solid-hquid interfacial energy by aiding the
reaction at the surface of the reinforcement particles and forming a new compound at the
interface Very small quantities of reactive elements may be quite effective in improving
wetting since they can segregate erther to the melt surface or at the melt-particle interface
(stmultaneously reducing the reactive element content in the matrix) Levi et al [185]
found that the bonding of the reinforcement can be achieved by alloying aluminium with
an element which can interact chemically with the reinforcement to produce a new phase

at the interface which 1s readily wetted [186] In the case of an Al-Mg alloy based
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compostte, they suggest that bonding was achieved through the formation of a MgAl,04

layer, by reaction between the reinforcement and the magnesium 1n the aluminium melt

Magnesium 1s also a powerful scavenger of oxygen, it reacts with the oxygen
present on the surface of particles, thinning the gas layer, and thus improving wetting and
reducing the agglomeration tendency Composite which 1s prepared by the hquid metal
processing technique with 80-100 um size silicon carbide particle m A356 alloy matrix
showed that the addition of magnesium helped m thinning the gas layer which 1s present

over the silicon carbide particles [187]

It can be concluded that the presence of magnesium 1n an aluminium alloy matrix
during composite fabrication, not only strengthens the matrix but also scavenges the
oxygen from the surface of the particle, leading to an increase in the surface energy of the
particles However, caution must be exercised in adding magnesium because the presence
of excess magnesium 1n an alumimnium melt will alter the microstructure of the matrix
alloy by forming low-melting constituents, which deteriorate mechanical properties The
addition of 3 wt % magnesium to A356 alloy for example leads to a formation of a
MgsAlg phase, having a low melting point of 450°C [188] In addition, Korolkov [187]
has warned that the addition of magnesium to molten alummium will reduces 1ts casting

fluidity
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Particle Treatment

Heat treatment of particles before dispersion in the melt aids their transfer by
causing desorption of adsorbed gasses from the particle surface Agarwala and Dixit
[191] observed the importance of preheating in the incorporation of graphite particles in
alumimnum alloy There was no retention when the graphite particles were not preheated,
whereas the particles were retained when preheated Heating silicon carbide particles to
900°C assists 1n removing surface impurities, desorption of gasses, and alters the surface
composition due to the formation of the oxide layer on the surface [192] The ability of
an oxide layer to improve the wettability of SiC particles by alloy melt has previously
been suggested by other investigators [193,194] The addition of preheated alumina

particles in Al-Mg melt has been found to improve the wetting of alumina [195, 196]

A clean surface provides a better opportunity for melt-particle interaction, and
thus enhances wetting Ultrasonic techniques, various etching techniques and heating 1n
suttable atmosphere could be used to clean the particle surface [160] The silica layer
grown naturally or artificially on the surface of SiC particles used in aluminium based
matrix composites which 1s achieved through particle treatment, and has two functions
protection of the SiC from aluminiuum attack to form Al4C;, and improvement of

wettability of SiC by aluminium which results from the reaction between aluminium and

$10,[163]
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Particle Coating

In general, the surfaces of some non-metallic particles are difficult to wet by
metallic metal Wetting has been achieved by coating the particles with a wettable metal
This 1s because liquid metals almost always-wet solid metals, and the wettability 1s the
highest in the case of mutual solubiltty or formation of intermetallic compounds
Infiltration 1s thus made easter by desorption of a metallic coating on the surface of the
reinforcing solid [161] Nickel and copper are wet well by many alloys, and these metal
have been used as a coating material However, nickel 1s the most frequently used metal
for coating reinforcement particles which are normally used for alummum based

composites [197-200] Silver, copper and chromium coatings have also been proposed

[199-201]

Metal coating on ceramic particles increases the overall surface energy of the
solid, and improves wetting by, enhancing the contacting interfaces to metal - metal
instead of metal-ceramic However, the interaction of coatings with a liquid metal during
infiltration or stiuring, and the influences of this interaction on the sohdification
microstructure and the mechanical properties of a coating are not well understood
Coating are applied m a variety of ways including CVD, several form of PVD,

electroplating, cementation, plasma spraying [202] and by sol gel processes [203]

Other Methods

A mechanical force can usually be used to overcome surface tension to improve

wettability However, 1n the experimental work of Zhao et al [176], it was found that
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mechamcal stirring could not solve poor wettability, when the matrix alloy 1s n a

completely liquid state Stiring in a sem-solid state did help to promote wettability

L

—

between SiC particles and Al-S1 and Al-Mg alloys S

Ultrasonic vibration was applied to hiquid MMC processing to improve apparent
wettability of Al,O; particles with molten aluminium Prior to the ultrasound-assisted
processing, 1t was found that the application of ultrasonic vibration made the contact

angle of the system change from non-wetting to a wetting system [175]

Mixing time 1s one of the important variables, which 1s often not adequately
recognized or reported Many of the metal-ceramic systems of commercial interest are
made wettable by promoting mterfacial reaction Since these processes effecting with
mterfacial energy balance, progress with time, the contact angle, 8 , 1s often a function of
time Therefore 1if the processing time 1s short, the particles may appear non-wetting but
with an increase m time, these particles become wettable For example, for Al-SiC
composttes, at the holding temperature of 800°C, the contact angle ts 125° for a holding
time of 125 minutes, This value drops to 55° for a holding time of 160 minutes Simular
time dependence of contact angle may also be observed for coated particles 1f the coating

1s soluble 1n the melt The processing time should be controlled so that coating does not

dissolve completely [88]
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1.8.3 POROSITY

Porosity 1s one of the biggest problems 1n the production of aluminum casting
Defects such as porosity, inclusions and compounds formed by mterfacial reactions will
decrease the yield strength of any maternal, including composites The volume fraction,
size and the distribution of porosity in a cast MMC plays an important role in controlling
its mechanical properties [78], and corrosion resistance It 1s important therefore that the
porosity level 1s kept to a mintmum 1n order to produce a sound casting with optimum
properties Porosity cannot be fully avoided during the casting process, and so the
mechanical properties of the cast materials are commonly correlated to the volume
fraction of 1ts porosity [209,210] However, with some difficulty porosity levels can be

controlled through an understanding of the mam sources of this porosity

In general porosity arises from three causes
1 Gas entrapment during sturing
1 Hydrogen evolution,

11 Shrinkage during solidification

According to Ghosh and Ray [261] the stirring parameters such as holding time,
stirring speed, size and the position of the stirrer 1n the slurry will influence the formation
of the porosity Their experimental work showed that there 1s a decrease in porosity level
with an increase 1n holding temperature It has been recommended that the turbine stirrer

should be so placed as to have 35% liquid below and 65% liquid above [51] Ghosh and

80



Ray [74] concluded that porosity content 1n the composites have been found to
increase 1nitially up to a certain value This phenomenon occurs with an increase in
stirring speed, size of the impeller and 1ts position as indicated by the distance from the
bottom of the crucible, but decreases with a further increase in these process variables
According to Lloyd [133] and Samuel et al [206] structural defects such as porosity,
particles clusters, oxide inclusion, and interfacial reactions are found arise from
unsatisfactory casting technology It was observed that the amount of gas porosity 1n
casting depends more on the volume fraction of inclusions than on the amount of
dissolved hydrogen [195] Thus 1s because, 1n general composite casting will have a much
higher volume fraction of suspended non-metal solid than even the most dirty
conventional aluminium casting, so the potential for nucleation of gas bubbles 1s
enormous It has been observed that porosity in cast composites increases almost linearly

with particle content

Samuel et al [206] found that the porosity level decreases with increasing the mould
temperature and that will improve the soundness of casting The porosity shape and size
were affected by the presence of the silicon carbide reinforcement particles through the
tendency these particles display to block or restrict the growth of the pore [207] Asa
result, a more uniform distribution of porosity was obtained compared to the un-
reinforced matrix alloy, where the porosity was seen to occur 1n the inter-dendritic

regions, spreading across several dendrites
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Cocen et al [208], producing aluminium-silicon alloy based composite containing
different volume fraction of SiC particle, found that the volume fraction of porosity 1n all
samples including the matrix alloy vary between 0 7% and 6 8% These results are as
shown 1n Figure 1 15 It was indicated that the porosity content increased with the total

mixing tie or with the volume fraction of SiC particle [208], or alumina {88]
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Figure 1 15  Porosity studies on (a) the effect of SiC particle content, and mixing time

[208], (b) the effect of alumina particle incorporation [88]
The porosity of a composite primarily results from air bubbles which normally

enter the slurry either independently, or as an air envelop to reinforcement particles [64]

The air trapped 1n a cluster of particles also contributes to porosity Oxygen and hydrogen
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are both source of difficulty 1n light alloy foundry process The affinity of aluminium for
oxygen leads to a reduction of the surrounding water vapor and the formation of

hydrogen, which 1s readily dissolved in the aluminium
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Figure 1 16  The effect of vigorously stirred melt to the incoproration of gas in

the molten mixture [58]

There 1s a substantial drop m solubility as the metal solidifies, but because of a
large energy barrier involved in the nucleation of bubbles, hydrogen usually stays in
super saturated solid solution after solidification The nucleation and growth of pores
during sohidification of A356-8S1C particle reinforced composite 1s shown schematically
m Figure 18 When solidification starts, a network of alpha-alumimum dendrites 1s

developed As solidification progress, the silicon carbide particles that already exist in
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the melt are rejected in front of the advancing alpha-aluminium dendrite network At this
stage there 1s an accumulation of hydrogen gas 1n a pocket of inter-dendritic liquid due to
the decrease 1n solubility accompanying sohidification When the temperature reaches the
eutectic temperature, the growth of the pores 1s limited by their abilities to expand 1n the

remaining melt

The occurrence of porosity can be attributed to the amount of hydrogen gas
present in the melt, the oxide film on the surface of the melt that can be drawn into 1t at
any stage of sturing, and gas being drawn into the melt by certain stirring methods
Vigorously stirred melt, or vortex tend to entrap gas and draw 1t into the melt It has been
found that the presence of a vortex mhbits wetting An experiment performed to
determine the extent of incorporation of gas in the molten mixture [58] 1s shown
schematically in Figure 1 16 It shows that the level of the melt increase after strring and
this 1s because of the introduction of gases during high speed stiring Introducing
reinforcement particles by injection through an inert gas, and several degassing technique
will increase the gas level in the melt Pouning distance from the crucible to the mould

should be as short as possible [109]

The shrinkage that occurs on solidification 1s the prnimary sources of porosity
formation 1n solidifying casting Shrinkage porosity also occurs on a micro level as
mucro-shrinkage, or micro-porosity, which 1s dispersed in the interstices of dendrite

solidification region [98] When the temperature reaches the eutectic temperature the
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growth of the pores 1s imited by their ability to expend 1n a viscous media, by their edges

being surrounded by the silicon carbide particle

There are several strategies that have been used to mimmized porosity These

include
1 compocastmg 1n vacuum,
1 extensive inert gas bubbling through the melt,
m casting under pressure,
v compressing, extruding or rolling the materials after casting to close the

pores

There are several methods which can be used to minimized the porosity in the
cast MMCs, such as vacuum or nert atmosphere processing [64,195,212], purging the
slurry by chlorine or nitrogen [213], or preheating of ceramic particles [191] Most of gas
absorbed on the surface of the particles 1s in the form of H;O Miwa et al [67] found that
the evolution process of HyO gas with temperature 1s mostly fimshed at temperatures
between 200°C to 600°C Therefore 1t 1s suggested that most of the H,O gas absorbed on

the surface of the particles can be liberated by heat treatment at 600°C

It 1s necessity to avoid gas pick-up during melting, since any gas taken into

solution will be difficult to remove [74] It 1s recommended to melt under a protective
cover of dry argon or nitrogen to reduce significantly the possible of oxidation, therefore

degassing and fluxing are unnecessary [90] This can be achieved by placing a fireproof
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blanket such as kaowool, over the furnace or crucible, in which a small hole has been
made for the reception of a simple piece of gas pipe The protective gas 1s fed through a
suitable flexible hose from a cylinder fitted with a pressure regulator and flow indicator
In order to get a clean melt, the matrix matenial must be well dried to over 200°C and
added to a preheated crucible, and stirrer, ladles and samphing spoon must be also be well
preheated before being put into the melt Richardson [90] recommended that any steel
utensil introduced into the melt must be well coated with ceramic adhesive before use, to
prevent iron contamination and must be well dried and preheated to prevent the
possibihity of hydrogen generation The sturing action must be slow to avoid the
formation of vortex 1n the surface of the melt Care must be taken not to break the surface
layer too often and take the surface skin into the melt Porosity can also form in the
mould during casting Solidification shrinkage arises as a result of incorrect mould
temperature and incorrect gating systems It has been observed that increasing the mould
temperature will improved the soundness of the casting, as shown by a decrease in

porosity levels [21]

Degassing liquid aluminium alloy 1s a usual step in the casting procedure When
reinforcement matenals are incorporated into a melt 1n air, molten compound must be
treated to remove the dissolve gases Although various out-gassing treatments are
available (based on mitrogen gas, chlorine or vacuum treatment) 1t 1s difficult to reach a
very low hydrogen content corresponding to the saturation of solid aluminum alloys
Grrot et al [117] have developed a procedure for gas removal In this process the usual

cleaning, deoxidizing and refining treatments are applied before degassing The
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degassing 1s carried out n a vacuum chamber At the end of the degassing step, the
formation of bubbles i1s enhanced by an injection of mitrogen gas However, the
application of vacuum to the molten mixture of metal and particles during the mixing step
can reduce the atmospheric gasses available for introduction into the melt, and also tend

to draw dissolved, entrapped and adsorbed gasses out of the melt during mixing

1.8.4 CHEMICAL REACTION

When metal matrix composite 1s produced by powder metallurgy, generally the
reinforcement 1s not exposed to molten metal except for a short period of time during
liquid phase sintering However, in molten metal processing, the reinforcing particles are
muxed directly into the liquid and exposure times to liquid metal are relatively long As a
result, the reinforcing particles may react with the liquid metal, which can degrade the

reinforcement [133] The main reaction between liquid aluminium and SiC 1s

4A1 + 3S1C — ALC; + 381 (10)

The formation of aluminium carbide 1s bad for several reasons [75,133,
156,202,217,223] Obwviously 1t degrades the reinforcement, but Al4C; 1s also susceptible
to corrosion and 1ts formation 1s accompanied by an increase in the S1 level of the alloy,
therefore modifying the composition and metallurgy of the matrix, which may be

detrimental to the final composite properties This formation may increase the viscosity
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of the melt In the casting fluidity test by Lloyd [214], it was found that, 1f the AA6061
composte 1s held for 30 min at 650°C 1t has zero fluidity Associating the casting fluidity

with Al4C; formation 1s also consistent with the result for the A356 matrix composites

Lloyd et al [152] studied the thermodynamic stability of the reinforcement in
aluminlum and magnesium alloy, and concluded that in a silicon free alloy, silicon
carbide 1s thermodynamically unstable above the melting temperature of the matrix alloy,
reacting to form aluminium carbide, Al4C3 and, a subsequent increase 1n the silicon level
of the matnix occurs The silicon that forms 1s relatively harmless, however the
precipitation of aluminium carbide as crystals can substantially degrade the quality of the
casting For hugh S1 content aluminium alloy, these phenomena can be easily prevented
by keeping the melt temperature below 773°C at all the times, because below this value,
the reaction proceed too slow to be a problem [215] Samuel et al [206] studied melt
holding times and temperatures for aluminum and the A356 alloy-silicon carbide particle
composite system, and found that Al,Cs forms rapidly at temperature above 790°C The
reaction can also occur below this temperature but at much lowers rates, and in their
study, no significant Al,C; was formed, below this temperature (for holding times less
than 30 minutes) Therefore, 1t 1s essential to be aware of the danger of overheating the
melt Good temperature control of the melt, and use of high silicon content aluminium
alloy, can suppress unwanted chemical reaction between a molten aluminium and the

silicon carbide particles [214]
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The reaction between silicon carbide particles and liquid aluminium 1s believed to

take place 1n several steps including the following [219,220]

1 Diffusion of silicon and carbon atoms away from the silicon carbide
particle surface into the molten alumimum pool

1 The formation of compounds when the aluminium and carbon
concentrations exceed the equilibrium constants of Al4C;, and/or

m Further precipitation of compounds on cooling due to a decrease in

solubility

The carbon atoms go into solution and react with aluminium to form Al4Cs [221]
Following the dissolution of silicon carbide, Al4Cs grows and silicon will diffuse into the
melt around the ALLC; A layer of Al,C; may form around the silicon carbide particle
[222] and this layer act as a diffusion barrier for the further diffusion of silicon, carbon

and aluminium

The aluminum carbide reaction can be avoided by using high silicon alloys for the
matrix [133] but this restricts the choice of the matnix alloy Increasing the amount of
sitlicon 1n the matnx can reduce the dissolution of silicon carbide and prevent the
formation of Al4C; [152] Usually 7-15 wt % silicon 1n necessary to prevent the reaction
[46,152,219,224] as shown 1n Figure 1 17 Another method of controlling the aluminium
carbide reaction 1s to oxidize the surface of the silicon carbide, forming an outer layer of

S10, In this case the early stages of the reaction involves reducing the Si0,, rather than
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dissolving the silicon carbide [225] According to Heuer et al [226] the SiO; layer on
silicon carbide can easily be thickened by heating in air From their research, it is

estimated that heating in air at 700°C for one hour increases the thickness of the oxide

layer by between 30 and 50 nm from the original thickness of between 2 and 4 nm
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Figure 1 17  Silicon content level required preventing Al,C; formation 1n

aluminium melt at various temperatures [225]

Wang et al [227] studied the interfacial microstructure in a alumimum-silicon
carbide system composite produced by molten mixing In therr work, magnesium

aluminate, MgAl,O,4 was found at the interface as a reaction product after processing
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Several studies of the aluminum alloy-alumina composite system also indicate that the
MgAl,04 spinel may be formed at the reinforcement-matrix interface [62,186] Lev: et al
[185] found that in the case of an aluminium-magnestum alloy based composite, the
bonding between the reinforcement and the matrix metal 1s achieved through the
formation of an MgAlL,O4 (spinel) layer, by reaction between the reinforcement and the
magnesium 1n the liquid aluminium The chemical reaction between ceramic and metal,
which occurs at the interface, generally improves the wetting and bonding, especially the

spinel chemical reaction product

1.9 HEAT TREATMENT OF METAL MATRIX COMPOSITE

The strength of the metal matrix can be improved by thermal treatments These
thermal treatments are similar to those ordinanly used as hardeming treatments for
aluminum alloy, namely a solution treatment and water quench, followed by ‘room
temperature aging (so called T4 treatment), or artificial aging which 1s performed at
hgher temperature (so called T6 treatment) [5, 245] The treatment results 1n micro-
structural modifications only 1n the metal matrix, because reactions do not occur between
aluminum and reinforcement matenals at the treatment temperature [222] The solution
treatment of the casting produces three mam effects dissolution of Mg;S1 particles,

homogemzation of the casting, and changing the morphology of the eutectic S
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1.9.1 Heat Treatment Procedure

Heat treatable alumumum alloys display appreciable solid solubility of the
precipitating Mg;St phase at the solidus temperature Under equilibrium conditions,
solubility decreases with temperature and the second phase precipitates out as coarse
particles The decrease 1n solubility 1s a prerequisite to a significant response to heat
treatment In order to obtain a maximum concentration of Mg and S1 particles in sohd
solution, the solution temperature should be as close possible to the eutectic temperature

In most cases, the A356, A357, A359 type alloys are solutiomzed at 540°C [246]

The solution treatment homogenizes the cast structure and mimmizes segregation
of alloying elements 1n the casting [245] The eutectic S1 morphology plays a vital role in
determining the mechanical properties Under normal cooling conditions the phase 1s
present as coarse needles The needles act as crack initiator and lower mechanical

properties

Following solution treatment, the casting 1s quenched in water The purpose of
quenching 1s to suppress the formation of equilibrium Mg,S1 phase during cooling and
retain maximum amount in solution to form supersaturated solid solution at low
temperatures A rapid quench will ensure that all Mg,S1 1s retained 1n solid solution, and
the highest strength 1s obtained with fast quench rates In most cases, the samples are

quenched 1n water between 25 to 100°C
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Figure 1 18  Microstructure depicting the morphology of eutectic Si as a

function of aging time of 540°C (500X) (a) as cast (b) after 2 hrs[245]
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Quenching 1s followed by aging treatment, either natural or artificial aging The
purpose of this treatment 1s to precipitate constituents, which were dissolved during
solution treatment The precipitation of very fine Mg, S1 during aging leads to pronounced
improvements 1n strength properties Both aging time and temperature effect the final
properties The microstructural changes occurring during heat treatment of A356 samples
are shown 1n Figure 1 18 [245] Imtially St broken down into smaller fragments and 1s
gradually spheroidized Prolonged solution treatment leads to coarsening of the particles

and as the solution time 1s increased, there 1s coarsening of Si

1.9.2 Effect of Reinforcement Particles

A number of investigators have reported that the presence of SiC particles
accelerates the aging response in the matrix when compared to the un-reinforced alloy
[241, 247] Arsenault et al [241] found that the achievement of the solutionized state 1s
more difficult for A6061-SiC particle composites than for AA6061 alloy, hence in the
former case the solution treatment needs a higher temperature Some of the studies [248-
250] demonstrate that at low temperatures the aging kinetics slowed down, or unaffected
by the reinforcement Ribes and Suery [251] found that the addition of SiC particles to
the Al-7S1-3%Mg alloy accelerates aging during thermal treatment at 185°C, and this 1s
primarily due to the thermal mismatch between the reinforcement and the matrix The
aging behavior also depends on the nature of the surface of the particles For oxidized
particles, spinel forms at the interface leading to magnesium depletion 1n the matrix and

subsequently to less age hardening
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Yamada et al [80] found that the addition of fibre or particles usually changes the
aging response of the matrnix due mainly to the presence of high dislocation densities and
residual stresses generated close to the reinforcement-matrix interface The addition of
SiCp to Al-S1-Mg alloy accelerated their aging response during heat treatment They also
concluded that this 1s primanily due to the thermal mismatch between the reinforcement
and the matrix Salvo et al [252] investigated the effect of reinforcement on the age
hardening of cast 6061-SiICp MMC, and found that precipitation sequence in the un-
reinforced matrix and the composites are identical The precipitation kinetics 1s
accelerated 1n the composites by the higher dislocation density and enhanced nucleation,
and this occurs at any aging temperature The hardening behavior of the composites and
un-reinforced 6061 seems to be identical when the aging temperature i1s below the critical
temperature (the temperature when the phase transformation occurs) Composites reach

therr maximum hardness when the aging temperature 1s beyond the critical temperature

The elastic-modulus 1s one of the properties that are improved in composites
Figure 1 19 [234] shows the effect of silicon carbide particle percentages on elastic-
modulus The silicon carbide particles cause an increase in Young-Modulus Figure 1 20
[253], shows the effect of temperature on modulus Table 1 12 shows the mechanical
properties of S1C particles reinforced MMCs It 1s obvious that 1t increases with the

amount of the reinforcement over a large temperature range
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Figure 1 19 Elastic-modulus vs SiC particle content for A2124-T6 [234]
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In general the hardness of the MMC 1s better than un-remforced matrix, and this
is more pronounced in the heat-treated condition The increase of hardness in heat treated
MMCs, 1s primarily a result of precipitation microstructure changes, such as increase in
dislocation density in the matrix, and the presence of the residual stress that 1s caused by
the incorporation of reinforcement particles The hardness 1n both matnx and composites
are as shown 1 Figure 1 21 Dutta and Surappa [254] studied the effect of SiC particles
on the age hardeming and mechanical properties of aluminium based MMCs  They

observed that the SiC particle reinforced composite 1s harder than the un-reinforced alloy

120 4
% 100 A
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Figure 1 21  Aging studies conducted on Al-15%S1C materials [254]

The reinforcements increase the hardness of 8090 alloy approximately 120% and

that of 2024 alloy by 45% They also found that the maximum hardness in un-remnforced

alloy as a result of aging 1s equal to, or less than the hardness of the composites 1n the
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solution treated conditions Whereas Figure 122 shows the results of hardness
measurement i Al-Si1C particles composites by Gupta et al [255] Their results show that

the heat treated sample and that with increased SiC particles content exhibit higher

hardness

The tensile properties of sand-cast and permanent mould cast test bars of A356-
SiCp composttes are given 1n Table 1 12 It 1s clear that the addition of SiC particle
results 1n substantial increase in the tensile yield strength, the tensile ultimate strength

and the elastic modulus [115] These results also illustrate that as the strength and

stiffness 1s improved, the tensile ductthity 1s decreased with the addition of S1C
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Figure 1 22  Effect of T6 heat treatment on the hardness of S1C particle

reinforced Al based composite [255]
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In general the strength of both matrix and composite drop remarkably at high
temperature At about 200-250°C, the strength of particle reinforced MMC 1s higher
than fibre reinforced composites, but at higher temperature of about 450°C, the
performance of both types of composites 1s almost the same [256-257] Table 1 13 shows
the mechanical properties of several silicon carbide particle reinforced aluminium matrix

composites

1.10 MECHANICAL PROPERTIES OF CAST, PARTICLE REINFORCED

METAL MATRIX COMPOSITES.

Metals have a useful combination of engineering properties such as strength,
ductility, toughness and high temperature resistance but they have low stiffness values
Ceramics are stiff and strong but are brittle Aluminum and silicon carbide have very
different mechanical properties, for example, Young moduli of 70 GPa and 400 GPa,
CTEs of 24 x 10°°C and 4 x 10/ °C, and yield strengths of 350 MPa and 600 MPa
respectively [238, 239] The concept involved 1n the design of MMC matenals is to
combine the desirable attnibutes of metal and ceramic The performances of several

materials group are 1llustrated 1n strength-temperature diagram, shown 1n Figure 1 23

In general the addition of reinforcement phase to the matnx material will give
several advantages such as increases 1n elastic modulus, yield and tensile strength, creep

and wear resistance, and also an increase 1n elevated temperature strength If the elastic-

moduli are increased, it 1s usually possible to decrease the component thickness and
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therefore reduce of the weight for any given design An increase in modul indicates an

increase 1n stiffness, and the specific stiffness for aluminium composite is high since the

denstty 15 low
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Figure 123  Strength-temperature map for classes of materials 1n terms of operating

temperature and strength/weight ratio [239]

In general, with increasing volume fraction of reinforcement, the strength of the
composite will increase According to Mohn and Gegel [240] by increasing the content of
SiC particles 1n composite matenals, increases in tensile strength, yield strength and
elastic modulus can be attained Tenstle tests [241] of Al- SiC particle MMC 1ndicate that
for high volume fraction samples (20%S1C p), the fracture process is very localized As
the volume fraction of the reinforcement decreases, the deformed region spreads out For

example in the case of 20 vol % of reinforcement, the reduction 1n area at the fracture
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surface was only 3%, and 5 mm away from the fracture surface the reduction 1n area was
zero Lim et al [242] studied the effect of volume fraction of reinforcement on the elastic
response of Al-SiC composite They found that the elastic modulus of the composites
increase with mcreasnig content of the renforcement, and the yield strength also

increases with decreasing particle size [243], as shown 1n Figure 1 24
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Figure 1 24  Increment of yield strength versus particle volume fraction (a) due to
small sub-grain strengthening (b) due to dislocation strengthening for Al-

StC composttes [243]
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CHAPTER TWO

FEA SIMULATION OF PARTICLE DISTRIBUTION IN
CAST METAL MATRIX COMPOSITE

2.1 INTRODUCTION

The production of metal matrix composites using a stir casting technique represents
a potential means of producing complex shaped components In the present research, an
Alummmum based SiC particle reinforced MMC 1s being made using a stir casting
technique In this method the matrix matenal and the reinforcement particles are placed in a
crucible, together with a wetting agent, and are subsequently heated under an mert gas
atmosphere until the matrix matenial melts, as shown schematically in Figure 2 1 A stirrer
is then applied after the matrix matenal 1s completely melted A crucial part of this process
is the efficiency of the mixing action to disperse the reinforcement particles, which are

mutially put at the bottom of the crucible

The importance and difficulty of achieving a umform distribution of particle
remnforcement 1n the molten matrix, and also during solidification of the MMC, have been
discussed 1n detail in Chapter I of this thesis It 1s known that sufficient sturing action 1s
necessary to control distribution from immediately after the addition of the particles into
the melt, untll pouring into a mould However, in normal practice, the efficiency of the
sturing action 1n the closed crucible cannot be seen, and the result of the stirnng can only
be deduced from the solidified MMC, using optical examination [261], and may not be

clear due to solidification effects
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Figure 2 1 Schematic representation of MMC fabrication
technmique used

Actual measurement of fluid flow characteristics 1s expensive, time consuming, and
in the case of molten metal may be dangerous Also all relevant parameters may not be
included Additionally, the scale-up to industrial sized units 1s neither straightforward nor
well established, since most stirrer-vessel systems perform several functions simultaneously
(for example dispersion, reaction and heat transfer) In these situations Computational Fluid
Dynamics (CFD) can provide a means for understanding the details of flow In the past
decade rapid progress has been made in numercal solution of turbulent mixing problems
using CFD However, application of this knowledge to mechanically stirred vessels 1s still
in the early stages, because an impeller or sturer induces a complex flow field However, if
the stirring action could be simulated, that would be very advantageous In this research,

flow generated by a stirrer 1n a cylindrical crucible 1s studied CFD analysis using the Finite

104



1 /*-10 1+$<$g

! C
C
!
! C
Hit
! C
1 I
$ C
5C5 $ 66 +:
C
# |
" M822" 827?N"
K
C$
C I
C

(B3



casting for MMC fabrication, there are however other factors that need to be considered
As well as dispersing the solid particles uniformly, the stirring action must not be allowed
to introduce gasses nto the melt, which would be detrimental to the final product A vortex
created duning sturing can suck m even non-wetting particles and also bubbles mnto a
molten alloy Particles often attached to the bubbles, counteracting the buoyancy, which
would normally helps, them to float out of the melt As a result, 1t has been observed that
porosity content 1n a stircast composite varies almost linearly with particle content [88] It

1S necessary to create turbulence during sturring, but 1t should be only in the bottom region

of the fluid

The stirrer diameter 1s also an important factor to be considered When the stirrer
diameter 1s too small, the solid particles remain suspended at the periphery of the vessel in
spite of the lack of deposits at the center When the diameter 1s too large, solid particles are
remain un-dispersed in the center of the vessel bottom Therefore the optimum diameter of
the stirrer 1s that which result in solid particles being fluidized in both the central and
pertpheral part of the container at the same speed It has been found that for a flat bottom
vessel, stirrer diameter, d should be = 0 4D, where D 1s the diameter of the vessel, and the

blade width b, should be = 0 7-0 2D [263]

In case of agitation of solid particles in a hquid 1n a cylmdnical vessel, a deposit of
solid particles 1s observed on the bottom of the vessel at low agitator speeds, and all the
particles are fluidized when the speed reaches a certain value [263] This 1s a complex
phenomenon dependent on stirer design, shape and size of the vessel and particle

properties Two types of fluidization of solid particles are observed as shown m Figures 2 2
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during stiring, no simulation of the solid particles was made It 1s assumed that the
particles are very fine (<10um average diameter) According to Thomas [131], the particles
below 10 pum 1n size are almost always carned fully suspended in the hqud and
gravitational effects are neghgible From this assumption, if the wettability between the
particles and the molten alumimum 1s good, 1t 1s expected that the particle will follow the
fluid flow pattern, which 1s generated by the stirrer The FEA package used also does not

support multiphase flow analysis

The application software ANSYS® Flotran-CFD types was used mn this simulation,
the model being built using two-dimensional elements The simulation focuses on the fluid
flow pattern for different positions of a stirrer in a crucible, and different speeds of stirring
for two fluids molten alummium, and glycerol The stirrer geometry was therefore kept as
simple as possible and a flat blade stirrer was used Due to the axisymmetrical shape of the
crucible and the stirrer, only half of the real shape was included in the simulation, and the

element coordinate system used was axisymmetric about the Y vertical axis

The model was built by initially creating a rectangle, representing the shape of the
crucible in 2-D The simulation 1s representative of a fluid 1n a 80-mm diameter and 100
mm height graphite crucible Meshing for the flud 1n the crucible was carried out by
assigning 50 gnid points at the crucible wall in the vertical (y) direction, and 20 gnd points
for the crucible base in the honzontal (x) direction The meshing was then reploted to
generate thousands of nodes in a regular gnd pattern Boundary conditions were then
apphed to these nodes The validity of a CFD prediction depends largely on the boundary

conditions imposed In this case the boundary representing the crucible wall was specified
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as a solid surface which 1s smooth and frictionless Ths 1s justified, as molten aluminum
does not wet graphite [70,74,78,82], as was aslo demonstrated experimentally in this
project However the top surface was allowed a degree of freedom to displace, such that
zero pressure would be maintamed The put viscosity of the fully molten alummmum was
10x 10® Pa S, with density of 2 30 g/cm’ which 1s assume to be constant The viscosity

and density of glycerol are 1 15 Pa S and 170 g/cm® respectively

Because of the fact that this CFD package does not support solid elements, another
means of representing the stirrer, and its motion was required The load was therefore
considered as the velocity of a group of elements These elements represented the shape
and position of the stirrer In the case of thus 2-D simulation, the stirrer rotation speed 1s
given as radial velocity The rotation speeds used were 1n the range 50 rpm to 1000 rpm,
for 4 different heights of 10%, 20%, 50% and 70% of the total height, as measured from
the crucible base The rotational speed range was chosen to encompass the lowest and
highest speeds nominally being used 1n casting of MMCs The position levels include those
both above and below the 30% optimum indicated by other research [15], and also

positions expected to cause a vortex on the melt surface

The results from this simulation were compared with those from a visualisation
expermment using glycerol Streak photography of tracer particles in such a visualisation
experiment 1s a good method for indicating the overall flow pattern, and existence of
stagnant regions of flud However 1t was found that 1t 1s not suitable for showing the rate
of mixing between different parts of a vessel to physically simulate the molten alummmum
and SiC particles, a 80mm diameter perspex vessel, filled to 100mm height with the

transparent glycerol fluid was used Particles of white polyethylene were added to the fluid,
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and mixing was carned out using a digital control dc motor, connected to a flat stirrer blade
(10mm height x 2mm thickness) The stirrer speed was chosen in the range 50 rpm to 100
rpm, same as for some of the runs of the computer-based simulation The results of this
visualisation test were recorded as follows The vessel was illummnated using a collimated
light beam across a diametrical plane, and the backdrop darkened Using a suitable
exposure time, a streak photograph of the polystyrene particles flow pattern was recorded,

one of which 1s as shown in Figure 2 8

24  RESULTS AND DISCUSSION

Examples of the simulation results are shown in Figures 2 3 to 2 7, and the validity
of the model predictions as found by comparison with the visualisation experiment results is

indicated by Figure 2 8

Output from the simulation 1s given m the form of a flow pattern, indicated
graphically by velocity vectors In interpreting the results it 1s important to keep n mind
two requirements (1) turbulence at the base of the crucible which would give effective
muxing (SiC particles are more dense than molten aluminium, and tend to settle, rather than
float), and (2) the absence of a vortex at the surface (to avoird gas/impurnty entrapment) It
should be noted that to aid generalisation of interpretation of results, impeller position 1s
given as a percentage of the total height of the fluid, 4, and refers to the position of the

lower edge of the impeller
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As speed increases the flow pattern below the impeller remains essentially the same The
difference les only 1n the magnitude of the velocity of the flud elements At one sample
position, 10mm from the cructble wall at the base, the velocity increases almost by 30 times
from 6 4 rad/s to 186 rad/sec as impeller speed increases from 100 to 1000 rpm This
mcrease 1n speed causes fluid at the bottom centre of the vessel to be effected by the
circulation region at the lughest speeds Above the impeller, at higher speeds the circulation
1s dommated by a vertical suction pattern, and a vortex has formed on the fluid surface,
causing a maximum displacement of fluid elements of 3% A from their original positton
From running the simulation at impeller speed values between those shown in Figures 2 3
and 2 4 1t 1s clear that the transition to this type of flow occurs at very high speeds for this

posttion The flow pattern at 500 rpm for example i1s very similar to that shown for 100

pm

2.4.2 Effect of Position

According to experimental observation of Nagata [263] the stirrer should be placed
no more than 30% of height from the base, to avoid accumulation of particles at the bottom
of the mixture The simulation results show good agreement with this statement Ths 1s
tllustrated by Figures 2 5 and 2 6 in which rotor speed 1s maintained at 100 rpm, and the

stirrer 1s located at 10% 4 and 70% /4 from the crucible base respectively

At the lowest position the influence of the impeller 1s seen over the bottom half of
the crucible There 1s a circulation loop centred 25% 4 from the vessel base, and below the

stirrer mainly horizontal velocity 1s seen, which does extend to the crucible wall, and to the
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2.4.5 Comparison with Visualisation Experiment

As 1t 1s not possible to expermentally validate the simulation using molten
alumunium, and therefore the result from the FEA model was checked by comparing with
experimental data Figure 2 8 is a photograph of the visualisation experiment for the same
sturing condttions as those for the stmulation shown 1n Figure 2 7. The white lines in the
photograph are the paths followed by the polyethylene particles through the fluid, and
reflect the general fluid flow pattern It can be seen that the predicted flow pattern in the
simulation show a very good agreement with the expenmentally observed one This lends
some confidence to the validity of the model to predict optimum conditions for the

alumimum casting sttuation

2.4.6 Limitation of the CFD Model

While the model has been shown to represent the flow characteristics of stirred
glyclerol, it does have specific limitations 1n relation to simulating the stirrtng of aluminium
and reinforcement particles Firstly Newtonian flow has been presumed Thus 1s not strictly
valid for the real process, as discussed 1n [264] In addition no solid elements were used 1n
the model, therefore 1t 1s not possible to account for variations i characteristics of the

particles such as size distnibution, and wettability for example

2.5 CONCLUSION

A model of the stirring of molten aluminium contaimng fine SiC particles has been

built using fluid elements in FEA The model was applied to the case of the more viscous
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glycerol fluid, and the results from this were compared with experimental results The
general flow patterns predicted by the model have been somewhat validated using this
techmque, indicating the usefulness of the model in parameter choice for casting alumimum
based MMC’s The speed of rotation of the stirrer 1s shown to sigmficantly impact on fluid
flow charactenstics, both velocity of flow, and direction At higher speeds an undesirable
vortex forms on the fluid surface Stirrer location 1s also important When the impeller 1s
placed excessively high within the fluid, little flow occurs at the base of the vessel where it
1s required to hift particles into the melt The model does have limitations, however 1s
sufficiently representative of the process of sturing to inform decisions on process

parameters for stirnng of MMCs during the casting process

119



21(

/8:

6 789: 86:99

9:79: <9/8 =9>? 7<9/8 /@ 7:

@28 |
#i
!
C
C, "
! C
#it "
#it D
$ I C
$ I C
D
D 3AD>AQ
C 5
C,
IC
$ . >3AQ "

(=8

9@7:9

##



reaction between substances will rapidly occur The main reason for choice of
Alummium-sililicon alloy (A359) 1s to avoid this chemical reaction from developing It 1s
well established that, in A359 alloy, with the S1 content between 8-9%, the chemical
reaction between SiC particles and liquid aluminium will be delayed up to 780°C [214]
In order to mummise oxidation associated with this high temperature processing

technique, the melting prosess was carried out in an inert nitrogen gas atmosphere

3.2 DESIGN OF EXPERIMENTAL RIG

3.2.1 Preliminary Design

In order to fabricate cast MMC, the initial focus was placed on the design of an
experimental rig A number of 1deas have been evaluated before a final design chosen
Several design nigs were tested During the first stage of the experiment a stainless steel
crucible and stirrer, with a bottom pouring mechamsm was used Bottom pouring was
chosen 1n order to facilitate the casting, and also to prevent all the impurities (which

normally float on the top of the melt), from flowing into the mould during pouring

The reason why stainless steel was choose was that this matenal proved easy to
machine, and was readily available The stirrer was connected to a DC motor, which was
used to stir the molten matnx matenal The crucible was a 100 mm diameter internal
diameter x 150 mm height, and the sturrer was T-shaped, with a retangular form of 70mm
x 10mm x 3mm thick, which was screwed to the stirring rod A heater band was placed

around the crucible, and was connected to a control thermocouple Tis 1s as shown 1n
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A series of experiment were run, however the leaking and sticking problems
perswté:d Several modification were made to the pouring mechanism (Figure 3 5), and a
graphite sleeve was designed (Figure 3 6) in order to minimised droplet effect of the
MMC during casting It was taught that the leaking problem may be due to the
differences 1n thermal expansion of the stopper and the mam frame which were made of
graphite and steel respectively Spring loading was used, in order to mimimize this
problem It was also found that the graphite crucible was eroded at the outer wall while
the inner wall remained 1n good condition This was because the outer wall was exposed
to air The leaking problem may also be therefore have due to the fact that the graphite tn

the stopper was oxidised and eroded

The basic insights gamed from the above preliminary designs, and from a number
of rig designs found during the literature review (as shown in Appendix A), resulted 1n a
new design of rig The emphasis of the new design of rig was on the pouring mechanism,
and on providing an mert atmosphere for both the crucible and molten aluminium
AUTOCAD-14 was used to draw the components For most parts of the design graphite
was used as the mam matenial Detailed drawings of this rig are represented in Appendix
B 100-mm diameter graphite solid billet was used Graphite 1s known to be a brittle
material, and special attention 1s required during machining of this material A lathe and
CNC machine was used to fabricate the crucible, and to fabricate a specially designed

stopper (Figure 3 7) and sturer (Figure 3 8)
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Difficulty in machining the graphite components was overcome by using ample
coolant and suitable protective clothing Changes were made to resolve the persistent
pouring problems The shape of the base of the crucible was change, and a stopper
incorporated 1nto the stirring rod A taper base shaped crucible was chosen 1n order to
facilitate the flow of the slurry during pouring, and the stirrer shape was designed to suit

this base

3000°
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Dritt & Tap M6 | 2 Places

Figure 38 Schematic diagram of stirrer
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In order to minimize the heat loss, a 50 -100 thickness kaowool insulator was placed
around a heater band A continuous purge of nitrogen gas at a flow rate of 3cc/min was
used 1nside and outside of the crucible, in order to mimnimise the oxidation of molten
alumimum and graphite parts Figure 3 9 shows a schematic representation of the final
rig design A temperature controller was used to control the temperature inside the
cructble A K- type thermocouple was used and placed inside the crucible, 1n order to get
a precise measurement of the molten temperature, and this thermocouple connected to a
STUDIO 3000 temperature controller, and to the PICO data logger system The
temperature inside the crucible could either be displayed in the form of a temperature vs
tume graph, or n table form A digital DC motor was used to stir the slurry During
loading, the top part of the ng was raise up, as shown in Figure 3 10 For pouring the
stirring rod assembly need to lift up about 5-10 mm This opened the stopper and allowed
the slurry to flow down into the mould, as shown in Figure 3 11, whereas Figure 3 12

shows a photograph of the ng
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Figure 39 Schematic diagram of the final nig design
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Figure 3 10 The position of top part of the rig 1s raised up during loading
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Figure 3 11 The position of the stirring rod assembly during pouring operation
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3.3 WETTABILITY EXPERIMENTS

Several attempts were made to incorporate silicon carbide particles into a molten
matrix However this has proved very difficult SiC particles used were 1n as received
condition The silicon carbide particles remained at the bottom of the crucible, no matter
how high the stirring speed During sturring 1n a completely hiquid condition, some of the
particles tended to float to the top of the melt, and some accumulated at the base of the
crucible Microscopic observations showed that there are no SiC particles 1n the matrix
alloy or 1n other words the wettability was zero However, 1t 1s well documented in the
literature how researchers tackle this wettability problem Based on their experiences and
the methods used to promote wettability between SiC and aluminum alloy, several
experiments have been carried out The main focus was to solve the problem of poor

wettability between these two substances

For the wettability experiments 1 to 4, a steel chamber was placed inside an
electric furnace and a nitrogen gas atmosphere of flow rate of 3 cc/min used The
temperature of the furnace was raised to 700°C, and kept at that temperature for one hour
to melt the matrix alloy Sturing in fully liquid condition meant that, the slurry was
stired above the liquidus temperature of the A359 alloy, which 1s about 600°C
Conversely, stirring in semi-solid condition means that the stirring was performed at a
temperature between hiquidus (600°C) and solidus (565°C) The experimental set-up 1s as
shown 1n Figure 3 13 (a) and (b) For experiment 5 a special design of rig was used, as
shown in Figure 3 9 The advantage of using this nig 1s that, the temperature of the slurry,

the sturing time and the oxidation of the melt can be controlled or minimised For all
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cases, the A359 matrix material was section nto a small pieces of 3-5gram weight for

each piece, 1n order to help it melt faster Magnesium used was 1n powder form

3.3.1 Wettability Testing

The wettability tests carried out mainly focused on the amount of particles, which
can be incorporated 1nto the matrix alloy, by considering several factors including
Test 1  The effect of heat treated and non-heat treated SiC particles without the
application of mechanical stirring
Test 2  Stirring 1n fully liquid condition
Test 3  Stirring 1in semi-solid condition
Test 4 Varying magnesium content
Test 5 Varying stirring temperatures, stirring conditions and volume fraction of

S1C particles

The effect of heat-treated and non-heat treated SiC particles without the application
of mechanical stirring (Wettability tests 1).

Imtlall); the intention was to study the wettability of SiC particle with A359
matrix alloy without the application of any stirring Four sets of conditions were studied
and are listed 1n Table 3 1 All the substances were placed in graphite mould, of 20-mm
inner diameter and 20-mm height, which gives a cylindrical shaped mould cavity A

nugget of A359 alloy was placed inside the mould first, and for mixture A, the SiC
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particles were spread on the top the alloy without any pretreatment However for the

mixture B and D, the SiC particles were oxidized at 900°C for 4 hours

In mixtures C and D, the SiC particles and the Magnesium powder were mixed
thoroughly before being spread on the top of the alloy Because this 1s a very first stage
of wetting test, the amount of SiC particles used was not given attention All the moulds
were placed inside the gas chamber 1n the furnace and were brought together to 700°C
over 4 hours, and soaked at that temperature for 1 hour Each sample was then taken out

of the furnace and left to cool slowly 1n air at room temperature

Table 3 1 Matenals for wettability test 1

Sample Composition
A A359 + SiC particles ( as received)
B A359 + SiC particles (oxidized at 900°C
C A359 + SiC particles ( as recerved) + 1%Mg
D A359 + SiC particles (oxidized) + 1% Mg

Stirring in fully liquid condition (Wettability test 2)

A second series of experiments was carried out, in order to study the effect of
stirring 1n fully hiquid condition on the wettability between silicon carbide and the A359
matrix alloy The same types of maternial combinations were used, but this time with 10-

volume percentage SiC particle content A 80 mm diameter graphite crucible was used as
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percentages of magnesium content of erther 0, 1, 2, or 3 The SiC used was in as-

received condition

The experiments were divided into two sets For the first set, the mixture was
heated to 700°C until it melted The stiring was carried out 1n a fully iquid condition,
and for the second set, the stirring was carried out on semi-sohid slurry and was followed
by a second stage of mixing i a fully liquid condition before being poured mnto the

mould

Varying stirring temperature, stirring conditions and volume fraction of SiC

particles (Wettability testing 5).

The wettability tests 1to 4 were repeated using the specially designed rig This
was because the testing which was done imitially did not have facilities to record the
temperature of the slurry during stirring, and the stirring was also done manually The

oxidation problem could also be minimised by using this rig

From the wettability testing 1 to 4, it was found that the use of magnesium as a
wetting agent can promote the wettability between SiC particle with A359 matrnix alloy
Therefore, for the test 5 senies, only the effect of the stirring condition was repeated For
this purpose, the mixture of A359 matrix alloy with 10 volume percent of SiC particle
and 1 wt % magnesium was used The stirring speed used was 100 rpm Three stirring

conditions were investigated
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The mixture was heated to its fully liquid temperature, which 1s about
700°C, and stiring was apphed for 10-15 minutes, before the stirring rod
assembly was lifted up to pour the slurry into the mould The temperature

profile used ts as shown in Figure 3 14

The mixture was heated to a temperature between the solidus and liquidus
of the matrix alloy, which was 590°C, and the sturing was applied for 10-
15 minutes, then the slurry heated to 700°C and soaked for 30 munutes,
and re-stirred for 5 munutes before poured into the mould Figure 3 15

shows the temperature profile used

The mixture was heated to 700°C and soaked for one hour, then the
heating was stopped, and the temperature allowed to drop to 550°C The
stirring was carried out during the temperature drop, until the slurry almost
fully solidified Then the temperature was increased to 700°C and held for
30 minutes, and re-stured before pouring into the mould The temperature

profile used 1s shown 1n Figure 3 16

By using the temperature profile type such is in Figure 3 16, a series of
experiment were carried out to study the effect of reducing the
solidification time during sturing and also, to study the effect of volume
fraction of silicon carbide particles, on wettability enhancement In order

to reduce the cooling time, the flow rate of the nitrogen gas inside the
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crucible to the melt surface, and to outside the crucible, has been

increased The detail of temperature measurement data 1s as shown in

Appendix C
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Figure 3 14 Temperature profile for stirring 1n fully liquid condition (1)
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Figure 3 15 Temperature profile for stirring in semi-solid condition ~(11)
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Figure 3 16 Temperature profile for stirring 1n semi-solid condition —1u1

All the samples from the wettability tests 2 to 5 were sectioned at three different
locations 5 mm from the top, at the middle, and 5 mm from the bottom For wettability
tests 1, all the samples were section vertically For each specimen, four samples of
micrographs were taken for analysis and for pointing counting to measure wettability

percentage
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Therefore measuring the amount of SiC 1s necessary This was done using a graphical
method based on 2 dimensional micrograph of the composites, Specifically the total area
of SiC as compared to the total micrograph area The micrographs used were at 80 X
magnification, and 8 samples were investigated for each cast MMC sample, which were
section at the middle of 150mm long ingot To determie the total area of SiC particles,
which occupied a particular micrograph, tracing paper was used For example, to
calculate wettability percentages for A359/S1C/5p cast MMC samples, the area size of 5
% of the total micrograph area was drawn on tracing paper In order to facilitate the
process, a square shape 1s used Then tracings were made of individual particles, into the
square The wettability percentage for each micrograph 1s evaluated approximately, based
on the total area of the SiC particles in square are If the area of the SiC particles fully
occupies the square, that means that the wettability 1s 100 percent Figure 3 17 shows an
example of Wettability Measurement Method used for A359/S1C/10p cast MMC Detail
results of these wettability measurements are shown in Appendix D This method of
measuring wettability 1s subject to error as 1t relies upon a two dimensional section to
evaluate a three dimensional parameter In addition, errors may occur in tracing out

individual particles, and for this reason a high number of samples were taken

3.4 MMC FABRICATION

A series of wettability tests were carnied out, before the method to improve the
wettability between silicon carbide particles with A359 matnix alloy was identified

From these tests, it was found that using 1 wt % of magnesium, coupled with the semi-

145



solid stirring method, promoted wettability This information was used to fabricate cast
MMC The MMCs were produced using an electric furnace, while waiting for the ng to
be manufactured The intention was to produce cast MMC, by stir casting and evaluated
this casting using optical microscope and a mechanical testing device The fabrication

process 18 summarised 1n the flow chart 1n Figure 3 18

MMC FABRICATION

Place substances 1 a graphite crucible
(A359 + SiC particles + Mg)
under Nitrogen gas

Heated to 700°C held for one hour, and let the temperature
to drop to a temperature just above solidus

First step stiring
Stir at sem-sohd condition
For 5-10 mmutes

Heated to 700°C

Second step stirring
Stiring at fully liquud condition

]l

Pouring mto mould

v
v v

Ingots Tensile specimens

Figure 3 18 Flow chart of flow process of MMC fabrication method used 1n this study
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3.4.1 Materials

The aluminium alloy used was A359 as a matrix material, and SiC particles were
added as reinforcement particles A359, silicon carbide particles and magnesium were
supplied by the Aluminium Powder Company limited, UK The properties of these
materials are shown 1n Table 3 2 and 3 3 respectively, whereas the thermal properties are
shown in Table 34 This type of aluminum alloy was chosen because increasing the
stlicon content 1n the matrix reduces the dissolution of Si1C and prevents the formation of
chemical reaction product Al4C; Usually 7-15wt% Si1 was used [68,205] A359
alummium alloy has the following characteristics good castibility and mechanical
properties, ight weight and excellent oxidation resistance, and 1s widely used A359 alloy
reinforced with particles or short fibers of Si1C are employed 1n the fabrication of castings
for automotive and aerospace applications Silicon carbide particle was chosen as
reinforcement material because 1t 1s the most used of the particle material for aluminium
alloy matrix composites This 1s because of combimation of mechancal properties,
density and costs [47] The silicon carbide particle's size of 29 2 um was the only size of
the particle, which 1s available from the supplier However, this size 1s not much different
from those used for most molten metal process involving ceramic particles, which tend to

be 1n the range of 10 - 20 um [46]

Table 3 2 Chemuical analysis A359 alloy matrix - wt % (from supplier)

Si Mg Cu Al

8595 055-12 <003 Balance
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Table 3 3 Properties of SiC particles and Mg powder used (from supplier)

Matenal Hardness D5 APS*
[Vickers] [Microns] Chemical analysis [wt %]

SiC S10, S1 Fe Al C

SiC 2800-3300 292
98 73 048 03 009 01 03

Mg 02

Mg - 256
9979 01

* D4, APS = Average Particle Size which 1s based on the cumulative frequency stze
distribution

Table 3 4 Thermal properties of A359 alloy and SiC [246]

Properties A359 SiC
Thermal conductivity [W/m°K] 1520 836
Specific gravity [g/cc] 268 321
Liquidus temperature [°C] 600 -
Solidus temperature [°C] 565 -
Coefficient of Thermal Expansion [x10%K] 209 4

These composites have received a considerable amount of attention because of their
much lower costs of fabrication compared to their continuous fibre-reinforced counter
parts The lower cost of the silicon carbide particle, 1s also the mam reason why this
reinforcement was chosen Continuous forms of reinforcement materials are not suitable
to the stir casting method This 1s because the sturing action 1s found to cause the
reinforcement to fracture Magnesium 1s a well-known wetting agent, used to improve the

wetting of the ceramic by the hiquid alloy
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3.4.2 FABRICATION METHOD

The A359 matrix material was received in the form of 1 2-kg ingot The ingots
were cut 1nto smaller pieces of about 3 to 5 grams weight for each piece The reason for
this was to mimimise the dwelling time, or in the other words, to make the alloy melt
faster Another benefit of using smaller pieces 1s to help to give more precise reading
during weight them The ingots were cut to the small pieces by using a cut off machine,
with a cutting wheel of grade HH especially for non-ferrous metal, with a continuous
flow of coolant, to avoid any overheating of the ingot and also the cutting wheel After
cutting, the ingots were washed using warm water, then dried at about 70°C for about 1
hour, before being weighted For one experiment, about 200 gram of the A359 was
placed into a graphite cylindrical 80-mm diameter x 100mm long crucible The weighing
of the matnix alloy, silicon carbide and magnesium were carried out using an analytical
balance with an accuracy of 0 01 grams 1 wt % of magnesium particles were used as a
wetting agent, and the amount of SiC particles used was varied from 5 to 25 vol % The
graphite crucible was placed inside a steel chamber This method was almost similar to
the method used 1n wettability test 1 to 4 A J-type thermocouple was inserted into the
steel chamber to give a feedback of the temperature mnside the chamber to the temperature
controller of the furnace Special computer software, namely PICO with thermocouple
data logger facilities was used to read the temperature and display it on a computer

monitor

The furnace was preheated to 100°C, and the nitrogen gas set to flow continuously

at a rate of 3cc/mun  All the substances, A359 alloy, SiC particle, and magnesium were
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placed nside a graphite crucible The crucible was then placed in a stainless steel
chamber inside the furnace, and the chamber closed In order to get a controlled
temperature inside the chamber and inside the crucible, the temperature of the furnace
was ncreased step by step, to reach to the temperature of 700°C (took about 4 hours
period) This temperature was raised 1n steps to 200°C, 500°C and 700°C with a ramp
time of 2hrs, 1 hr, and 1 hr respectively This heating procedure was shghtly different to
that used during wettability test because the quantity of the mixture used was higher, and
required additional time to melt Although the thermocouple was not attached to the
crucible, 1t was expected that there was a very small difference between the temperature
inside the chamber with the temperature inside the crucible as 1-hour soaking time was
used In any event, it 1s expected that the temperature inside the crucible was not more

that 700°C The experiment set-up using an electric furnace 1s as shown 1n Figure 3 13

Theoretically the A359 matrix alloy melts completely at about 600°C The
temperature inside the chamber can be obtained from the thermocouple 1n the crucible,
sending a signal to computer monitor screen of data logger system After soaking for one
hour at 700°C, the crucible with molten metal was taken out of the furnace, and before
the stiring started the top layer of the melt was skimmed off This 1s because the top
surface always contains an oxidation and slag layer The slurry was stured thoroughly
for about 4-5 minutes, until the slurry became partly solidified because of the dropping
temperature The sturing was stopped when the slurry became viscous making further
stirring difficult The crucible was then placed back inside the chamber, in the furnace,

then heated back to 700°C for another half an hour The melt was re-stirred for 2-3
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surface to a mmmum It 1s believed that to mimmise this damage, a very low feeding
speed, but constant pressure need to be used For this purpose a HHH grade cutting
wheels was used A diamond cut-off wheel would give a better result, but these cutting

wheels are very expensive, and were not available

Metallographic preparation of particle-reinforced MMC was quite a challenge, as
the reinforcement particles are very hard and fragile compared to the matrix matenals
This combination of respectively hard and soft materials makes it difficult to avoid
damages like cracks and broken reinforcement particles, and relief between the particles

and the soft matrnix during preparation

A Strues Prestopress-3 was used to make specimen mounting A Strues DAP-V
grinding machine was used for the gnnding and polishing operation to prepare samples
for micro hardness testing and for microstructure analysis Grinding is a very important
step 1n the preparation process, as the surface damage done by the cutting are removed by

this step Grinding 1s divided 1nto two steps plane grinding and fine grinding

The objective of the plane grinding 1s to make the sample surface plane, whereas
fine grinding must reduce the surface damage introduces by plane grinding to a level to
make polishing possible SiC paper 1s often used for grinding of metal, and this must be
avoided when the MMC 1s reinforced with SiC particles This 1s because the soft matrix

will quickly be removed whereas the SiC particles will in general remain intact Plane

grinding was performed, on a TEXMET gnnding disc with 30pm diamond  Thus
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grinding was done manually and only very light pressure was applied The plane grinding
took about 5-10 minutes This was followed by fine grinding using TEXMET grinding
disc with 9 ym, 6 um, 3 u m and 1 um diamond suspended in water as a lubricant
Scratches as a result of silicon carbide particles during polishing sometimes are
unavoidable The optical microscope Reichert MeF3 was used for the microstructure
observation This microscope was attached to a video printer which has facilities to print

a photograph

3.5.2 Preparation for Porosity Measurement

Samples used for porosity measurement needed to be grinded in order to make
sure the top and the bottom surface of the sample 1s flat, and to minimise error because of
the surface roughness Density measurements were carried out 1n order to ascertain the
volume fraction of porosity in the samples Two different sizes, and two different mould
materials were chosen 1n order to investigate the effect of size and mould matenal, or
sohdification rate on the density The densities of cast MMC produced, containing
different amounts of S1C particles were calculated by measuring the volume of a known
weight of composite From this data, calculations were made to evaluate the percentage
of porosity in the cast MMC produced To minimise the effect of surface wrregularities, or
the effect of the shrinkage and pores on the surface of the ingot, the average of the
diameter of the sample was used Three reading were taken at three different places on
the sample using a digital Vernier caliper The actual density of each sample was then
directly evaluated from mass/volume The value of density was then compared with

theoretical data [265] This data 1s shown in Appendix E
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3.5.3 Micro hardness and Compression Testing

A micro hardness tester of types LEITZ MINILOAD 2 (Figure 3 21(a)) was used
to measure the micro hardness of the spectmens This tester 1s capable of measuring two
kinds of hardness, Vickers and Knoop In this study, Vickers hardness was employed
According to the indentation diameter of the diamond indenture (pyramid shape) made on
the surface of the samples, the value of the microhardness can be read directly from a
conversion tables provided by the manufacturer For this microhardness measurement,
the indentation load used was 100g The main objective of this was to study the effect of
SiC addition, and to measure the hardness of the matrix alloy For microhardness testing,
it 18 easier to find the suitable place or space for indenture that 1s 1n the matrix, but not on
the particles This 1s difficult to achieve if doing macrohardness such as Brinnell and
Rockwell hardness testing For micro hardness testing, all the sample used need to be
fine polished 1n advanced In this study, hardness of as-cast and after heat-treatment was
tested For as-cast specimens, the hardness was measured as a function of the distance
from the top to the bottom of the ingot, referring to the oniginal position of the ingot
during pouring The results of those measurements are shown 1n Appendix F Hardness
was also measured for each specimen after being heat treated, and the result of these
microhardness tests are shown 1n Apper‘1d1x G A mmimum of 4 hardness measurement

were made on each sample

Ingot A with a diameter of 10 mm was used for compression testing The ingots
were cut 1nto small pieces, with lengths between 10-15mm In order to avoid buckling

during testing, a teflon layers were placed at both sides of the sample The samples also
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MMC was not good, and a special tool has to be used A good surface finish 1s important
for tensile testing, because tensile properties are very sensitive to surface discontinuities
Therefore 1t 1s advantages if this tensile specimen of MMC 1s fabricated directly from

casting, so machining process can be minimised

The dimension of the samples used in the present work followed MPIF Standard
No 10, which 1s comparable to ASTM B783, ASTM E 8 and 1SO 2740 The dimensions
of the sample are shown 1n Figure 3 22 A pattern sample was first machined using a
lathe, and this pattern was used in order to produce a steel mould, using an EDM
machine A metal or steel mould was chosen as mould matenals 1n order to achieve the
advantages of a faster cooling rate offered by this material, compared to graphite The
MMC slurry prepared was then poured into the mould Several different volume fraction

of SiC were used The mould used 1s shown 1n Figure 3 23

r¢483 +0 03
R160
®787 1 R6 35
-— N.— -—
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Figure 3 22 Dimensions of tensile specimen
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It 1s quite difficult to produce tensile specimen directly by using this casting
method Thus is because the size of the mould cavity to produce the sample 1s quite small,
and the ability of the MMC slurry to flow and fill the mould cavity 1s a very important
factor, 1 order to gtve a good sample It was found that the mould should be preheated,
and the temperature of the MMC’s slurry also needs to control If the temperature 1s not
night, the slurry cannot flow into the mould cavity If the temperature 1s too low, for
example below 400°C, the slurry 1s only able to flow to halfway of the mould cavity This
18 because the sturry will solidify very fast, and produce a sample as shown 1n Figure
3 24(a) 1t was found that the mould temperature should be preheated to a temperature 1n
the range of 500°C 1n order to get a good sample with a better surface finished This 1s
shown 1n Figure 3 24(b) However if the mould temperature was too high, for example
exceeding 600°C, the sample produced has a very poor surface finish, this 1s most likely

because of high temperature oxidation, and thus 1s shown 1n Figure 3 24 (c)

It was also found that a good tensile specimen can be produced if the mould
temperature 1s 1n between 400-450°C, however, the slurry temperature should be above
700°C Unfortunately, the temperature of the slurry should not be too high, i order to
avoid the chemical reaction between S1C and aluminium Figure 3 25 shows tensile

specimens produced The tensile tests were carried out on cast and heat-treated samples

A 50 kN INSTRON umversal testing machine (model 4204) was used for tensile
testing The Instron machine consists of a loading frame, and a controller and a plotter

The bastc operation of the instrument consisted of selecting a load cell for a particular
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water at temperatures between 25 to 100° C and the aging temperature m the range of
80°C to 230°C [244 - 246] In this experiment, for A359 alloy, the solution treatment was
carried out at 540°C for about one hour It followed by quenching in 40°C water

Artificial aging (T6) was carried out at the temperature of 170°C
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 INTRODUCTION

The foundry technique 1s seen to be the cheapest method of producing MMC, and
the size of the product hmited to 500 kgs [S7] However the main MMC fabrication
problems such as wettability between substances, the chemical reaction between them,
the distribution of the reinforcement particles in the matrix and also the porosity content
in the matrix, still remain and research continues to aim to solve them In normal practice
of stir casting techmque, cast MMC 1s produced by melting the matrix matenal in a
vessel, then the molten metal 1s stured thoroughly to form a vortex and the reinforcement
particles are introduced through the side of the vortex formed Research related to this
type of cast MMC producing method 1s broad, and 1s still going on However, the mam
approach used remains the same as mention above From some points of view, this
approach of producing MMC by stir casting has disadvantages, mainly arising from the
particle addition and the stirring methods During particle addition, there 1s undoubtedly
local sohidification of the melt induced by the particles, and this increases the viscosity of
the slurry A top addition method also will introduce air into the slurry, which appears as
air pocket between particles The rate of particle addition also needs to be slowed down,
especially when the volume fraction of the particles to be used increases This 1s time
consuming for a bigger product, and there may be a chemical reaction tf the temperature

of the slurry 1s not well controlled
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From wettability test 2, where sturing was apphied to slurry 1n a fully hqud
condition, 1t was found to be very difficult to incorporate particles into the molten matrix
During stining, some of the particles tended to float on the top of the molten alloy After
pouring, 1t was found that most of the particles still accumulated at the bottom of the
crucible Microscopic examination shows that without any magnesum addition as in
mixtures A and B, the wettability 1s virtually zero However with the addition of 1 wt %
magnesium as 1n mixture C and D, some particles got into the matrix The wettability for
mixture C and D 1s about 30 percent and 40 percent respectively These can be seen 1n

Figure 4 2

(a)
Figure42  Micrograph from wettability test 2 (a) Mixture A, (b) Mixture B,

(c) Mixture C (d) Mixture D
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Stirring the slurry in semi-solid condition as was carried out in wettability testing
3 gave a positive result It was found that it was easier to incorporate the particles into the
matrix alloy while stirring 1n a semi-solid state After pouring, 1t was found that only a
little of the particles were left behind, or accumulated at the crucible base This means
that a lot of the particles got into the matrix The microstructure observation shows that,
alt the samples contained a large number of particles especially with the addition of 1 wt
% magneswum, 1in mixtures C and D, with the wettability of about 60 percent and 95

percent respectively, as shown in Figure 4 3
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(b)
Figure 4 3 Micrograph from wettability testing 3 (a) Mixture C,

(b) Mixture D,
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Experimental work to study the effect of magnesium carried out 1n wettability test 4, gave
two different results Stirring 1n fully liquid condition did not help to incorporate silicon
carbide particles nto the matrix, no matter what percentage of magnesium was added
Stirring 1n semi-solid condition gave a positive result All the samples contained 0, 1, 2,
and 3 percent of magnesium, and contained a large number of particles in the matrix
alloy However, metallography shows that increasing the magnesium content increases
the tendency for the particles to agglomerate or clump together These can be seen in
Figure 4 4 According to Sukumaran et al [188] increasing the magnesium content more

than 1 wt percent, will increase the viscosity of the A356 matrix alloy significantly

Figure44  Micrograph from wettability test 4 for the mixture contained

(a) 0% wt Mg, (b) 1wt % Mg, (c) 3wt % Mg
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In wettability test 5, an attempt was made to study effect of the stirring conditions
on the wettability of silicon particles by A359 alloy, with 1 wt % magnesium as a
wetting agent This test gave three different results
1 Stirring 1n fully liquid condition gives zero wettability
1 Isothermal stirring 1in semi-solid condition at a temperature 1n the
solidification range (590°C), then re-stiring mn a fully hquid condition
before pouring, also gives zero wettability For both case (1) and (11), high
level of porosity resuited as shown in Figure 45 and Figure 46
respectively
m Stirring continuously while the slurry become semi-solid from a liquid
condition give good wettability However, comparing to the result from
wettability test 4, it was found that some of the silicon carbide particles

were broken (Figure 4 7), because of increasing shearing action

Figure45  Micrograph for wettability test 5 (1)- sturing n fully liqud

condition, no particle incorporation
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v Varying the cooling time and volume fraction of SiC gave two different
results a fast temperature drop into the solidification temperature range,
improved wettability This 1s shown 1n Figure 4 8 Conversely, increases

in volume fraction of SiC, gave the opposite effect This 1s shown 1n

Figure 4 9

120

100 1

Wettability [%)]
8

» =} =]

Solidification Time [min]

Figure 48  Effect of decrease in sohidification time during stirring on

wettability enhancement
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Effect of volume fraction of silicon carbide particle on wettability

enhancement

Table 4 1 The summary results from the wettability tests

Test Conditions Results
Test series 1 | No sturmg The wettability 1s zero for all cases
Test sertes 2 Stirrmg Only mixture C and D give a little wettability, which 1s
liquid state about 30 percent and 40 percent respectively
All mixture shows a good wettability, especially for
Test sertes 3 Stirring 1n mixtures C (with Mg) and, mixtures D (with Mg and
semi-solid state | treated S1C The wettability 1s 60 percent and 95 percent
respectively
Sturrmg 1 both Stirring n fully iquid condition gives zero wettability
Stinmg 1n semi-liquid condition give a good wettability,
Test sernies 4 | liquid and
but increasing Mg content increase agglomeration of
semi-solid state
particles
Decreasing solidifying time increases the wettability
Test series 5 fﬁﬁi ::iggg Increasing volume fraction of Si1C particles decreases the

wettability
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Results from the wettability tests 1-5 are summarized in Table 4 1 Imtial tests
showed that stirring 1s essential for any incorporation of particles to occur Particles in
test series 1, where there was no stirring simply remained floating on the top of melted

alloy, rrespective of the presence of magnesium or heat treatment of particles

With stirring 1n the hquid condition, poor wetting was also seen when SiC
particles were used tn an as-recetved condition, without magnesum Microscopic
observations show no SiC particles within the matrix alloy or, in other words, zero
wettability This was also the case for treated particles, without magnesium During
stiring some of the particles tended to float to the top of the melt, and others
accumulated at the base of the crucible This occurred irrespective of speed of stirring
After pouning, 1t was found that most of the particles still accumulated at the bottom of
the crucible However, microscopic examination shows that some particles were
incorporated 1n the matrix for mixtures C and D, to which magnesium had been added

The wettability 1s limited, at 30 and 40 percent for mixtures C and D respectively

Stirring the slurry 1n a semi-solid condition 1n wettability tests 3 gave a positive
result Tt was easier to mcorporate the particles into the matrix alloy After pouring, no
particles were left behind 1n the crucible, indicating that they all were incorporated in the
matrix The mucrostructure observation shows that in all samples contained a lot of
particles, with wettability at a maximum of about 95 percent for composition D
containing oxidized particles and 1wt% Mg It was less, at 66 percent, for untreated

particles and magnesium (mixture C)
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Experimental work to study the effect of magnesium (wettability test 4) gave two
different results Irrespective of the weight percentage magnesium, SiC particles were not
incorporated into the matnx when stirring took place in fully hquid condition However,
stiring 1n a semi-solid condition gave a positive result All of the samples, either
contamed 0, 1, 2, or 3 percent magnesium, contained a lgh proportion of particles within
the matrix alloy The addition of 1 wt % magnesium 1s known to improve wettability
[269, 270] by reducing the surface tension of the'hqmd melt, and by promoting chemical
reaction at the solid-hquid interface [269, 271-274] However, metallographic
investigation shows that increasing the magnesium content increases the tendency for the
particles to agglomerate or clump together According to Sukumaran et al [188]
increasing the magnesium content over 1 wt %, increases the viscosity of the A356
matrix alloy significantly The increase in viscosity makes it more difficult to get uniform
distribution of the SiC particles This was previously proposed by Mondolfo [186], whose
experimental result also showed that the addition of 3 wt % Mg to Al-S1 alloy leads to
the formation of a MgsAlg phase, which has a low-melting point and deteriorates the
mechanical properties of the MMC Therefore, the amount of Mg used needs to be

carefully controlled

Wettability tests 5 show that sturing the melt, while the slurry s solidifying, or
when the melt 1s in the semi-solid state improves the incorporation of the SiC into the
matrix In a semi-solid state, pnmary alpha-Al phase exists, so agitation can apply large

forces on the SiC particles through abraston and collision between the primary alpha-Al
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nucler and particles The SiC particles are mechanically entrapped and prevented from
agglomeration by the presence of the primary alloy solid phases This process also can
help to trap the SiC particles and stop them from settling, thus helping to achieve good
wettability It was also found that decreasing the cooling time helps trap more particles

Decreasing the cooling time increases the volume fraction of primary alpha-Al nucles,
improving the possibility to trap more particles into the matrix The second step of
stirring 1s important 1n order to disperse the particles throughout the matnix This 1s
because, the particles (more dense than aluminium) which are already incorporated into
the matrix during semi-solid stirring, will tend to settle to the bottom of the molten matrix

during soaking 1n fully hiquid state

It was also found that the tendency to incorporate the SiC into the matrix alloy
reduced with increasing of volume fraction of SiC This 1s because by increasing the
volume fraction of Si1C particles, the viscosity of the slurry 1s increased, thus creating
greater difficulty and less chance for more particle to be embedded into the melt
According to Moustafa [267], for Al-S1 alloy reinforced SiC particles, the percentage of
the particle addition to the melt can be as high as 20 wt % If the addition 1s hugher than
that, the mixture will become very viscous and will become difficult to stir or cast Caron
and Masounave [268] also concluded that a large amount of particles are difficult to

incorporate by foundry processes to fabricate cast MMCs

In the carly stages of research into semi-solid behavior, 1t was recognized that the

viscosity of scmi-solid sturries provides an attractive opportunity to incorporate ceramic
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particles and produce MMCs [51] It was found that even 1n cases where the ceramic 1s
not wetted by the matrix, the ceramic particles are prevented from settling, floating or
agglomerating by the partially solidified matrix In addition it has also been noted that
increasing the mixing times promote metal-ceramic bonding Cheng and coworkers [276]
reported the reduced in gram size and segregation in structure, relative to those of the

conventional processed casting

It can be concluded that to fabricate aluminium MMCs by using stir casting

techmque, with this proposed approach, some important factors need to be considered

such as
1 Mechanical stirring 1s necessary to help to promote wettability
i Sturing 1n a fully liquid condition does not help to incorporate particles into the

matrix The particles tend to float to the top of the molten alloy, regardless of the
speed of stirring

m Stirring while the slurry 1s solidifying improves incorporation of the particles into
the matnx alloy However the slurry then must be re-melted to a fully hiquid
condition 1n order to enable pouring into a mould Decreasing the solidifying
time during stirring increases the percentage wetting

I\ Using magnesium enhances wettability, however increasing the content above 1-
weight percent magnesium increases the viscosity of the slurry to the detriment of
particle distribution

\ Increasing the volume percentage of SiC particles in the matrix alloy decreases

the wettability
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and provided a clean particle surface This clean surface helps to give good contact
between matrix melt and the Silicon carbide particles, and improves the wettability

between them [270]

In this research, the wettability enhancement was done by using magnesium as a
wetting agent, and the silicon carbide particle was also heat treated during fabrication
process These two combined methods for enhancing the wetting seem to give a very
good wettability between silicon carbide panlcl;es and matnix alloy due to the reasons
mentioned above The presence of excess reactive element such as magnesium 1n
aluminium melt will alter the microstructure of the matrix alloy by forming a low-melting
constituent and will deteriorate the mechanical properties The addition of 3 wt % of
magnesium to A356 alloy leads to the formation of MgsAlg phase, having a low melting
point of 450°C, in addition to the formation of strengthening phase, Mg,S1 [186]
According to [158, 187], the enhancement 1n porosity content with higher magnesium
content may be attributed to the presence of extra magnesum, which 1s known to
increase the solubility of hydrogen 1n the melt, as well as decreasing the fluidity of the

melt

Mechanical stirring mixed the particles into the melt, but in a completely liquid
state, and when stirring stopped, the particles returned to the surface Most of these
particles stuck to one another 1n clusters Gas layers or air pockets between particles can
cause the buoyancy migration of particles, making 1t difficult to incorporate the particles
into the melt In a completely liquid melt, single particles and particle clusters can flow

easily and this gas layer facilitates their flow When the gas layers were broken, the
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contact surface between Silicon carbide particles particle and matrix alloy increased, and
the particles were wetted However, the particles will tend to sink to the bottom (due to

mgher specific weight) rather than float to the surface

44 METALLOGRAPHY AND MICROSTRUCTURAL ANALYSIS

In alumimum-silicon alloy system, alloys with less than 12% Si, such as the A359
being used 1n this research study (8 5 wt %S1, 0 Swt %Mg, 0 03wt %Cu), are referred to
as hypoeutectic In A359, the mucrostructure 1s composed of an aluminum matnx
containing eutectic S1 In general the eutectic Si 1s not uniformly distributed, but tends to
be connected at inter-dendnitic boundaries Optical microscopy was carried out on the as-
cast and heat treated samples Figure 4 9 shows the microstructure of A359 alloy as-cast
condition It can be seen that the eutectic S1 1s not umiformly distnbuted, and most of Si

accumulated at the grain boundaries Eutectic S1 1s present in the form of needles or

flakes shaped

In the specimen produced by using a smaller size mould, however, the grain size
1s finer, and this 1s attributed to the faster cooling rate This can be seen in Figure 4 10
By adding silicon carbide particles to this matrix, the eutectic structure appears to be
gradually modified This can be seen in the A359/Sic/5p and A359/S1C/20p i Figure
4 11 (a) and (b) It was found that the particles showed a strong tendency to accumulate
in the colonies, which froze 1n the last stage of solidification and usually contain eutectic

phases This 1s most clearly seen in A359/S1C/5p microstructure
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The silicon carbide particles were also observed to be accommodated on the grain
boundaries It can be seen that, the aluminium gram structure is equaixed shape This 1s
attributed to the effect of stirring action at semi-solid condition This stirring action
breaks the dendnitic shaped structure, and leaves the structure in equaixed form The
same effect also can be seen when the specimen 1s cast by using a smaller mould of the

same material

Another important aim of microstructural observation 1n the case of non-
reinforced and reinforced samples, investigated 1n the present study, was to quantify
particle distribution in-homogeneities The simplest approach was to consider the number
of particles 1n fixed test area [10,216, 238] Another method involves measurement of
inter-particle separation, although it 1s important to define clearly which inter-particle
separation 1s being considered Often the most useful approach is to measure distances to
nearest and/or near neighbours For this analysis, it 1s necessary to identify clearly the
neighbours of each particle Some researchers have attempted to do this by wvisual
inspection [244] In thus study, visual inspection method was used to quantify the rate of
distribution of Silicon carbide particles in the matrix alloy It can be seen that the
composite materials made by the investigated processing techmque had a cast
microstructure of the matrix accompamed with particles, distributed homogeneously
throughout the casting Relatively umform distribution was observed in almost all the
composites produced However, there are some particles-free zones due to particle

pushing effects during solidification
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It has been reported that the presence of foreign particles, fibres, or other
constraints, significantly affects the solid-liquid interface morphology and microstructure
[51,71, 266] For example, the cellular-dendritic solid-liquid interface of an Al-2%Mg
alloy was highly disturbed by the presence of silicon carbide [71], and the orderly
directional microstructures of Al-S1 alloy were also disrupted by the entrapment of silicon

carbide [57]

Aluminium-silicon alloys are widely used for the casting of high strength
components, because they offer a combination of high achievable strength and good
casting charactenistics However the strength of this alloys as-cast condition 1s very low
A significant increase in strength can be achieved through precipitation hardening by a

T6 heat treatment The mucrostructure of A359 as-cast condition 1s shown 1n Figure 4 13

The dark particles are eutectic structure According to Zhang et al [277], the
microstructure of the solution treated A359 alloy, consists of alpha-Al dendrites and large
number of rounded eutectic S1 particles distributed 1n the inter-dendritic regions Figure
4 14 shows the mucrostructure of A359 matrix alloy after 2 hours aging, under T6
treatment condition It can be seen that there are some changes in the microstructure
between as-cast and after-aging treatment After aging, the needle or flake shaped Si
eutectic structure was transformed to the spheroid shaped Mg,S1 precipitation structure
This transformation 1s responsible for the changing or improvement of the mechanical
properties of the alloy It can be seen that the size of this precipitation becomes finer

when the aging time increases This 1s shown 1n Figure 4 15
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The same changes 1n microstructure occur when silicon carbide particles are added to
A359 alloy The T6 treatment does not change the distribution of the silicon carbide
particles in the matnx alloy, because the treatment 1s done 1n solid state condition, below
solidus temperature This 1s shown in Figure 4 16(a)(b) and (c) However, the addition of
silicon carbide particles to aluminium alloy accelerates aging during thermal treatment,

and this 1s due to the thermal mismatch between the reinforcement and the matnix

45 POROSITY

Another point of concern with respect to casting 1s porosity Particle-reinforced
MMCs are invariably associated with this problem, although the presence of the
reinforcement particles has been seen to be beneficial in some respects Usually 1t 1s
porosity measurements, which are used as a measure of casting quality 1n fabrication
environments In general, a good quality casting practice will keep the porosity level to a

minimum Porosity 1s a void or cavity that anises 1n the interior of a casting during mixing

and solhidification, and 1s the cause of lowering the mechanical properties of the casting

In general, there are two basic mechanisms, which produce porosity precipitation
of hydrogen gas and the density change of the alloy upon solidification Porosity tends to
decrease the mechanical properties of a casting by reducing the amount of matenal that
can carry the applied load, further, the voids often act as stress raisers and preferred

nucleation sites for cracks
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