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ABSTRACT
Aluminium alloys, reinforced with ceramic particles or fibres, are desired materials in
high performance applications due to their superior properties. Amongst Aluminium
Matrix Composites,

interpenetrating composites, with both the matrix and

reinforcement three dimensional throughout the microstructure, are more promising in
providing truly multi functional properties. However, due to the poor wetting between
most metals and ceramics, pressure is normally needed in processing. In this research,
a pressureless infiltration technique was adopted, which has the advantage of offering
complex shape capability, no risk of damaging the ceramic skeleton and is potentially
cost-effective and suitable for commercialization. The aims were to produce AIalloy/Alz03 interpenetrating composites using the pressureless infiltration technique; to
optimize the processing for full infiltration; to understand the infiltration mechanism
and to characterise the composites in terms of both their microstructure and
mechanical properties.

In this research, gel-casting Ah03 foams, having 15-35% foam density with cell sizes
50-200

~m

on average, have been pressurelessly infiltrated using AI-Mg alloys at 790-

915°C in a flowing N2 atmosphere. Effects of processing parameters, viz. Mg content,
temperature and furnace atmosphere, were investigated. By heating the metal-ceramic
couple in Ar and infiltrating in N2, AI-Mg/AhO] composites with full density and no
bulk second phases were produced. In addition, by pre-coating the Ah03 foams with a
Mg-AI or Mg3N2 through a chemical vapour deposition process, both Al and AI-Si
alloy, LM6, have been infiltrated pressurelessly. The latter is important as it raises the
possibility of pressurelessly infiltrating any Al alloy into the preforms.

Microstructures of the AI-alloy/Ah03 composites were characterized using a series of
techniques, including optical microscopy, Field Emission Gun Scanning Electron
Microscopy (FEG SEM), X-ray Diffraction (XRD), Electron Backscattered Diffraction
(EBSD), Focused Ion Beam (FIB) and Transmission Electron Microscopy (TEM). A
continuous AIN and Mg layer has been observed at the metal-ceramic interface (via

I

TEM analysis), with MgAb04 or MgO observed at localised positions. Based on the
results, a two-step nitridation infiltration mechanism has been proposed. The
infiltration is dependent on the reaction between Mg and N2 to form Mgl N 2, which
then deposits onto the AbOJ foam surface. Once in contact with molten AI, MgJN2
reacts with the Al to form AIN, which assists with the penetration. This mechanism has
been suggested by DSC-TGA analysis.

Property measurements of the AI-8Mg!AbOJ interpenetrating composites showed that
they have significantly improved properties compared with either single component
and more traditional aluminium matrix composites. Flexural strength of350 MPa (-20
times higher than that of the Ab03 foams) and wear resistance of Ix10· 12 mmJ/m
(approximately one seventh of the Al-Mg alloy) have been achieved in the composites.
The effects of foam characteristics, e.g. density and cell size, have been investigated;
in particular, the flexural strength of the composites increased with decreasing foam
density and cell size, whilst the wear resistance increased with increasing foam density
and cell size. The strengthening and wear mechanisms were investigated by observing
the fractured surfaces, worn surfaces and wear debris. High strain rate properties were
measured using both ballistic and Split Hopkinson's Pressure Bar tests. The results
showed that the interpenetrating composites are possible candidates for light-weight
military applications, although future work is required in this area.
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CHAPTER 1 INTRODUCTION
It is well known that composites are materials that consist of two or more phases

generally exhibiting properties that are superior to either of the single components.
Metal matrix composites (MMCs), for example, which combine metallic properties
and ceramic characteristics together, show more attractive physical and mechanical
properties such as higher modulus, strength, hardness, wear resistance and reduced
coefficient of thermal expansion (CTE) [1]. Interest in MMCs for use in aerospace,
automotive and other structural applications has increased as a result of the availability
of relatively inexpensive reinforcements and the development of various processing
routes [2]. Metals such as AI, Mg and their alloys have been widely used in composite
fabrication. Their practical and potential applications include: combustion engines,
brake systems in vehicles; parts in turbine engines, helicopters, spacecraft, aeroplanes;
thermal management parts, such as heat sinks, electronic packaging, heat transfer
elements and components of increased wear resistance at low weight [3].

Given that the prospect of making

application~tailored

materials that improve

functionality is appealing for many advanced engineering applications, traditional
approaches usually result in materials with discrete, dispersed and isolated phases
embedded in an otherwise homogeneous matrix material, see Fig. 1.1 [4], which in
many cases does not fulfil these requirements [5]. The drawbacks of these composites
are either limited volume fractions of the second phase or matrix dominated properties.

The different levels of connectivity in a composite are illustrated in Fig. 1.2 [4]; each
phase can be self-connected in 0, 1, 2 or 3 dimensions, hence, for a composite with two
phases this leads to ten different connectivities, from 0-0 to 3-3. The particles or short
fibre reinforced composites, Fig. 1.1, from the point of view of interconnectivity, are
defined as 0-3, or if continuous fibres are used as 1-3 and the sheet laminate composite
as 2-2. More recently attention has focused on interpenetrating/co-continuous
composites, in which each phase is self-connected in 3 dimensions, the 3-3
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connectivity in the figure. In the terminology of percolation theory, each phase spans,
or percolates, throughout the microstructure [6,7].

Continuous
Fibers

Figure 1.1: Types of composite based on the form of reinforcement [4].

0-0

1-1

0-1

•••
2-2

2-1

0-2

~
. . . , mJI
~
0-3

2-3

~
1-3

III

3-3 (two views)

Fig. 1.2 The ten different levels of connectivity as defined in a two phase composite [4].

Since there is rarely a limitation on volume fractions, 3-3 connectivity raises the
possibility of fabricating materials with truly multifunctional properties; each phase
contributing to the properties of the final interpenetrating composite. In addition, due
to the 3-dimensional interconnected network, properties of interpenetrating composites
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should be macroscopically isotropic. Finally, as changes in phase connectivity can
sometime result in substantially different properties, novel properties can be expected,
especially near the percolation limit [5].
It is noticeable, however, that whilst interpenetrating structures are fairly common in

natural materials such as bones and wood, there have been relatively few attempts at
creating them synthetically. The major difficulty in fabricating interpenetrating
composites is in controllably producing the requisite connectivity and spatial
distributions of the two or more component phases, especially on a finer scale where it
is not feasible to assemble the microstructure architecturally [5]. One of the most
widely used methods for fabricating metal-ceramic interpenetrating composites is by
infiltrating one phase into another pre-existing preform or powder beds of the second
phase [8]. Whilst due to the poor wettability between most metals and ceramICS,
pressure is normally needed.

In this research, a pressureless infiltration technique was adopted. There are several
advantages of this, including complex shape capability, hence near net-shape forming,
no risk of damaging ceramic foam skeleton by crushing and it is potentially more costeffective and hence suitable for industrial production. By controlling the structure of
an initial porous material, in terms of the degree of porosity, the size and shape of the
pores, the size of the windows between them and the nature of the struts separating
them [9], it is possible to design and fabricate interpenetrating composites with
customised structures.

However, from literatures the infiltration has so far only been achieved using Mg
alloyed Al alloys; research is needed in both process investigation and the
understanding of the pressureless infiltration mechanism. In addition, although
interpenetrating composites are promising in providing superior properties compared
with traditional composites and potentially suitable for various applications, no
systematic property measurements have been carried out. Hence, the aims of this
research are:

(1)

to process Al-Mg alloy/Ah03 interpenetrating composites using a pressureless
infiltration technique;
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(2)

to optimize the processing conditions for full and fast infiltration;

(3)

to understand the infiltration mechanism, hence to apply pressureless infiltration
for other AI alloys;

(4)

to characterize the interpenetrating composites in terms of both their
microstructure and physical and mechanical properties.

In this thesis, the preparation of ceramic foams, the theoretical background for
pressureless/spontaneous infiltration and the development of various infiltration
techniques and properties of metal-ceramic interpenetrating composites are reviewed
in Chapter 2. The materials, experimental procedures and characterization methods are
described in Chapter 3. Results on the processing of AI-Mg/Ah03 interpenetrating
composites, their microstructure characterization, property measurements and the
infiltration of AI/Ah03 and AI-Si/Ah03 composites are presented in Chapter 4.
Discussion, conclusions and future work are presented in Chapters 5, 6 and 7,
respectively.
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CHAPTER 2 LITERATURE SURVEY
This Chapter reviews the theoretical background and development of the processing
and characterization of metal-ceramic interpenetrating composites. Firstly, an
introduction is provided to the preparation of porous ceramic preforms; a detailed
review is then given of the theories for spontaneous liquid metal infiltration. Different
infiltration techniques for the fabrication of metal/ceramic composites are then
reviewed, with an emphasis on the spontaneous/pressureless infiltration. Finally,
properties of the

interpenetrating metal-matrix composites,

particularly the

pressureless infiltrated AI-matrix composites, are reviewed.

2.1 Processing of ceramic preforms
Porous ceramics with their specific properties, such as high surface area, high
permeability, low mass, low specific heat and thermal conductivity, have attracted
considerate interest both for research and industrial applications. Regarding their pore
connectivity, porous ceramics can be categorized into the reticulate ceramics, which
have interconnected open-cells, and the ceramics having closed voids within a
continuous matrix [10]. While the former are often used for fluid transport, such as
filters and catalysts, the latter are favoured for thermal insulation applications [9]. In
this Section, fabrication techniques, viz. replication and foaming, are reviewed.

2.1.1 Replication
Replication is a widely used technique in industry for fabricating open-celled ceramic
foams; it was first patented in 1963 [11]. A typical flow chart of the process is shown
in Fig. 2.1 [10]. The process involves impregnation of flexible polyurethane foam by
immersing it repeatedly in a ceramic slip, removing the excess slip (generally 25-75%
of the slurry in the polyurethane foam); drying the foam, burning out the polymer and
finally, sintering the ceramic. Foams with pore sizes ranging from 400 - 5000
densities ranging from 5-30% can be produced [9].

5
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Select foam

Prepare ceramic slurry

Additives

Immerse slurry in foam

Remove excess slurry

Evaporate foam/organics

Fig. 2.1 A typical flow chart for the production of porous ceramics by replication [10].

However, due to the burnout of the polymer(s), disadvantages exist in the replication
process [12]. Firstly, voids and flaws may be present in the foam struts, which can
result in lower densities and inferior properties for the foams. Secondly, toxic gases
may be released during the polymer burnout process, which is harmful. An SEM
micrograph of a typical triangular void formed inside a mullite ceramic foam strut is
shown in Fig. 2.2 [13], which was prepared by the replication of polyurethane sponge.

Fig. 2.2 An SEM micrograph of a triangular pore formed inside a mullite foam prepared using
the replication technique [13].

A variation of the replication process is the pyrolysis process, in which the polymeric
substrate is not burned out but pyrolyzed into a carbonaceous material, which is then
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coated with a suitable ceramic. Many porous ceramics can be prepared using this
technique, such as oxides, nitrides, carbide and borides. Chemical Vapour Deposition
(CVD) is usually used as the coating method [14].

2.1.2 Foaming
The foaming of ceramic slurries leads to another series of techniques for ceramic foam
production, which involves dispersing gas bubbles into a ceramic suspension by
incorporating an external gas, such as mechanical frothing or injection, or evolution of
a gas in-situ by using a foaming agent that decomposes within the slurry to generate
gases [9].

A typical process based on the gel casting technique is shown in Fig. 2.3 [15]; the
process has been patented and commercialized by Dytech Corporation Ltd, UK. It
starts with the generation of a foam structure from an aqueous ceramic suspension by
mechanical agitation, then stabilisation of the structure via in-situ polymerisation of
organic monomers. Foam density is controlled by adjusting the suspension foaming
volume. To stabilise the bubble foamed structure, additions of surfactants are normally
needed (Fig. 2.3).

The time between adding the surfactant and the start of polymerization and
stabilization, is known as an induction period. It can be controlled by adjusting the
concentration of the initiator and catalyst, the temperature and the pH [15]. During the
induction period, the suspension, under the forces of gravity, the capillary force and
surface tension, tend to concentrate on cell edges and thin the film wall. As a result,
porous ceramics of different microstructures can be achieved (with different induction
periods): e.g., a closed-cell foam can be formed when the films remain intact until
solidification; whist a porous ceramic with open-cells can be achieved when the
bubbles partially rupture. In addition, a higher degree of bubble enlargement and size
distribution have also been observed in the foams produced with longer induction
periods [15].

7
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I Ceramic powder, organic monomers, water and dispersants I
I Ceramic suspension I
Initiator, catalyst,
surfactant

I

Foaming

I

I Polymerisation I
~

I Removal from mould I

I Drying and sintering I
Fig. 2.3 A flow chart for the production of ceramic foams by mechanical agitation and then the
in-situ polymerisation of monomers [15].

Micrographs showing the typical microstructure of the foams manufactured using the
gel casting foaming technique (Fig.2.3) are shown in Fig. 2.4. It can be seen that the
foams have cellular open-cells connected by smaller windows, Fig. 2.4(a); from Fig.
2.4(b), it can be seen that the foam struts are fully dense.

Fig. 2.4 Typical micrographs of the ceramic foams fabricated using the foaming technique
illustrated in Fig. 2.3.
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Besides the induction period, the pressure under which the foamed slip is exposed is
another parameter that can be adjusted to change cell size. By reducing the pressure,
foams of bigger cell size, independent of foam density, can be produced; micrographs
of the as-fabricated and expanded foams are shown in Fig. 2.5.

Fig. 2.5 SEM micrographs illustrating the cell size enlargement by expansion of the foamed
suspension: (a) non-expanded foam; (b) expanded foam [15].

There are a number of advantages in the gel casting foaming process. Firstly, it can
fabricate cellular ceramic foams with a wide range of compositions and characteristics,

e.g., foam densities in the range of 7-50 % with cell sizes -30-2000 !-lm. In addition,
due to the presence of the induction period, the foamed slurry can be cast into a mould
prior to the polymerization and stabilization; hence, porous ceramics with complex
shapes can be produced via the use of appropriate moulds. Finally, the foams produced
using this technique exhibit excellent mechanical properties, especially when
compared with porous ceramics fabricated by replication, which is a result of fully
sintered dense ceramic struts without flaws [9].

2.1.3 Other techniques
Other techniques are also available for the fabrication of porous ceramics, although
they are not going to be described in detail in this report, such as solid-state sintering
of ceramic particles, or the incorporation of sacrificial additives that are volatile or
combustible during ceramic sintering [16]. Depending on the nature and quantity of
the fugitive phases, the characteristics of the foams, viz. pore volume, size, shape and

9
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distribution, can be controlled. Both organic and inorganic materials have been used in
the foam production, some of the materials can act both as a binder and a pore former
[17].

2.2 Theoretical backgrounds for molten metal infiltration
2.2.1 Wetting of a solid by a liquid
2.2.1.1 Young's equation
The wettability of a solid by a liquid is dictated by the surface energies of a solidvapour-liquid system. The occurrence of the surface energies, or tensions, is due to the
requirement to balance the differences of attractions posed by the molecules inside of
the liquid/solid and those in the environment.

When a liquid comes into contact with a solid, as shown in Fig. 2.6 [18], the liquid will
take a shape.

vapor

liquid

solid
Fig. 2.6 An illustration of the contact angle in a solid-vapour-liquid system [18]

The fundamental relationship between the contact angle and the surface energies in
equilibrium is given by Young's equation as

(2.1)
where,

ri,

energy;

r",

is the liquid-vapour interface energy;

r.,,'

is the solid-liquid interface

the solid-vapour interface energy. The wetting is characterized by the
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contact angle, (). Generally, if () < 90°, the liquid wets the solid; if () > 90°, then there
is no wetting. Perfect wetting is defined as () = 0°, whereas a contact angle of 180°,
indicates complete non-wetting [19].

Young's equation is based on the equilibrium state of a system; in practice, the liquid
droplet may exhibit a series of apparent/dynamic contact angles before reaching the
equilibrium value. This may either be caused by the adsorption of components, which
result in a monotonic decrease of the interface tension (Y si) with time, or more
dramatic transformations, such as reactions [20]. However, it should be noted that the
wettability of the solid by the liquid is affected not only by the thermodynamic
characteristics of the system, e.g., the solubility and reactivity, but also by external
factors, such as the working atmosphere, especially the oxygen partial pressure, and
substrate surface conditions, e.g., surface roughness, crystallographic orientation and
adsorption [21].

2.2.1.2 Immersional wetting
When a solid is immersed in a liquid, the free energy change or the work performed,
IV; , is given as

(2.2)
If 1." > Y", W, < 0, the liquid wets the solid, the solid-vapour interface will be
replaced by the solid-liquid interface. If y" < 1.", W, > 0, the solid will be wrapped
with a gas layer when it comes into contact with the liquid and external work will be
needed in order to replace the solid-vapour interface [22]. Hence, immersional wetting
is affected only by y" andy,,; a change of y" will only be reflected by (), in order to
keep y" cos () a constant in Eq. 2.1.

2.2.1.3 Adhesion
The work of adhesion, Wa , between a liquid and a solid phase is given by

Wa = y" + Y." - 1."

11
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It is equal to the work that must be performed in order to separate one unit surface area
of the two phases in a vacuum. Combining Eq. 2.1 and 2.3 gives

(2.4)
From this equation, the condition for the wetting can be defined as Wo > ri,' which
means that the liquid wets the solid if the energy of the bonds at the liquid-solid
interface is greater than the liquid surface energy [20]. The adhesion of the liquid on
the solid can be obtained by measuring the contact angle in sessile drop tests, which is
one of the most widely used methods for evaluating wettability in liquid-solid systems
[21, 23, 24, 25]. To determine the surface tension (dynamic) of the liquid, the

maximum bubble pressure (MBP) method is generally used [26, 27].

2.2.2 Infiltration dynamics

2.2.2.1 Infiltration into cylindrical capillary
When a cylindrical capillary tube is inserted vertically into a liquid, as shown in Fig.
2.7 [28], the rise or depression of the liquid inside the capillary depends on the
wettability of the solid (the tube) by the liquid. If the liquid wets the tube (e < 90°),

Pc > 0, the capillary force leads to a rise in the liquid; otherwise (e > 90°), Pc < 0,
the liquid is depressed. The capillary pressure balances with the gravity, as:
(2.5)
where, Pc is the capillary pressure; r is the capillary radius; PI is the liquid density;
g , the gravitational acceleration and h, the height of the liquid in the capillary.

12
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Fig. 2.7 Capillary rise and depression in cylindrical capillaries in a liquid [28].

2.2.2.2 Infiltration into packed particles
When infiltrating a liquid into packed particles, the capillary pressure can be predicted
conveniently by considering the porous media as a bundle of capillaries [29]. The pore
size parameter is defined using a hydraulic radius, rh' as

rh

=

volume of liquid column in capillary
area of wetted surface of capillary

(2.6)

d(l- VI')
6AVp

(2.7)

which takes the form as

r
h

=---"--

where d is the average particle diameter; VI' is the particle volume content and A, the
particle shape factor. Substituting rh into the Laplace-Young equation (Eq.2.5), the
capillary pressure, or the threshold pressure is then obtained as

Pc

Vp

= 12AY/v cosB----'--(l-Vp)d

(2.8)

It can be seen that for the infiltration into packed particles, the capillary pressure is
determined not only by the wetting of the system, but also by the volume fraction of
ceramic particles and the average particle size.

Fig. 2.8 shows a schematic of liquid Al infiltrating into a 50% dense preform of
packed SiC particles [30]. From Eq. 2.8, the capillary pressure as a function of the
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e < 90°, Pc is a
spontaneous infiltration occurs; whilst when e > 90°, Pc is

particle size and the contact angle is shown in Fig. 2.9 [30]. When
positive pressure, hence

negative, external pressure is needed for the infiltration and the smaller the particle
size, the bigger the capillary pressure.

Fig. 2.8 A schematic of liquid Al infiltrating into packed SiC particles [30].
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Fig. 2.9 Threshold pressure in the AI/SiC system (in Fig. 2.8) as a function of contact angle
and SiC particle size [30].

2.2.2.3 Effect of non-cylindrical curvature

Trumble [28] studied the effects of a non-cylindrical curvature of pore surfaces on a
complete liquid infiltration of close-packed particles. A cross section of a toroid pore
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showing the static liquid surface with respect to the contact angle (h I R = cos B) is
shown in Fig. 2.1 O. The analysis shows that, limited by the infiltration of tetrahedral
pores, for a complete spontaneous infiltration of non-cylindrical preforms, B = 50.7°.
A schematic illustrating the critical contact angle for the penetration through
tetrahedral and octahedral pores is shown in Fig. 2.11.

e = 30·
-e= 60·
-

-

e = 120·
e = 150·
Fig. 2.10 Cross section of a toroid pore showing the static liquid surface position as a function
of the contact angle [28].

Section BB

Section AA

Fig. 2.11 Illustration of the critical contact angle for a complete penetration of tetrahedral (AA)
and octahedral (BB) section of close-packed particles; B = 50.7°
(cost! =

(m

-I)RI R = 0.633 )[28].
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2.2.3 Infiltration kinetics

2.2.3.1 Spontaneous infiltration
Concerning the kinetics ofliquid metal infiltrating spontaneously into porous preforms,
one of the most widely adopted models was proposed by Martins et al. [31]. Four
forces acting on the liquid column in the cylindrical capillary tube are defined as
surface tension force, F,,; gravitational force, F,g; poiseuille viscous drag force, F,p
and end-drag force, F,,:

F" = 27l1'Y" cos B

(2.9)
(2.10)

F
'P

dh
=-87rphdt

(2.11 )
(2.12)

where, Jl, is the dynamic viscosity of the liquid. From the calculation, the infiltration
rate parameter, ~ , takes the form as
~

=(ry"

cosB)/2j.1.

(2.13)

The relationship between the infiltration height, X and the infiltration time, t is given

as
(2.14)
The infiltration kinetics/rate is influenced by the wettability of the solid by the liquid,
the capillary diameter and the viscosity of the liquid.

2.2.3.2 With external pressure
Hu et al. [32] modelled the infiltration kinetics of liquid into a porous preform (based
on Darcy's law) with the assumptions that the porous preform is "bundles of
capillaries" and that the liquid flow is laminar. The effect of external pressure was
considered in the model. Similar to that of Martins et al. [31], a parabolic relation
between the infiltration height and the time was obtained as:
X

= q .t X
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; =

ri, case
P, -

P'h - pgho

~h =

(Pa - P,h)li
31'

Pv - Pc - pghO

(2.16)
(2.17)

where, .; is the infiltration rate; Pais the external pressure; P, is the gas pressure;

P'h

is the threshold pressure and ho, the initial height of the liquid metal. The influencing
parameters are the external pressure, the properties of the liquid metal and the preform.
Infiltration experiments using an AI-1.5 wt.% Mg aluminium alloy and Ab03 short
fiber preforms showed that an incubation time, to, was required to activate infiltration.
As a result, Eq. 2.15 takes the form as:

X=';.(t-to)Yz, t?to

(2.18)

2.2.4 Wetting of AI 20 3 by molten AI

2.2.4.1 Wetting at high temperatures
The wetting of Ab03 by molten Al is a non-equilibrium phenomenon [23]. Because
the solubility limit of O 2 in Al is very small and the equilibrium partial pressure of 02,

I(o,) in the oxidation reaction of Al is significantly lower than that found in most
experimental or industrial systems, Al tends to oxidise continuously [33, 34]. As a
result, the measured contact angles of Ab03 by molten Al are scattered in a large range,
especially at lower temperatures, and some of the results are suspected to have been
affected by the severe oxidation. However, at temperatures higher than "'900°C and
lower oxygen partial pressures, the degree of scatter is much narrower and the time
needed to reach the equilibrium value is much shorter. Zhong et al. [35] investigated
the wetting behaviour of the AlIa-Ab03 system and reported that at temperatures
below 900°C the contact angles are largely obtuse, whilst at 900°C or above, the
contact angles decrease rapidly and become acute when the temperature reaches
1100°C. The published "intrinsic" contact angles have been collected, as shown in Fig.
2.12 [36, 37, 38, 39, 40, 41]. It is obvious that the contact angle decreases with
increasing temperature and at a specific temperature, a transition from non-wetting to
wetting occurs.
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2.2.4.2 Reduction of surface Ah03
It is assumed that the Ah03 oxide layer is severely damaged at high temperatures and
low 02 partial pressures (Fig. 2.12), therefore resulting in better wettability of Ah03
by Al [36]. The reduction of the passivate Ah03 depends on the initial thickness of the
oxide layer, the 02 partial pressure and temperature. Fig. 2.13 shows the 02 partial
pressure and the time needed for the oxide erosion with temperature. For a certain O 2
partial pressure, there is a temperature under which the oxide grows, whilst above it
the oxide erodes; for an oxide layer, the time needed for its erosion also decreases with
increasing temperature.

Studies on the liquid-solid-vapour triple junction have reported that reaction rings have
been observed at the perimeter of the Al droplet. One explanation is the reaction of the

Ah03 with AI to form gaseous phases at the liquid-solid-vapour triple line; the
possible chemical reactions are shown in Table 2.1 [42, 43]. From the Table, the
equilibrium pressure of the vapour phases is higher with higher temperature and lower
oxygen partial pressure.
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Fig. 2.13 Variation of the O2 partial pressure and the time needed for the oxide
disappearance/erosion with temperature [36].

Table 2.1 Chemical equations for the AI 20 3 vaporization and the corresponding equilibrium
pressure of vapour species [42, 43].

Partial pressure
of vapor species

Chemical equations
AI,O,

T (K)

Po, = 10-' Pa

1000
1500

2.488 x 10-"
8.527 x 10-"

1000
1500

4.455 X 10- 23
1.636 x 10-"

1000
1500

6.565 x 10- 34
3.331 x 10- 11

1000
1500

9.398 x 10-"
1.703 x 10- 17

1000
1500

1.558 X 10- 10
4.023 x 10-'

1000
1500

6.344 x 10-'
5.069 x 10- 1

= AI,O(g) + O,(g)

AI,O, = 2AIO(g) + 10,(g)
AI,O, = 2AI(g) + 3/20,(g)
AI,O, = AI,O,(g) + 10,(g)
I(O,)g = (O)g

4Al(l) + Al,O, = 3AI,0(g)

POl

PA1l0

2
3
4

5

PAhO

6

PAIO

P"

PAI201

= 10-1$ Pa

2.488 X lO- lS
8.527 x 10-'
1.409
5.173

X
X

10-lS
10- 10

2.076 x 10-"
1.053 X 10-'
9.398
1.703

X
X

10- 34
10- 12

Po
1.558 x 10-"
4.023 x 10- 11
Po,
3.922 X 10- 43
1.682 X 10-2)

Investigation of the wetting at the liquid-solid interface of molten Al on sapphire
substrates (a-AIz03) in a low pressure Ar atmosphere, 1 x 10.3 Torr, showed that two
dominant processes occurred at the liquid/solid interface: the epitaxial growth of new
Alz03 layers on the sapphire substrate at temperatures <1 100°C; and the dissolution of
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the sapphire substrate at temperatures> 11 OO°C. The transition from non-wetting to
wetting in the system is suspected to be associated with the formation of an oxygen
rich interphase at the AI-Ab03 interface, which decreases the AI-Ab03 interfacial
energy [23].

2.2.5 Wetting-improving methods
For spontaneous infiltration, it is important that good wetting between the molten
metal and ceramic is achieved. However, the wettability of most ceramics by molten
metals is poor, although the contact angle decreases with increasing temperature and
decreasing 02 partial pressure for the AI-Ab03 system (Fig. 2.12). One way to
overcome the poor wettability is to apply an external pressure, however, it often does
not suffice to assure an optimum contact between matrix and reinforcements,
especially when the reinforcements are fine [44]. Delannay et al. [20] reviewed the
wetting-improving methods; metal alloying, ceramic/solid particle coating and
treatments:

2.2.5.1 Metal alloying
The addition of an alloying element can improve the wettability in three ways: by
reducing the liquid surface energy, by decreasing the solid-liquid interfacial energy
and by promoting chemical reaction(s) at the solid-liquid interface [44]. The promotion
of interfacial reactions is the most active mechanism for improving the wettability of a
solid by molten Al [45].

It is believed that elements having a high affinity for oxygen can lower the interfacial
tension of the liquid metal with oxides; in the presence of oxidizing molecules, these
elements tend to segregate to the metal surface [20]. Li is the most efficient element in
promoting wettability, whilst for the infiltration of Al alloys, Mg is most widely used.
The role of Mg has been addressed as: scavenging oxygen; reducing the melt surface
tension; and inducing interfacial reaction, which lowers the liquid-solid interfacial
energy [46, 47].
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2.2.5.2 Ceramic coating
If surfaces of non-wetting particles/ceramics are coated with a layer of metallic
material, which essentially increases the overall surface energy of the solid, the wetting
of the solid by the liquid can be improved [44]. Ni, Cu, Ag and Cr have been used as
coating materials, among which, Ni is frequently used in fabricating AI-based
composites [48]; the non-wetting condition of the ceramics has been overcome with
contact angles of 12.28° for Ni-coated SiC and 11.68° for Ni-coated Ah03 [48]. The
favourable effect of the metallic coatings on the wetting kinetics is partially due to the
high exothermic reactions between the liquid Al and the metallic film, e.g., the heat of
formation of the NiAh phase is highly exothermic [49].

In addition, Ni-P coating has also been used to improve the wettabiIity of Ah03 by
molten Al [50]. Micrographs showing the influence of Cu coating on the wetting of Al
on Ah03 are shown in Fig. 2.14 [51]. The coating significantly improves the wetting,
although a slight dewetting phenomenon is also observed after the minimum contact
angle is achieved.

Fig. 2.14 Wetting behaviour of Al on Ca) Ah03, 120 min; Cb) Cu-coated Ah03, 2 mins [51].

2.2.5.3 Other treatments
Pre-treatment of ceramic particles using K2ZrF6 has also shown that this compound
can significantly improve the wetting between Al and ceramics [52]. The improvement
has been ascribed to the weakening or disruption of the oxide film by K2ZrF6, which
21
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reacts with the Al to form K3AlF6 with the latter further reacting and dissolving the
Al203 [53, 54].

In addition, techniques used to clean particle surfaces, such as ultrasonic techniques,
various etching techniques and heat treatments have been widely investigated. By
heating SiC to 900°C, surface impurities and adsorbed gases can be readily removed,
which enhances the wetting [55].

The effect of chemical reactions on the wettability of Al/Si0 2 and TilAh03 systems
has been studied by Zhou et al. [56]. The role of the beneficial effects of reactive
additives on wettability, has been addressed and two reasons postulated: a reduction of
interface energy by the negative free energy of chemical reactions between the reactive
element and the substrate, and by the formation of reaction products at the liquidsubstrate interface. It was proposed that a volume change of the ceramic substrate
(after reactions) may play an important role in the effect of the reactions on the
wettability; the increase in the ceramic volume of the substrate, improves the
wettability. However, it should be noted that severe reactions or the formation of
brittle reactants can be detrimental to composite properties. Hence, controls of the
reactions are needed.

2.3 Molten metal infiltration techniques
Mortensen et al. [57] categorized the processing routes for MMCs as liquid-state,
solid-state and deposition processes. Amongst these categories, the liquid-state
processes have the potential advantages of achieving a near-net shape product in a
relatively simple, cost effective manner with a wide selection of materials and good
bonding between the reinforcements and the metal matrix [58] and, hence, are widely
used. With the consideration of external pressure, the liquid-state infiltration processes
can be further categorized as forced infiltration and pressureless infiltration.
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2.3.1 Forced infiltration
With respect to sources of the forces/pressures, forced infiltration processes can be
classified into several groups [57], as:
I) Vacuum infiltration;
2) Gas pressure infiltration,
3) Pressure assisted investment casting;
4) Mechanical pressure infiltration;
5) Pressure die infiltration;
6) Squeeze casting infiltration, which further includes direct squeeze infiltration
and indirect squeeze infiltration.
7) Centrifugal infiltration;
8) Ultrasonic infiltration;
9) Lorentz force infiltration;
10) Electromagnetic infiltration.

Fig. 2.15 shows a schematic of a direct squeeze casting process [59] in which the die
and the preform are preheated to Tl and Tr, respectively. The superheated liquid
metal/aluminium with a temperature of To is poured onto the preform and squeezed
into the porous preform by the upper punch, followed by solidification.

upper punch

die

F

hot preform

""'..:
,,'
fic::,-t,~,;
,",'b,';)Il

t

,1 ,l"

,",tJ!Y' !,

0

0

!!R~':' '1..;.1,
:,!.' 'gl
,~"''''~
.'

"

heater

lower punch
F

Fig. 2.15 A schematic of a squeeze infiltration process [59].

The behaviour of the liquid metal and the infiltration stages during the process are
shown in Fig. 2.16 [60]. Where the superheated metal enters the perform (region 3),
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the metal is liquid; further inside of the perform (region 1), liquid and solid metal
coexist due to the cooler preform. A further heat flow occurs in region 2, where the
metal solidifies first. In the uninfiltrated portion of the perform (region 4), existing gas
is pushed and heated by the oncoming metal.

Maid at T,

Vent

Region 2
Region 3

- - - Region 4
Vent

T
To

Region 3

Region 1
Region 4

A'

A

Fig. 2.16 Illustrations of the squeeze infiltration stages [60].

One of the main advantages of the forced infiltration is a high efficiency, e.g., a
composite can be fabricated in only 1 or 2 mins (Fig. 2.15). In addition, due to the
pressure applied, composites of high densities can be fabricated. However, there are
also some limitations. Due to the presence of the external pressure, the preform
normally requires a high solid/ceramic content; otherwise, the ceramic skeleton will be
crushed by the punch. In addition, it is difficult to fabricate complex-shaped
components using forced infiltration, and the cost for the facilities and moulds are
relatively high [61].
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2.3.2 Reactive melt infiltration
One of the pressureless processing techniques is the reactive melt infiltration, in which
a sacrificial preform, usually silica-based precursor or mullite, reacts with the molten
metal and drives the metal into the preform [62, 63, 64].

A schematic diagram illustrating the reaction and growth mechanism of an Ah03/Al
composite is shown in Fig. 2.17 [65]. By immersing a sacrificial Si02 preform into
molten AI, the Si02 is gradually reduced and transforms into an interpenetrating
Ah03/AI composite. A micrograph showing the microstructure of an AI-Si/Ah03
interpenetrating composite is shown in Fig. 2.18 [66], which was produced by
infiltrating of molten Al into dense mullite at 1 100°C.

AI

SiO,

Preform

Metal bath

Reaction front
Fig. 2.17 A schematic of the growth mechanism ofthe AI,OJ/AI composite by reaction ofSiO,
with molten AI [65].

Fig. 2.18 An SEM micrograph showing the AI-Si/AI,OJ interpenetrating composite produced
by the reaction between molten AI and dense mullite at I 100°C (for 150 mins) [66].
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Besides silicate and Al alloys, ceramics such as carbides and oxides with molten
metals such as Mg, Fe, Ni and their alloys, can also be employed as sacrificial
preforms and reductive agents, respectively. Suitable combinations of the sacrificial
oxides and reductive metals at IOOO°C and 1800°C are listed in Table 2.2 and 2.3,
respectively [65].
Table 2.2 Possible oxide/metal composite forming systems at IOOO°C [65).
Produced
composite
AI,OJ/AI

Molten metal as
reductive agent
Al

MgO/Mg
NiAI,O,/AI
CoAI,O,/AI
IVIgFe,O,/Mg

Mg
Al
Al
Mg

Sacrificial oxide as preform
CuO, NiO, CoO, MnO, WO" MoO" TiO" SiO"
Cr,OJ, FeJO" Ta,Os, Nb,Os, NiCr,O" MgFe,O"
FeCr,O" MgCr,O" NiAI,O" CoAI,O,.
CuO, CoO, MnO, SiO" Y,OJ, UO,.
NiO
CoO
Fe30,

Table 2.3 Possible oxide/metal composite forming systems at 1800°C [65).
Produced
composite
AI,OJ/AI

Molten metal as
reductive agent
Al

TiO,lTi
UO,/U
MgAI,O,/AI
NiAI,O,/AI
CoAI,O';AI

Ti
U
Al
Al
Al

Sacrificial oxide as preform
NiO, CoO, MnO, MgO, MoO" TiO" Cr,OJ,
Ta,Os,
NiO, CoO, Mno, MoO" Cr,03, Ta,Os.
MnO.
MgO, MgCr,O,.
Nio, NiCr,O,.
CoO.

The process of reactive melt infiltration is suitable for a wide range of compositions.
The disadvantage of the process, however, is a low infiltration rate, which is limited by
the kinetics of chemical reactions between the molten metal and the sacrificial preform
[66]. Parameters that can be adjusted to accelerate infiltration include 02 partial
pressure, temperature and the compositions of the sacrificial substrate/metal couple;

e.g., in the case of a silicate preform, Si concentration in the molten alloy will slow
down the infiltration.
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2.3.3 PRIMEX™

2.3.3.1 Pressureless infiltration
The PRIMEX route (Lanxide Corporation, USA) is another technique for the
fabrication of metal matrix interpenetrating composites. The technique was first
patented in 1991 by Aghajanian et al. [67]. Schematics of the experimental
arrangements are shown in Fig. 2.19 [68], in which a Mg containing molten AI alloy
was infiltrated spontaneously into a ceramic preform in a nitrogen atmosphere. In the
first assembly (Fig. 2.19), a reinforcing material high enough was employed to
determine the infiltration kinetics. In the second, fixed quantities of the alloys and
filler materials (with the same volume content) were employed and the weight gains of
the fully infiltrated composites were then measured to study the influence of different
processing conditions on nitridation.

Permeable
refractory
container
Reinforcing material
Sintered alumina tray
Fig. 2.19 Schematics of the infiltration assembly (a) to determine infiltration kinetics; (b) to
determine nitridation [68].

Based on the processing temperature, Rao and Jayaram [69] classified the PRIMEX
route into two categories: (l) infiltrating AI into pre-shaped porous ceramic preforms
at low temperatures (800-950°C) and (2) growth of AINIAI into preforms at high
temperatures (above 1000°C). At low temperatures, the infiltration is driven by a
capillary force and the matrix is predominantly AI or its alloys with isolated
dispersions of AIN. At high temperatures, the infiltration is governed by capillarity and
the nitridation reaction, which might result in an AIN rich matrix [70]. Micrographs of
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an AllAh03 interpenetrating composite fabricated by the PRIMEX route are shown in
Fig. 2.20 [69]. It can be seen that with the infiltration depth, the degree of nitridation
varies in the composite, from AIN rich to Al metal rich, indicating a microstructure
gradient.

Fig. 2.20 Cross-sections and microstructures of the AI-A1203 composite: (a) at 900°C and (b)
at 1OOO°C: (top) AIN-rich matrix composite, (bottom) metal rich matrix composite [69].

Scholz and Greil [71], by studying the nitridation reactions of molten AI-(Mg, Si)
alloys, categorized the nitridation into four types:

(1) Passivating surface nitridation
(2) Volume nitridation with precipitation of isolated AIN in the Al matrix
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(3) Volume nitridation resulting in a three dimensionally interconnected AIN-AI
composite microstructure
(4) Breakaway nitridation with complete conversion of AI to AIN.

By directed melt nitridation of AI melt (without the presence ofthe ceramic performs),
AI/AIN composites have also been fabricated [72].

2.3.3.2 Role ofN2
Based on the fact that both Mg and N2 are needed for the PRIMEX route, it has been
suggested that the infiltration is dependant on the reaction between Mg and N2 to form
Mg3N2 [73]:

3Mg + N2

~

Mg3N2

(2.19)

which then react with AI to form AIN by the reaction:

Mg3N2 + 2AI

~

2AIN + 3Mg

(2.20)

The overall reaction is:

N2 + 2AI ~ 2AIN

(2.21)

Mg is retained in the cycle and reintroduced to the melt, those serving as a catalyst,
whilst N2 helps prevent Mg loss. The feasibility of the AIN formation in the presence
of Mg and Si with nitrogen and/or ammonia as reactive gases has been investigated.
The possible reaction cycling ofMg is shown in Fig. 2.21 [74].

Saravanan et al. [75] studied the role ofN2 on the surface tension of AI, Fig. 2.22, and
concluded that at temperatures higher than 800 oe, it greatly reduced the surface
tension of the AI well below that in Ar due to the reaction to form AIN. In contrast to
the formation of Mg3N2, the formation of AIN is critical to successful infiltration. It
has been reported that the contact angle of AI on AIN is 41 ° at I!OOoe, which is half
that of AI on Ah03 [76]. Hence, it is presumed that it is important to form AIN
throughout the part to achieve a complete infiltration. The role ofN2, from this point of
view, is a wetting agent that facilitates the formation of AIN [77].
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Fig. 2.21 The proposed mechanism of nitridation in the AI-Mg-Si system [74].
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In addition, N2 may reduce the oxide and form AlN by the reaction:

2Al20 3 + 2N2

~

4A1N + 302

(2.22)

The critical partial 02 pressure, Po, is given as

(2.23)

where, aAI,o, is the activity of Ah03; a AIN is the activity of AlN; I'>G/ is the Gibb's
energy for the nitride formation; R is gas constant and T is temperature. In the case
that P , = 1 and T = 1000°C, the critical Po, for nitridation is below 10.20 Pa and the
N

Gibb's energy is 90S kJ/mol [71].

2.3.3.2 Role of Mg

Based on the fact that AlN has been observed and with thermodynamic considerations
that Ah03 will form in preference to AlN unless the oxygen partial pressure is
exceedingly low (see Fig. 2.23 [7S]), it is proposed that the role of Mg is to scavenge
the 02 in the atmosphere [79].

- 10.....----------,

-15 ;

-25~

MgO

M!llN2L

........

-300~---".."..---~

O.S

1.0

Weight Fraction
Fig. 2.23 Isothermal Pourbaix diagram at lOOO°C for the condensed phase mixtures of the Al-

N-O and Mg-N-O systems [78).

The influence of the residual O2 on the pressureless infiltration of Al-Mg alloys into
Al203 foams has been investigated [SO]. Instead of thermodynamic stability
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considerations, it is concluded that the experiment is more influenced by the kinetic
availability of O2 in flowing N2 gases. At its lowest values (below the solubility of O2
in the alloy), O2 does not interfere with either infiltration or nitridation reaction; at
intermediate values (the 02 is several orders lower than one atmosphere of N2, e.g.
commercial N2 with SOOO ppm 02 at 97S°C), infiltration can occur and nitridation is
suppressed; at a critical upper value, the metal melt passivates due to oxidization and
no infiltration occurs. The residual 02 content in N2 strongly influences the amount of
AIN formed. With increasing 02 content from 10 ppm upwards (balance N2), the
nitride content decreased in the matrix from 64 to 6 wt. %; an AIN content of 64 wt. %
was obtained in a N2-2%H2 atmosphere.

An infiltration investigation of AI-2wt. %Mg alloy into Ah03 performs in the
temperature range of9S0-107SoC showed that using an AI-Swt. %Mg as an external
getter of 02, thicker sections of the composites (7.S mm) were achieved; without the
getter, however, the infiltration tenninated prematurely leading to a 1 or 2 mm
thickness only [81]. The AI-SMg alloy was put on the top of the perform assembly
(with the metal on the preform bottom) or in the pass of gas flow before the perform
assembly.
Rao et al. [69], by studying the pressureless infiltration of AI-Mg alloys into alumina
preforms in a N2 atmosphere, reported that the role of magnesium is two fold, i.e. in
initiation of infiltration and in the continuation of infiltration. The infiltration was
initiated by the reaction of Mg with surface Ah03 to form a non-protective oxide layer,
thereby reducing the surface Ah03 layer and making the contact between the liquid
metal and ceramic preform. Termination of infiltration was due to the localised Mg
depletion at the infiltration front, which absorbs the residual 02 and keeping the front
from passivate oxide. The Mg loss might have resulted from Mg evaporation or the
reactions to form MgO or MgAh04. The possible reactions are shown in Eq. 2.24 2.26:
Al 2 0 3 + 3Mg

~

3MgO + 2AI;

4Al 20 3 + 3Mg ~ 3MgA1P4 + 2Al;
Mg(g) + (l/2)02(g)

32
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(2.2S)

(2.26)
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Similarly, a significant Mg loss has also been observed in the infiltration of AI-Mg
alloys into SiC preforms by Rod et al. [82]. The Mg losses versus the temperature and
time are shown in Fig. 2.24; the remaining Mg significantly decreased with increasing
temperature, with up to -60-100 wt.% at temperatures> 11 OO°C and almost totally lost
at the highest testing temperature. Predictions of the loss due to formation of spinel at
the metal-ceramic interface and the evaporation rate ofMg have been appended in [69].
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Fig. 2.24 Remaining Mg in the alloy (due to Mg loss) versus temperature and time [82].

2.3.3.3 Influence of other factors
Rodriguez-Reyes et al. [82] studied the infiltration of AI-Si-Mg alloy into SiC
preforms and concluded that there is an incubation period in the process, which is
significantly influenced by temperature; the higher the temperature, the shorter the
incubation period. It is concluded that the infiltration is a thermally activated process
and three stages characterizing the process are identified as (1) an initiation infiltration;
(2) an arrest and (3) a reactivation of the infiltration. The arrest stage is attributed to
Mg depletion.

From a thermodynamic point of view, surface tension (energy) is defined as [83]

r=(~~)pT

(2.27)

where, G is the Gibbs free energy; A is the area. Eq. 2.27 can be further written as
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y=H +T(a r )
aT p
where H is the surface tension in contact with air. As

(2.28)

ay < 0 ,

aT

the higher the

temperature, the smaller the surface tension. Two empirical equations describing the
influence of temperature on surface tension are as follows:
yV%

= k(Tc - T)

r=yo(l-~)"

(2.29)
(2.30)

Tc

where, V is molar volume; yO is the standard surface tension, a constant for each liquid;
and Tc is critical temperature, above which the distinction between liquid and gas
phases does not exist. With increasing temperature, the viscosity of the liquid
decreases, the diffusion rate of atoms increases [20]. As a result, the mass
transportation will be quicker at higher temperatures.

2.4 Properties ofmetal-ceramic interpenetrating composites
2.4.1 Flexural strength and toughness
It is well known that the majority of metal·ceramic composites exhibit supenor
fracture toughness and damage tolerance compared to ceramics. A dominant
mechanism is believed to be crack bridging by ductile metal ligaments, which provides
closure forces in the crack wake, thereby reducing the crack tip stress [84, 85, 86, 87,
88].

Prielipp et al. [89] studied the mechanical properties of AllAh03 interpenetrating
composites produced by gas pressure infiltration. They reported fracture toughnesses
up to 10.5 MPa m l12 and fracture strengths up to 810 MPa obtained in the composites
(the intrusion channellmetalligament in the composites was < 1flm and the Al content
was in the range of 25-35 vol.%). Possible reinforcing mechanisms, as illustrated in
Fig. 2.25, are bridging of cracks by ductile phases and/or matrix grains.
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1

(J

r

Fig. 2.25 Schematic diagram showing possible crack bridging mechanisms in metal ceramic
composites: (I) bridging by ductile phases and (2) bridging by matrix grains [89].

Travitzky et al. [90] investigated the mechanical properties of AhOiCu-O composites
and found that crack bridging by plastic deformation of metal ligaments, and the
increase of ligament diameter (associated with decreasing ceramic content) were the
possible strengthening mechanisms. A cuprite network surrounding the alumina grains
was observed, which resulted in the brittle fracture of the ceramic and deteriorates the
Cu toughening effect.

In addition to crack bridging, crack deflection [91, 92, 93] and process zone shielding
[94] are other possible mechanisms, although their effects are believed to be smaller
[84, 95]. SEM micrographs of a crack induced by a Vickers indenter on the polished
surface of an AhOrTiAI-TbAI interpenetrating composites are shown in Fig. 2.26. It
is concluded that crack deflection by the Ah03 grains and crack bridging by the ductile
intermetallic control the fracture toughness of this composite [96].

A study on the mechanical properties of hot pressed Ah03INiAI composites showed
that the flexural toughness of the composite is significantly improved due to the
presence of elongated NiAI flakes. The toughening effect was contributed to a
combination of crack deflection and crack bridging due to the presence of weak
Ah03INiAl interface and the interconnected NiAI particles. The increase in the
strength was partly attributed to the microstructural refinement of the composite [97].
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Fig. 2.26 TiAl/Al,03 composite with indentation cracks: (a) deflection by interface grains, (b)
plastic deformation of metal phase (mainly Ti3Al) [96].

Peng et al. [98] investigated 6061Al/saffil (short fibre agglomerate) composites and
reported that the composite (Fig. 2.29) possessed higher energy absorption capability
and better damage tolerance compared with conventional 6061Al/saffil MMC. From
Fig. 2.27, the crack propagates along the metal-ceramic sphere interfaces, which
generated crack deflection. At the same time, however, when the crack deflection was
far away from the main crack direction, the crack may also pass through the spheres.

Fig. 2.27 Micrograph showing the crack propagation along the metal-ceramic interfaces and
through the ceramic spheres in a 6061Al/Al,03 composite [98].
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It has been found that the presence/formation of second phases, e. g. spine I or AIN in
the composites, can also influence the composite fracture strength and toughness. Lii et

al. [99] studied the properties of AIN/AI composites and reported that with increased
AIN content (from 51.2 to 70.0 vol.%), the fracture strength of the composites
increased. The fracture toughness, however, showed no obvious dependence on the
AIN content, while the ductility of the composite decreased. Ductile neck fracture in
the AI, brittle intergranular fracture between the smaller AIN grains and transgranular
fracture within bigger AIN grains were observed.

In a related crack growth study of Ah03 particle-reinforced AIN/Al matrix composites
[100] illustrated that the fracture toughness of the composite decreased with an
increase of AIN content. It was believed that higher AIN content exhibited higher
constraint on the Al phase, hence decreased the total energy dissipation capability of
the Al by plastic deformation.

2.4.2 Wear resistance
It is believed that amongst MMCs, co-continuous/interpenetrating composites with
both matrix and reinforcement phases interpenetrating throughout the microstructure
are more promising in providing light weight and wear-resistant properties [101].
Ceschini et al. [102] studied the wear behaviour of interpenetrating Ah03/Al
composites and found a scar depth ten times lower in the interpenetrating composites
than conventional MMCs. In addition, although a transition from mild to severe wear
was observed in the latter at a critical load, no transition was observed in the
interpenetrating composite under the same testing conditions.

The possible

applications include: automotive disk brake rotors and callipers, pistons, cylinder liners,
connecting rods, turbine compressors, and bicycle components [101].

However, wear resistance cannot be considered as an intrinsic material property [103].
No consistent wear behaviour of composites has been established [104]. This is due to
the fact that wear is a complex process, which is influenced not only by testing
conditions such as loads and lubricants, but also by the characteristics of matrix and

37

H. Chang

Processing and characterisation 0/3-3 AI-alloy1Al10 J interpenetrating composites (lPes)

reinforcements (e.g., type, form and volume fraction), and matrix-reinforcement
interfacial bonding [105, 106, 107, 10S].

A study on the wear behaviour of an AE42 Mg alloy and an AE42+20 vo!. % saffil
short fibre composite showed that a crossover, a load above which the wear rate ofthe
composite was higher than the alloy, existed. What is more, this crossover shifted to
lower loads with increasing sliding speed [105]. In addition, the wear behaviour of
Ah03/Al interpenetrating composites showed that whilst they were significantly
superior to traditional MMCs under abrasion wear under soft silica, they had similar
wear resistance where abraded by silicon carbide particles [101].

2.4.3 Hardness
Lii et al. [99] studied the properties of AIN/Al composites and found that with an
increase in AIN content the hardness of the composite increased. Similarly, an
investigation on the properties of AI/Ah03 composites showed that the matrix
hardness increased from 3 to 9 GPa when the processing temperature was raised from
950°C to 1075°C as a result of an increase in AIN content [SI].

A hardness study on AI/(Ah03P+SiCp) hybrid composites showed that with 1 wt.% Mg
in the alloy, the matrix hardness sharply increased (compared with 0% Mg); further
increase in the Mg content, however, resulted in only slight improvements. The sharp
increase was attributed to solid solution hardening of the matrix as well as
precipitation of intermetalllics, such as Mg2 Si [106].
Chen et al. [109] investigated the properties of AI-matrix SiC whisker composites
fabricated by pressureless infiltration and showed that the composite hardness
decreased with increasing distance from the preform/melt interface as a result of a
microstructural gradient.
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2.4.4 Thermal and elastic properties
It is believed [lOO] that the thenno-physical behaviour of metal-ceramic composites is
important for their applications in electronic packages. The main factors controlling
this behaviour of the composites were volume fraction and size of the reinforcement,
temperature and the presence of residual stresses.

A study on an AI/Ah03 interpenetrating composite with 70 vol.% ceramic produced
by pressure infiltration showed that a thennal expansion as low as 8.9xI0-6 K- 1 was
obtained [110]. Thennal cycling damage assessment of AI-Ah03 and NiAI-Ah03
composites [Ill] showed that unlike traditional composites, co-continuous composites
exhibited superior resistance to thennal cycling damage.

Fluorescence microprobe spectroscopy was employed to assess the microscopic
residual stresses and the stress field developed around a propagating crack in an
Ah03/AI composite fabricated by liquid metal infiltration [112].

A close

correspondence between microscopic stress fields and macroscopic R-curve behaviour
was found.

Shen [113] modelled the thennal expansion response of metal-ceramic composites
with respect to three types of phase connectivity: metal-matrix, ceramic-matrix and
interpenetrating composites. For fixed phase concentrations, the CTE of the composite
depended strongly on the phase connectivity, with the metal-matrix and ceramicmatrix composites showing the highest and lowest CTE values and the interpenetrating
composite closer to those of the ceramic-matrix composite, Fig. 2.28.

The influence of phase morphology and the modulus ratio of the constituent phases on
the Young's modulus of AllAI 20 3 interpenetrating composites were investigated by
Moon et al. [114]. For two-phase interpenetrating composites with a modulus ratio
greater than 5, the effective medium approximation (EMA) with an appropriate
microstructural shape factor, was the most consistent. Their results showed that
changing the composite co-continuous phase morphology had only a limited influence
on the composite modulus.
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Fig. 2.28 Composite CTE as a function of SiC volume fraction; modelling result without the
consideration of thermal residual stresses [113].

2.4.5 Ballistic properties
For an armour tile to be effective, it needs both high penetration resistance and the
capability of withstanding more than a single impact, the multi-hit potential. Ceramics,
such as Ah03, SiC, TiB2 are attractive candidates for ballistic applications in terms of
their abrasion resistance, which can blunt the incoming projectiles and absorb the
energy in defeating the threat. However, most of the ceramic tiles have poor multi-hit
potential that shatter after one or few impacts and need to be replaced [115].

The application of polymer-matrix composite materials has principally been driven by
the need to increase performance in lightweight vehicles. The polymer composite
backing serves a dual purpose: (l) carrying the bulk of the structural loads and (2)
absorbing the kinetic energy of the eroded armour piercing (AP) projectile [116]. The
development of tough, high-strength, high-modulus fibres has also led to the
applications of fabrics and compliant composite laminates [117]. Fabric armour, e.g.,
Kevlar®, Twaron® and Spectra®, has been widely applied for ballistic protection as a
result of its high strength, high tenacity and lightweight [118].
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In addition, Ti 6-4 backed ceramic [119], functionally gradient systems based on
TiB2ITiBITi [120] and metal backed systems are also attractive candidates although
their performance are still being investigated. It was reported that an armour using a
Ti-6-4 layer surrounding a ceramic-based core provided somewhat improved
performance, however, the ceramic core eventually cracked when struck multiple
times, thereby eliminating the armour's effectiveness [119]. In addition, although
graded composite tiles provide abrasion resistance and better toughness, a study on

TiB2/TiB/Ti functional materials with four, five, and six layers showed no significant
improvements over the monolithic material [120]. Hence, one of the aims of the
research was to evaluate ballistic properties of the interpenetrating composites for
these applications.
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CHAPTER 3 EXPERIMENTAL
3.1 Composite processing
3.1.1 Materials

3.1.1.1 Aluminium alloys

AI-Mg alloys containing approximately 2, 6, 8 and 10 wt.% Mg were produced from
commercially pure Al and an Mg-AI master alloy, AZ81. The compositions of the raw
materials are given in Table 3.1. The Al was melted in a covered clay-graphite crucible
in air, then a piece of AZ81 of the correct size was immersed into the melt. After the
AZ81 was melted, the melt was stirred using an Ah03 rod, the slag was removed and
the melt was poured into a steel mould. Ingots weighing -500 g each were made. To
compensate for Mg loss during casting, 15 wt.% excess Mg (approximately 16 wt.%
AZ81) was used for each composition.

Following casting, sections were cut and ground on all surfaces using successively
finer grades of SiC paper from 120 to 1200 grit to remove any defects or residual
oxides and to get a good surface finish. Compositions of the alloys were then measured
using bulk Energy Dispersive Spectrometer (EDS) and the results are given in Table
3.2. A micrograph showing the melting temperatures of the Al-Mg alloys is shown in
Fig. 3.1. Standard commercial aluminium alloys, LM6 (AI-Si alloy) and 6061 (Al-MgSi alloy) were also used in this research with their compositions given in Table 3.3.

Table 3.1 Compositions of the commercially pure AI and AZ81 in wt.%.

Material

Al

AI

Remainder

AZ8l

7.0 - 8.5

Mg

Fe

Si

< 0.1

< 0.1

Remainder

42

Zn

Mn

0.3 - I

0.1 - 0.3
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Table 3.2 Compositions of the AI.Mg alloys as·cast in wt.%. Other elements present
constituted <0.02 for all the alloys, the balance was AI.
Alloy

Mg content

AI-2Mg

2.3

AI-6Mg

6.3

AI-8Mg

8.2

Al-10Mg

9.9

Table 3.3 Compositions ofLM6 and 6061 in wt.%. The remainder was AI.
Material

Si

Mg

Cu

Fe

Mn

LM6

12.2

0.09

0.1

0.4

0.2

6061

0.6

1

0.3

Cr

0.2
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3.1.1.2 Alumina foams
AbO) foams, having approximately completely open porosity in the form of spherical
cells connected by small windows, were received from Dytech Corporation Limited,
UK. The foams were produced using the gel-casting route by foaming AhO) aqueous
suspensions and their subsequent stabilization by in-situ polymerization. Details of the
technique were presented in Section 2.2.1. Two sizes of AhO) powders, 0.5 Ilm
(CT3000, SG, Alcoa Industrial Chemicals Europe, Frankfurt, Germany), and 6 J.lm
(MDS-6, Panadyne™, Pennsylvania. USA) with a ratio of 5 - 10 to 1 were used in
preparing the suspensions. After stabilization, the foams were dried and then sintered
at 1420°C for 2 hrs.

Foams having different densities, cell sizes and window sizes were used in this
research. The foam densities (15-35% of theoretical) were measured using the water
displacement method (see Section 3.3.1). The average cell sizes (50-350 Ilm) and
window sizes (5-10 Ilm) were measured on SEM micrographs using the linear
interception method.

3.1.2 Infiltration equipment
A tube furnace with an impervious aluminous porcelain (lAP) tube of 38 mm inside
diameter and 700 mm long was used for investigating the infiltration parameters. An
illustration of the furnace setup is shown in Fig. 3.2. The furnace was connected with a
vacuum pump and cylinders of nitrogen and argon gases, which enabled the
evacuation and variation of the furnace atmosphere. One gas tight seal, fitted with a
piece of quartz glass, was incorporated into one end of the furnace tube, this enabled
in-situ observation of the process and the taking of photographs. A slightly positive
atmosphere, which prevented the entering of unwanted atmosphere during infiltration,
was achieved by bubbling the flowing gas through water.

A larger tube furnace, with an lAP tube of 74 mm inside diameter and 900 mm long,
was also used for making larger composite samples. The furnace had the same
assembly as that in Fig. 3.2, although no quartz glass was incorporated into the tube
44

H. Chang

Processing and characterisation 0[3-3 Al-al/oy/AI]OJ interpenetrating composites ([pes)

end. The temperature distributions in both the furnaces were measured before
conducting any experiments.

Tube furnace

Glass window

Flowmeter
Observation
~

Water bubbler

I ~

0::

Vacuum pump
Fig. 3.2 Schematic of the furnace setup.

3.1.3 Infiltration experiments

3.1.3.1 Studies on infiltration parameters

Experiments were designed to investigate the processing window and the infiltration
kinetics with respect to the processing parameters of alloy composition (Table 3.4),
atmosphere (Table 3.5) and temperature (Table 3.6). One kind of Ah03 foam, with a
density of 20% and a spherical cell size of -350 J.lm, the latter being fully
interconnected by windows with a diameter of -90 J.lm, was used in all of the
experiments. The foams used measured either 70x20x9 or 70x20x16 mm in size. The
Al alloys were cut and ground to 1200 grit SiC paper before the infiltration.

A schematic of the metal-ceramic assembly is shown in Fig. 3.3. A block of the Al
alloy of the correct size was placed on top of an Ah03 foam sample, both being
contained within a shallow Ah03 crucible. They were then transferred into the small
tube furnace and heated at 30°C min· l in a controlled atmosphere to the desired
temperature (890-915°C). Once the temperature was reached, the furnace atmosphere
was either maintained as pure N2 or Ar, or changed to Ar-N2 mixtures. The process
was monitored through the quartz glass window (Fig. 3.2) and the time for complete
infiltration, defined as no residual bulk metal being observed on top of the foam, was
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recorded. After infiltration, the composite was cooled in a flowing gas stream (Ar or
N 2) to ambient temperature and was cut longitudely using a diamond blade for
measuring the infiltration height. The average infiltration rate of the composites under
different conditions was then calculated. Details of the experimental conditions are
given in Tables 3.4, 3.5 and 3.6.

lAP
furnace
tube

Fig. 3.3 Schematic ofthe metal-ceramic assembly for the study of processing parameters.

Table 3.4 Experiments designed to study the effect of alloy composition. The experiments
were conducted in flowing pure N2 throughout the process.

Metal

Ceramic

Temperature

Al

Ah03

915, 940°C

Ah03

915°C

LM6
6061
AI- 2Mg
AI- 6Mg
AI- SMg
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Table 3.5 Experiments designed to study the effect of the infiltration atmosphere. Heating and
cooling were conducted in flowing Ar.
Metal

Ceramic

Temperature

Atmosphere

Al-10Mg

Ah03

915°C

air
Flowing pure Nz
Flowing 0.55 Nz - 0.45 Ar
Flowing 0.25 Nz - 0.75 Ar
Flowing pure Ar

Table 3.6 Experiments designed to study the effect of infiltration temperature. For the
infiltration at 915°C, heating and cooling were conducted in Ar.
Metal

Ceramic

Atmosphere

Temperature

Al-10Mg

Ah03

Flowing pure Nz

890°C
900°C
910 °C
915°C

3.1.3.2 Processing composites for property characterisation

From the results in Section 3.1.3.1, "optimized" processing conditions were designed
to produce composites for property analysis. One alloy, the AI-8Mg alloy, was selected
as the metal infiltrant, whilst Ah03 foams having different foam densities of 15-35%
of theoretical and different cell sizes in the range of 50-160 Ilm and window sizes 5-20
Ilm, were used for the infiltration and comparison.

A schematic of the metal-ceramic assembly is shown in Fig. 3.3. The Ah03 foam
samples were placed on top of the alloy blocks, the pair again being held inside a
shallow Ah03 crucible and transferred into the tube furnace. Heating was carried out
in flowing pure Ar at 30°C/min to 850°C and 5°C/min to 915°C. Once the temperature
reached 915°C, the atmosphere was changed to flowing pure Nz. A holding time of3040 mins was adopted for all the experiments. After infiltration, the composite was
cooled to room temperature in Ar.
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Note that the order of the alloy and the foam (Fig. 3.3) was reversed compared with
that in Fig. 3.2. This was because once the alloy was melted, it tended to flow off the
foam if the upper surface was not perfectly horizontal (in Fig. 3.2). In order to avoid
this "failed" infiltration, the alloy was placed beneath the foam. No discernible effect
on the composite microstructure and property was observed.

lAP
furnace
tube

Fig. 3.4 Schematic of the metal-ceramic assembly for processing composites for property
characterisation.

3.1.3.3 Processing AI/AIz03 and AI-SilAI 20 3 interpenetrating composites
Foam pre-treatment
In order to produce composites using AI or LM6, the Ah03 foams were pre-coated
using a chemical vapour deposition process. A schematic of the experimental assembly
is shown in Fig. 3.5. The metal, a piece of AZ81, and an Ah03 foam disc (20 x 5 mm
diameterxthickness) were put into a shallow Al203 crucible. They were transferred into
the tube furnace and heated at 30°C/min to 700°C in flowing Ar. The gas stream
direction is shown in the figure. Once the temperature reached 700°C, the gas flow was
either maintained as flowing pure Ar or changed to pure N2. A holding time of 30 rnins
was applied before cooling down in the same gas stream to ambient temperature.
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Gas stream
~

Fig. 3.5 Schematic of the chemical vapour deposition assembly.

Infiltration experiments
To infiltrate the pre-coated Ah03 foam, a block of the pure Al or LM6 was placed
beneath the foam, as shown in Fig. 3.3. The assembly was heated under a controlled
atmosphere of either flowing pure N2 or Ar to the desired temperature, 700, 850 or
915°C (Table 3.7). Infiltration was then carried out at this temperature in flowing pure
N 2, the process being observed through the quartz glass window. Once the alloy
completely infiltrated the foam, the composite was cooled to ambient temperature in
Ar; otherwise a maximum holding time of I hr was applied.
Table 3.7 Experiments designed for the chemical vapour deposition of the AI 20 3 foams and the
subsequent infiltration using the commercial pure Al and LM6.
Evaporation conditions

Infiltration conditions

Metal

Ceramic

Atmosphere

Metal

Temperature

Atmosphere

AZ81

Ah03

N2

Al

915°C

N2

N2

Al

915°C

Ar

N2

Al

915°C

Ar-N2

Ar

Al

915°C

N2

N2

LM6

700°C

N2

AZ81

Ah03

850°C
915°C
AI-Mg alloy

Ah03

N2

(AZ81+AI-Mg)
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3.2 Microstructure characterisation
3.2.1 Optical microscopy
Samples of the Al alloys and their composites were mounted in non-conductive
Bakelite and ground on successively finer grades of SiC paper up to 2400 grit under
flowing water. The samples were then polished using 6 !-lm diamond paste followed by
a final polishing using 0.02 !-lm colloidal silica. A ReichertJung MeF3 optical
microscope was used for observation. To further reveal the microstructure, the samples
were electrolytically anodized using an aqueous solution of 5% floroboric acid (HBF4)
at 20 V for about 90 s. The anodized samples were observed using the same
microscope using polarized light microscopy.

3.2.2 Scanning electron microscopy (SEM) and Electron Backscatter
Diffraction (EBSD)
A LEO VP 1530 field emission gun scanning electron microscope (FEGSEM)
equipped with a TSL electron backscatter diffraction (EBSD), which has the capacity
to collect simultaneous EDS data and facilitates the crystallographic analysis of the
samples, was used. Samples for FEG SEM were mounted in conductive Bakelite and
prepared metallographicaly as in Section 3.2.1. Different electron signals, secondary
electron and backscattered electrons, were used for imaging; energy dispersive X-ray
spectroscopy (EDS) was used for chemical analysis. The operating voltage was 20 kV,
although 10 or 5 kV was used occasionally when generating EDS maps, such as for
nitrogen.

Samples for EBSD analysis were cut into small pieces approximately 4x4x2 mm in
size and polished as in Section 3.2.1 in the unmounted condition. Further polishing
was carried out using Ar+ ion milling for 45 mins at 5 kV and a gun tilt angle of 5° in a
Gatan PIPS system. The samples were inclined to 70° using a pre-tilted holder and the
SEM was operated at 20 kV. Processing of the data was carried out using Orientation
Image Maps (orM) analysis with the results presented as Inverse Pole Figure (IPF)
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maps or chemical EDS maps. No cleaning algorithm was applied to any of the data
collected.

3.2.3 X-ray diffraction (XRD) analysis
In order to identify the phases in bulk samples, a Bruker D8 X-ray diffractometer was
used. The samples were analyzed using CuKa radiation with a wavelength of 0.15406
run. The scan step was 0.02° with a dwell time of I second for 28 from 20° to 120°
The obtained patterns were compared with standard spectra from powder diffraction
files.

3.2.4 Differential Scanning Calorimetry-Thermogravimetry (DSC-TGA)
The reactions, heat flows and weight changes of the AI-Mg alloy and the AI-Mg/Ah03
composites during a heating-cooling process in a flowing pure N2 atmosphere were
studied using DSC-TGA analysis. The samples, which were approximately 3x3x3 mm
in size, were ground on all surfaces to 2400 grit SiC paper before putting into an
alumina crucible and heating at 10°C/min in the crucible to 920°C. The samples were
held at the temperature for 30 mins and then cooled down at lOoC/min to ambient
temperature. The N2 flow rate was 50 mllmin throughout the process.

3.2.5 Focused Ion Beam (FIB) and Transmission Electron Microscopy
(TEM)
A Dual Beam Nanolab 600 FEI FIB, which combines a focused ion beam (FIB)
microscope and a FEG SEM, was used for TEM sample preparation, sectioning and
imaging. Fig. 3.6 shows the in-situ TEM sample preparation process using FIB.
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Fig. 3.6 TEM sample preparation process using FIB: (a) milling materials on both sides of an
area; (b) U shape cut; (c) attaching sample to a micromanipulator; (d) sample lifting out; (e)
attaching sample to a TEM grid; and (t) sample after final thinning.

Firstly, a thin layer of Pt was deposited on the surface of the bulk composite sample to
protect the area. Then the materials on both sides of the area were milled out using the
Ga+ ion beam, Fig. 3.6(a). A U-shaped cut was then made on the thin film sample, as is
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shown in Fig. 3 .6(b); note that the film sample was still connected to the bulk
composite via a small ligament on the right of the micrograph. Following this, a
micromanipulator was inserted, see Fig. 3 .6(c). Pt was deposited at the contact area
between the micromanipulator tip and the sample to attach the micromanipulator, then
the thin film sample was detached from the bulk sample by removing the small
ligament using ion beam. The thin film sample was lifted by the micromanipulator (Fig.
3.6(d)), and then welded to a TEM grid, Fig. 3.6(e), again via Pt deposition. After
detaching the sample from the micromanipulator using ion beam, final thinning of the
sample was carried out on both sides of the thin film sample; the final thickness was
normally - 200 nm (Fig. 3.6(t)).

After preparation, a JEOL JEM 2000FX TEM with an EDX system and a Tecnai TEM
system, which enabled collection of EDS maps (Birmingham University), were used
for the observations.

3.3 Property characterisation
3.3.1 Density
Based on the Archimedean principle, a hydrostatic balance Sartorius CP2245 was used
to measure the densities of the ceramic foams and the composites. The samples were
weighed at least three times both in air and in deionised water. The theoretical density
of Ah03 was cited as 3.95 g/cm3; whilst the density of the deionised water cited was
0.998 g/cm3 (temperature 18·22°C). Densities of the samples were then calculated

based on Eq. 3.2, in which the influence of air buoyancy and the additional buoyancy
from the part of the sample holder submerged in the water were considered.

p

w.

.p

(a)

I

+0.0012glcm 3

(3.2)

0.99983G

where

W;a)

is the weight of the sample in water; P, is the density of water; G is the

buoyancy of the sample in water.
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3.3.2 Flexural strength
The composites produced from the AI-8Mg alloy and the Ah03 foams with different
densities and cell sizes were cut longitudely into 5x5x35 mm bars. The sample
surfaces were ground to 2400 grit SiC paper; the tensile surface was polished using 6
!lm diamond and the edges were chamfered. The flexural strength was measured using
the 3-point bending method at a cross-head speed of 0.5 mm/min with a span width of
20 mm. The load-displacement curves were recorded simultaneously by a computer.
For comparison, the samples of the uninfiltrated foams were also measured. After the
3-point bending test, the fractured surfaces of the composites were observed using the
FEG SEM and 3D X-ray Tomography (University of Manchester).

3.3.3 Hardness
The bulk hardness of the alloys and the composites was measured using a standard
Rockwell Hardness tester, Mitutoyo ARK-600, with a 1116" (1.5875 mm) ball with a
pre-Ioad of 10 kg and a full load of 100 kg. The samples were polished
metallographically as described in Section 3.2.1. At least five measurements were
made on each sample. Morphologies of the indents were observed using both optical
microscopy and SEM.

3.3.4 Wear resistance
The wear behaviour of the AI-Mg alloy and the AI-Mg/Ah03 composites was studied
using a linear reciprocating ball-on-flat method at ambient temperature under dry
conditions. The tests were carried out with a fixed sliding speed of 50 mm/s and a
stroke length of 25 mm under 10, 15 and 20 N loads. A schematic of the wear process
is shown in Fig. 3.7.

The load was applied vertically downward onto the horizontally flat composite
specimen. The counter material was a 12 mm diameter tungsten carbide ball. To obtain
uniform surface conditions before tests, the samples (lOxl0 x40 mm in size) were
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ground to 1200 grit SiC paper before the test. The sample's weight loss was measured
at 1000 cycles interval using the hydrostatic balance with a sensitivity of 0.1 mg,
which was then converted to volumetric loss by dividing the density. The wear rate
was then calculated by the volumetric loss divided by sliding distance of 250 m (5000
cycles) and 5000 m (100,000 cycles). At least 3 tests were performed under each
condition.

Counter balance

Moveable weight

WC ball
Back and forth

~--- movement

Sample holder
Fig. 3.7 Schematic of the reciprocating wear test set up.

After the wear tests, the worn surfaces and wear debris were characterized using the
FEG SEM. 3D surface morphologies of the worn tracks and their depth and width
were measured using a Talysurf CLI2000( Taylor Hobson Ltd., Leicester, UK).

3.3.5 Ballistic test
The ballistic property of the AI-8MgIAlz0 3 composite with 27% Alz03 foam and an
average cell size of 60

~m

was measured using Depth of Penetration (DoP) analysis at

Permali Gloucester Limited, UK. The composite, 45x20x I 0 mm in size, was glued
onto a backing of a semi-infinite solid material; in this research, a pure Al target
backing with a thickness of -50 mm. A schematic of the test is shown in Fig. 3.8. The
bullets, with a steel pin and a lead head, were shot at the composite sample and the AI
target backing, respectively, for comparison. The residual energy of the bullet after
passing through the composite is indicated quantitatively by the depth of penetration of
the round into the backing AI. After the test, the Al target was cut and the depth of
penetration was measured.
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Aluminium target backing
50 mm thick

Composite target
10 mm thick

Lead head

~I
Steel pin
Fig. 3.8 Schematic of the ballistic test.

3.3.6 Split Hopkinson's Pressure Bar test
The composite for the ballistic test in Section 3.3.5 was also evaluated using a Split
Hopkinson's Pressure Bar (HPB) test. Cylinder-shaped Ab03 foams, with 9 mm
diameter and 6 mm height, were machined prior to infiltration. For the HPB test, the
samples were further ground to 4.5 mm in height (height/diameter ratio: 0.5) and with
flat and parallel top and bottom surfaces. A schematic of the test is shown in Fig. 3.9.

/
Impact from a
striker bar

Composite sample
45 mm thick

~
I

Incident bar

~,~
'1;

Transmitted bar

'"
"'"
Incident wave
~

~

Transmitted wave

~

Reflective wave

'---- Analysis of the waves to produce stress-strain _
curve of the composite
Fig. 3.9 Schematic of the Split Hopkinson's Pressure Bar test.
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An impact from a striker bar was exerted at a speed of 325 mls on the incident bar,
which generated an incident wave. Upon arrival at the specimen, part ofthe wave was
reflected back, while the rest transmitted through the composite and reached the
transmitted bar at the end. The stress-strain curve of the composite was obtained from
the analysis of the incident wave, the reflective wave and the transmitted wave. The
composite after the test was prepared metallographically (Section 3.2.1) and observed
using FEG SEM.
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CHAPTER 4 RESULTS

4.1 Processing AI-Mg/AI20J interpenetrating composites
This section presents the effects of the processing parameters, viz. alloy composition,
furnace atmosphere and temperature, on the composite processing window and the
infiltration kinetics (Details of the experimental procedure can be found in Section
3.1.3.1). The microstructures of the composites obtained under the different processing
conditions are characterized.

4.1.1 Characteristics of the AI-Mg alloys and the AI 20 3 foams
4.1.1.1 The AI-Mg alloys

Optical micrographs of the as-cast AI-Mg alloys are shown in Figs. 4.1-4.2. The AlMg intermetallic, AhMg3 , was observed in the 10 and 8 wt.% Mg alloys (Fig. 4.1). In
the 6 and 2 wt.% Mg alloys (Fig. 4.2), little intermetallic was observable due to the
smaller amounts of Mg contained in these two alloys. From the micrographs of the
anodized alloys in Fig. 4.3 and 4.4, the initial microstructures consisted of dendritic
columnar grains for the 10 and 8 wt.% Mg alloys and columnar grains for the 6 and 2
wt.% Mg alloys.

Fig. 4.1 Optical micrographs of the as-cast alloys: (a) AI-IQ wt.% Mg; (b) AI-8 wt.% Mg.
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Fig. 4.2 Optical micrographs of the as-cast alloys: Ca) 6 wt.% Mg and Cb) 2 wt.% Mg.

Fig. 4.3 Optical micrographs of the anodized as-cast AI-Mg alloys:
Ca) 10 wt.% Mg; Cb) 8 wt.% Mg.

Fig. 4.4 Optica l micrographs of the anodized as-cast AI-Mg alloys:
Ca) 6 wt.% Mg; Cb) 2 wt.% Mg.

SEM micrographs of the A120 ) foam used are shown in Fig. 4.5. The foam had
spherical cell s connected by circular windows, a typical microstructure of the foams
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produced using the gel casting foaming technique. As seen in the mi crographs, the
foam s were full y sintered ; few defects were observed in the struts, ill ustrating the good
properties of the gel casti ng foams .

Fig. 4.5 SEM micrograph of the AI,O] foa m used, which was 20% dense with an average cell
dia meter of 350

~1I11

and an average window di ameter of90

~1I11 .

4.1.2 Process ing results
The results of the infi ltrati on experi ments with respect to the processi ng parameters of
all oy composition, furn ace atmosphere and temperat ure are shown in Fi g. 4.6. From
Fig. 4.6(a), the infiltration rate increased wit h increas ing Mg content. No infi ltration
occurred in the pu re AI and the AI -Si all oy, LM6, indicating that Mg is required for
successful infiltration. With respect to the furnace atmosphere, Fig. 4.6 (b), the 10
wt.% Mg all oy infiltrated successfully in all N2-Ar atmospheres; the max imum rate

was achieved when the in filtration took place in pu re N2 . No infi ltration occurred in air,
a result that was not unex pected considering the metal surface oxidat ion. Although it is
known that Mg improves the wettab ility of molten AI on AI 2 0 3 [35], no infiltration
occurred in a pure Ar atmosphere, wh ich shows that the presence of N2 in the furnace
atm osphere is also a req uirement for infi ltrat ion. As fa r as the influ ence of temperature
on the infilt ration process was co ncerned, Fig. 4.6 (c), it can be seen that the
infiltration rate inc reased with increasing temperature. To obtain a reasonab le
infi ltration rate, a mi nimum temperature of - 910°C was required.
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4.1.3 Microstructure characterization

4.1.3.1 Process in g in Ar
The metal-ceramic co uple after process ing in Ar (F ig. 4.6(b)) is shown in Fig. 4.7; the
Al20 3 foam turned black. XRD analys is of the preform , see Fig. 4 .8, shows that
besides the A120 3, MgAl20 4 form ed.

5mm

Fig. 4. 7 Meta l-a lu mina foam couple after process ing a19 l5°C in Ar fo r 60 mins.
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Fi g. 4.8 X-ray analys is of the Al,O) foam processed at 915°C in fl ow ing Ar atmosphere fo r 60
millS in Fi g. 4.7 .

4.1.3.2 Process in g in N,
Fig. 4.9 shows the microstructures of the composites processed at 915 °C in different
atmospheres: O. 25N2-0.75Ar atmosphere; 0.55N 2-0.45A r atmosphere and pure N2
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atmosphere. With j ust 25% N2, Fig. 4.9 (a) , the pores in the ceramic foa m s were
incompletely fi ll ed w ith the alloy, whil st at 55%

2 and above, Fig. 4 .9 (b) and (c), the

pores were comp letely filled and there was litt le residual porosity. Thi s confirms that
N2 is important in obtain ing fully dense composites . Note that there are grey second
phases formed in the composites and for the pure N2 atmosphere, Fig. 4.9(c) , this
seco nd phase appeared to be homogeneous ly spread thro ughout the meta l.

Fig. 4.9 Opt ica l micrographs of thc AI- IOM glA I,Oj com posi te infiltrated a1915°C in (a)
0.25N,-0.75 Ar, (b) 0.55N,-0.45Ar; (c) 100% N, at mospheres.

SEM micrographs of the composite in Fi g. 4.9 (b) are a lso shown in Fi g. 4. 10. A
metal-shrinkage pore is present at the AI grain boundaries in Fi g. 4.1 O(a). T he second
phases appear to be needle or plate-like shapes, Fig. 4 . 1O(b) .
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Fig. 4. I 0 Back-sca ttered electron micrographs of the com pos ite infiltrated at 9 ISOC in O.SSN r
O.4SAr atmosphere (F ig. 4.9(b)).

Fi g. 4. 11 shows a back- scattered e lectron micrograph and EDS map s of a samp le
infiltrated und er the sa me cond iti ons as that in Fi g. 4.9 (c) . Cons istent w ith the effects
of N 2, the mol ten metal compl etely fi ll ed the pores, Fig. 4. 11 (a). The structure w ithin
the AI-Mg all oy can be c learl y seen and con sists of a number of acicular particles and
a two-tone grey struct ure; the darker g rey bein g present either tlu·oug hout the all oy
within each po re o r be ing more concentrated near the metal/ceram ic interface .

From the EDS maps, the darker grey structure (F ig. 11 (a)) appears to co rrelate with a
reduction in the AI concentration within the pores, Fi g. 11 (b) . Interestingly , the M g
concentration, Fi g. I I (d) , shows the opposite di stributi o n, being greatest where the AI
concentrati on was lowest within the all oy . No te that there are other very loca l areas
within the gra ins that had a very hi gh Mg concent ration, Fig. 11 (d), but which are not
evident on the back-scattered image, Fig. I I (a). These are not associated w ith the grey
structure and a ppear to be second phase particl es contai ned w ithin the AI all oy g rains .
The iron map, Fig. 11 (e), shows clearl y that th e ac icul ar particles were iro n rich. Iro n
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is not present within the alloy and it may be a result of iron pick up from the steel
block used as a su pport for the composites dur ing infiltrati on. Hence, AI 20 3 crucibles
were used as th e conta ine r/s uppo rt fo r all other ex pe rime nts in thi s resea rch.
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Fig. 4. 1 I (a) Back-scattered electron micrograph of an AI- I OMg! A1,0 3 compos ite processed in
pure N" with EDS maps for (b) AI , (c) 0 , (d) Mg and (e) Fe.

Whi lst the nitrogen map (not shown in Fig. 4.1 J) was unab le to de tect a ny difference
in nitrogen conte nt across the structure, XRD ana lysis of the com posites infiltrated in
55% and 100% N 2 atmospheres, Fig. 4. 12, shows that besides AI a nd a -A I20 3, A IN
fo rmed in both the composites, ind icating the occurrence of nitri dation.
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Fig. 4.12 X-ray analys is of the AI-I OM g! A 1, 0 , compos ite processed at 915°C : (a) pure N,
atm osphere, 12 min s, (b) O.55N, -0 .45 Ar atmosphere, 47 mins.

4.1.3.3 Processin g at different temperatures

Fig. 4.13 shows the microstructure of the anodized composite processed at 900°C in
flowing N2 for 60 mi ns (F ig. 4.6(c)). As the infiltration conditions were not ideal ,
infiltration was not com plete and hence excess metal rema ined o n the top of the
composite (the infiltration direction is shown in the micrograph). Whil st the residual
metal was columnar in nature, the infiltrated metal consisted of fin e grain s that
nuc leated pre ferentiall y on the cell wall s with grain growth being prevented by contact
with other gra in s and the ce ll wal ls.

SEM mi crographs of the same composite in Fig. 4. 13 but without anodi z ing are shown
in Fig. 4. 14. Residual meta l and grey bu lk second phases are observed in Fig. 4.14 (a),
whi ch are on the top layer of the composite where infiltration started; whereas in Fig.
4. 14 (b), onl y a very thin layer may be observed around the edges of the cells. T his
indicates that w ith infilt ratio n depth, a microstructu re g rad ient exi sted in this
composite .
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Infiltrated
compos ite

Res idua l
metal

Fig. 4.13 Optical micrograph of the composite, after anodizing, w ith the 10 wt.% Mg a lloy
infiltrated at 900°C in fl owing pure N, for 60 min s.

(a)

_ ........",....,

!

Infiltration
direction

• 200 ~m

Fig. 4. 14 Back-scattered electron micrographs of the AI- I OMg/A I,O, compos ite infiltrated at
900°C in fl owing pure N, for 60 min s: (a) top layer; (b) - 6 mm be low the top.
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Compos ition s of the composite in Fig. 4.14(a) we re analysed using SEM-EDS analysis
and the results are shown in Fig. 4. 15. As expected, the AI and 0 concentrations are
highest w ithin the metal and the ceram ic respecti vely, Fi g. 4. I S(b) and (c). T he Mg
concentration, Fig. 4. I S(d), shows the same di stribution, be ing greatest where the AI
concentration is highest withi n the all oy. At the residual all oy-composite interface,
there is a thi n Mg enriched layer. From the N concentration in Fig. 4 . IS(e), N also
appears to exist in thi s layer where Mg concentration is hi ghest. What is more, N
corre lates with the grey seco nd phases, whi ch indicates that the second phases cou ld be
AIN .

Fig. 4.15 SEM micrograph and EDS maps of the AI-I OMg/ A 1,0 ) composi te (F ig. 4. 13):
(a) zero loss image; (b) AI; (c) 0 ; (d) Mg; (e) N.
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At 910°C

Fig. 4. 16 shows the microstructure of the anodized composite processed at 9 10°C in
flowing pure N2 fo r 15 mins (Fig. 4.6(c)). Compared with the composite in Fig. 4. 134.1 5, no grey second phase was observed. The infi ltrated alloy has a dendriti c type
structure with each cell containing onl y one to a few Al grains.

Fig. 4. 16 Optica l micrographs of the compos ite, afte r anodi zing, infiltrated w ith 10 wt.% Mg

ooe in flow ing pure N, fo r IS mins.

alloy at 9 1

To identi fy the crystallographic features and the composition of the composite in Fig.
4.16, EBSD/EDS analysis was carried out. Fig. 4. I 7(a) shows an image quality/inverse
po le fi gure of the composite. Whil st the pattern quality obtained fro m both the AI2 0 3
and the Al were good and image quality is hi gh over the scan area, the step size used in
the scan was too coarse to yield full detai l of the AI20 3 structure. However, it is clear
that the Al within each cell has the same o ri entation and that each of the individual
cell s contains a different orientation, although they tend towards (00 I) and ( 10 I) type
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orientations parallel to the in fi ltrat ion direction. Fig. 4. 17(b) shows a phase map with
the Al and Ab03 clearly defi ned. The un-indexed curved areas are believed to be
shadowing due to sample preparation and the hardness difference between the ceramic
and metal phases. The Mg map, Fig. 4. 17(c), reveals that this element is preferentially
distri buted around the alumina ce ll wa ll s an d the Al grain boundaries.

Colour key
A1umina

AJ urrlnum

00 01

11 1

Phase map

o

Alumin ium
Infi ltration D Alumina
direction • Un-indexed

Min

Max

Fig. 4.17 EBS D-EDS maps of the AI- IOMglAI,03 composite processed at 9 10°C in pure N2
for 15 min s: (a) Image quality (IQ)/inverse pole figure, (b) phase map, and (c) Mg EDS map.

Fig. 4.18 shows a scan over a single cell , in the same sample as Fig. 4. 16 and 4 .17,
which contain s two alloy grains wi th a grai n boundary running across the ce ll. T he
EDS map fo r Mg, Fig. 4.18 (c), again indicates that there were a number of Mg-rich
particles on the grain boundary.
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A1uminum
t t t

Fig. 4.18 EBSD-E DS analysis of the AI-I OMg/A I20 3 composite processed at 9 10°C in fl owing
pure N2 for t Smins, (a) image quality; (b) inverse pole fi gure, (c) the corresponding EDS map
for Mg.

4.1.3.4 Characterization using TEM
TEM microgra phs of the AIN formed in the AI - IOM g/A b 0 3 composite processed at
900°C (Fig. 4.15 ) are shown in Fig. 4.1 9. From the mi crograph, the AI N has dendriti c
structure embedded in the Al alloy matri x. A hi gher magnification view of the AIN is
shown in Fig. 4.20. The di ffracti on patterns revea l that the dendritic arms have the
same orientatio n.

TEM-EDS ma ps of the nitride are shown in Fig. 4.2 1. As expected, the dendrites are
rich in N. Interestingly, however, at localised positions in the dendrite, Mg is
concentrated.
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Fi g. 4.19 TEM micrograph of the AI-I OMglAI ,0 3 composite showing the formation of AIN
dendrite.

Fi g. 4.20 TEM micrograph and the diffracti on patterns of the A IN dendrites in Fi g. 4.14;
dendrite arm s have the sa me ph ase orientation.
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Fi g. 4.2 1 TEM-EDS maps of the AIN dendrites in Fig. 4 .1 4 : (a) th e image; (b) N; (c) A I and (d)
M g.

4.2 Processing AI-MgIAI20 3 composites in Ar-N2

Th is secti o n prese nts the results on the processlJ1 g and characterisation of the
composites di scussed in Section 3.1 .3.2; the meta l-ce rami c co uples were heated in an
Ar atmosphere prio r to in filtration in Nz, the so-call ed Ar-N2 approach . Emphasis is
put on the composite microstructures at the AI(Mg)-AlzO] in terface to understand the
pressureless infiltration mechani sm.

4.2. 1 Composite processing

4.2.1.1 Microstructure of the foam s
Fi g. 4.22 shows SEM mi crographs of the AbO] foa ms, whi ch were 15,23,27 and 35%
dense with the average cell size of 60, 140, 160 and 60 ~lm , respecti ve ly. The average
diameter of the wi ndows was in the ra nge of 5-20
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density was onl y 15%, locali sed di sconnectivity of the struts may be o bserved, which
was a result of the extensive expansion of the green body during foam ing. As can be
seen in the micrographs, the thi ckness of the fo am struts increases w ith increasing
fo am densities. In add ition , although having the simil ar cell size, Fig. 4 .22(a) and (d),
the latter had small er windows, ill ustrating a reduced permeabi lity of the foam s with
hi gher densiti es.

Fi g. 4.22 SEM mi crographs of the AI, OJ foam s: (a) 15% dense, 60
23 % dense, 140

~1I11

average cell size; (c) 27% dense, 160

~1I11

~lm

ave rage cell size; (b)

ave rage cell s ize; (d) 35% dense,

60 I1m ave rage ce ll size.

4.2.1.2 In-situ infiltration process
Fig. 4.23 shows the images of an in-situ infiltration process, where an 8 w t.% Mg all oy
was placed beneath an AI20 3 fo am (23% dense with an average cell di ameter of 60 I1m
and an average wi ndow diameter of 20 I' m), and the assembly was heated in a shall ow
Ah03 crucible .
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Fig. 4. 23(a) shows the assembly when the temperature reached 9 15°C in AI', showing
no infiltration has occurred. Whi le the temperature was held at 9 15°C, the atmosphere
was then switched to fl owing pure

2

to induce infiltration . Fi g. 4.23(b) shows the

assembly after 14 mins in N2. As expected , the foam had sunk into th e molten all oy
(compared with that in Fig. 4.23(a)), indicating the molten metal had began to infi ltrate
the foam. In addition, a s lope was observed o n the upper surface of the foa m, which
might suggest a loca lised infiltrati on at thi s stage. It should be noted, however, that
infil tration was not ini tiated im medi ately once the atmosphere was switched to N2:
rather, an " incubation" peri od of - 5-1 0 m ins was no rmall y observed. W ith increasing
holdi ng time to 20 mins, Fi g. 4.23(c) , the foam was further infiltrated by the all oy. Fig.
4.23(d) shows the assembly after 25 mins in N2; observatio n after the infiltration
experiment showed that the foam was fu ll y infiltrated.

Fig. 4.23 In-s itu infiltration process: (a) at 9 15°C in AI', no infi ltrati o n; (b) at 915°C afte r 14
m ins in pure N" part ia l in filtrat ion; (c) at 915°C a fter 20 mins in pu re N" furt her infiltratio n;
and (d) at 9 15°C after 2 5 min s in pure N 2, the e nd of infiltrati on. T he samp le was coo led in Ar.
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Observations of other experiments

In

this research showed the same process of

infiltration, although the actual infiltration kinetics of each experiment were slightl y
different depending on the characteri stics of the materials used, such as foam densities,
cell and window sizes, and the Mg content in the a lloys.

4.2.1.3 DSC-TGA analysis
To investigate the behaviour o f the AI-Mg alloys in N z, DSC-TGA ana lysis was
carried out; the result is shown in Fig. 4.24. An endothermic peak "a" due to the alloy
melting and an exothermic peak "b" due to the molten alloy solidi ficati on are
observed. Important ly, two exothermic peaks, noted as " I" and "2" in the plot, are also
observed: peak " I" started instantly after the a ll oy melting, at - 670°C, and reached the
summit at - 740°C; peak "2" started at - SOO°C and reached the summit at - S20°C,
indicating a two-step reaction occurred. From the weight gain curve, it increased
abruptly with the occurrence of the two-step reacti on. With holding at 920°C, the rate
of the weight gain slowed down. An ultimate - 13 wt.% weight gain was achieved.
115 , - - - - - - - - - - -- -- - - - - - - - -- -- - , 05

Fig. 4.24 DSC-TGA analysis oflhe I Owt .% Mg alloy in N 2 (50 ml/ min); 10 °C/min 10 920°C
for 30 mins fo llowed by cooling down at 10 °C/min in the same gas stream.
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Based on Fig. 4.24, infiltration experiments were conducted at the selected
temperat ures of 670°C and 790°C, respectively. The results showed that the 10 wt.%
Mg all oy infiltrated the foam successfull y at 790°C, whi lst no infiltration occurred
under the same conditi ons at 670°C.

4.2.2 Characterisa tion usin g SEM a nd XRD
Fig. 4.25 shows the back-scattered electron mi crographs of the AI-M g/AI20J
composites in fi ltrated usi ng the 8 wt.% Mg all oy into the different AIzO) foams at

9 15°C. It may be seen that, despite different foa m dens ities and cell sizes, the molten
all oy com pletely infiltrated the foams w ith good meta l-cerami c interfacia l bonding .
Density measurement showed that the composites were >99% dense. No bul k second
phase was observed in the co mposite, although in Fig. 4.2S(d), thin ox id e film s are
present in the infiltrated cell s on the AI grain boundaries.

(b)

. ,.-.( :
,.
'';-

10 fUll

100

.... -,

~m

-

Fi g. 4.25 Back-scattered e lectron micrographs of the AI-8MglA I,0 3 compos ites: (a, b) 15%
foam den sity, 60 ~1I11 average ce ll size; (c) 22% foam density, 60 /lm average cell s ize; (d) 27%
foam density, 160

~L m
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Fi g. 4.26 shows an SEM-EDS line-scan ana lys is across the ceramic-all oy interface in
the A I-8M g/A l zO) com posite (Fi g. 4.25(a)); the line scan position is shown in Fig.
4.26(a). As expected, the AI ancl 0 concent rations were hi ghest w ith in the all oy and
the ceramic, respecti vely. The Mg, however, was present in both the all oy and the
foam strut w ith little di scernible difference in co nte nt between the two . The nitrogen
concentration corre lates with the foam strut where the oxygen content was rich .
However, thi s resu lt might have been influenced by the oxyge n present in the foam
strut, si nce the Nand 0 peak overl ap in EOS ana lysis .
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Fig. 4.26 SEM micrograph and EDS line-scan analys is of the AI-8MglA I,O, compos ite at the
meta l-ceram ic interface: (a) the mi crograph; (b) th e EDS result.

To identify the phases in the bulk compos ite, XRD ana lys is was perfo rmed. Fig. 4.27
shows the XRD scans of the in itia l A l z0 3 foam and the infiltrated composite in Fig.
4 .26. From Fig. 4.27, the foam is cl earl y made up of a -A1 2 0 3 and the compos ite
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consists of a-AI20} and AI alloy. Due to the so lid so lution of Mg in AI, the AI peaks
are sli ghtly displaced , 0.3-0.8° (28). The intensity of the AI20 ) peaks in the composite
are comparat ively much weaker than in the foam . A strong peak representing the AI
( Ill ) plane, Fig. 4.27, is observed, which mi ght indi cate a preferred ori entati on in the
composi te. In addition, although Mg is detected In Fig. 4.26, no Mg containing
compounds were detected by XRD, though thi s IS not too surpri sin g given the
resoluti on of the techniq ue.
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Fig. 4.27 XR.D patterns of the un- in filtrated AI,O, foa m and th e infiltrated AI-SMg/A I,O,
com pos ite in Fi gA.26.

4.2.3 Composite characterisation II sing TEM

4.2.3.1 Composite TEM micl'Ostructure

A lyp ical TEM mi crograph of an all oy- ceramic interface in the AI -8MglA120 3
composite is shown in Fig. 4.28. The AhO) is fine gra ined, - 500 nm, and the AI is
much coarser with onl y one grain present in th is TEM sam ple. At the alloy-ceramic
interface, a very thin interface layer is observed. Al though pores were observed on the
AI 20) grain boundari es in the foam strut (which might be a resu lt of the foam
preparati on), no porosity was observed at the all oy-ceramic interface illustrating good
metal-ceramic interfacial bond ing.
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Fig. 4.29 shows another TEM mi crograph at the all oy-cerami c interface in the
composite. Sim ilar to that in Fig. 4.28, the AI2 0 ) co nsisted of fine gra ins (with a few
pores observed in the foam strut) and a thin interfac ial layer is again observed.
Micropores may be observed at the edge of thi s AI grain near the metal-cerami c
interface, whi ch co uld have resulted from sample damage during the preparation
process.

AlzO) foam strut

All oyceramic

AI all oy

Fig. 4.28 TEM mi crograph of the AI-8Mg/AI,O, compos ite at the all oy-ceramic interface.

Al zO) foam strut

Al loy-ceram ic
interface

AI all oy

Fig. 4.29 TEM mi crograph orthe AI-8M g/AI,O, co mpos ite at the all oy-cera mi c interface.
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4.2.3.2 TEM-EDS line-scan ana lysis
To identify the elements present at the interface layer, EDS line-scan analysis was
carri ed out across the all oy-ceram ic interface . Fig. 4.30 (a) shows the TEM line-scan
pos ition in the co mposite in Fi g. 4.28; the EDS results are shown in Fig . 4.30 (b). As
expected, Al is ri ch in the alloy and 0 is rich in the ceramic fo am strut. An increase in
both Mg and N concentration is observed at the interface layer. From the EDS result,
the hi ghest Mg content is - 10 wt.%, whil st that of the N is >20 wt.%. From the
mi crograph, thi s interface layer could be categorized as o ne thin A I- O-Mg region near
the ceram ic and a continuous AI-N( -O-Mg) region near the A l accordin g to the relative
distributions of the Mg and N (Fig. 4 .30 (b)).
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Fig. 4.30 TEM micrograph and EDS line-scan analys is of the A I-SM g/A I, OJ composite at the
meta l-ceram ic interface: (a) the line-scan pos iti on; (b) the EDS result.
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EDS line-scan analyses across other infiltrated cell s were also performed; the same
resu lts were obtained. As is shown in Fig. 4.31 , despite the coarser AI 20 ) grai ns at the
alloy-ceramic interface, both Mg and N were concentrated at the alloy-ceramic
interface region and an AI-O-Mg region near the AI20), and an AI-N(-O-Mg) reg ion
near the AI , can be categorized . The sampl e was prepared out of the same bul k
co mposite as that of Fig. 4.30 but from the bottom of the co mposite where infiltrati on
ini tiated. As seen in the fi gure, the interface region is much wid er, whi ch could be a
resu lt of a longer contact ti me between the mol ten all oy and ceramic than that in Fig.
4.30. Three verti cal di slocations are observed in the AI20 ) grain at the ri ght top of Fig.
4.3 1(a), although such features are rarely seen. Another mi crograph of this TEM
composite sample is shown in Fig. 4.32. The coarser A lzO) grai ns at the interface are
clearly observed.
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Fig. 4.3 1 TEM m ic rograph and EDS line-scan a nalys is o f the AI-8MglA lzO, compos ite at th e
meta l-ceramic intcrface: (a) the lin e-scan position; (b) the EDS resu lt.
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Al loy-ce rami c
interface

Fig. 4.32 TEM mi crograph of the AI-S Mg/AI,O) composite in Fig. 4.3 1.

4.2.3.3 Fo r·ma tion of AIN at th e a ll oy-ccJ"a mi c inter·facc

To further identi fy the interface compounds, di ffract ion patterns were taken at the
interface layer. Fi g. 4.33 shows an AI (Mg)-AI,03 interface, which was approx imately
100 nm thick , together with a diffraction pattern from the AI -N-Mg-O layer (i ndicated

by the arrow). Both AIN and AI 20 3 were identified, although the latter might be
influenced by the Ab03 in the fo am. The AIN had a hexago nal structure. As est imated
from the diffraction pattern, the AIN was fine grained and , from the mi crograph, they
formed continuously at the interface.
The same analys is was perfo rm ed on different TEM samples; another exa mple is
shown in Fig. 4.34. AI

was again identifi ed and continuous at the AI-AI 20 3 interface.

Diffraction patterns of the Ab03 and the AI were also identifi ed, which were
rh ombohedral and face-cente red cubi c (FeC), respectively.
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Fig. 4.33 T EM mi crograph and the diffraction pattern of the A IN formed at the meta l-ceramic
interface in the AI-8M glAI ,0 3 compos ite.
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Fi g. 4.34 TEM micrograph and the diffracti on pattern of (a) th e AI,OJ, (b) the AIN fo rmed at
the alloy-ceram ic interface, and (c) the AI in the AI-SM g/A I,OJ compos ite.

4.2.3.4 Formation of MgA I,04 spinel

As shown in Figs. 4.26, 4.30 and 4. 31 , Mg was detected in the compos ites both in the
all oy and in the A120 ] foam struts. TEM analysi s showed that at selective points in the
AI-O -M g region of the AI-AbO] interface, MgA I20 4 was identifi ed. A spinel formed
in thi s regio n w ith an fcc structure is shown in Fig. 4.35(a). In add iti on, spinel was also
observed in side of the AI20 ] foam strut. Fi g. 4 .35(b) shows a spinel with a typi ca l
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angular shape formed In the strut o n the A120] gram bo undari es, which also has a
cubic structure.

Fig. 4.35 TEM micrographs and diffractio n patterns of the spine I formed (a) at the all oyceram ic interface and (b) in the Al,O, foam strut in the Al-SM glAl,O, compos ite.

Fi g. 4 .36 shows the TEM mi crograph and the EDS maps of the A 120 ] strut. From Fig.
4 .3 6(a), the hexagona l A120 ] grain s are clearly seen. On the ed ges of the g ra ins, M g is
concentrated (Fig. 4.36(b» . Pores in the foam strut are observed. The Mg layer,
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however, is rather thin , - 100 nm. An angu lar spinel , which grows on the A I20 3 gra in
boundaries (into the AI 20 ) gra ins) is identifi ed.

Fi g. 4.36 TEM micrograph and the EDS maps of the AI,0 3 foam strut in the compos ite in
FigA.3S: (a) the micrograph ; (b) Mg; (c) AI; (d) O.

4.2.3.5 Formation of Mg,Si
Besides AIN and MgA120 4, Mg 2Si was also identifi ed. An SEM mi crograph at the
res idua l all oy-co mpos ite interface of the AI -8M g/AhO) composite, w ith the EDS map,
is shown in Fig. 4.37. As is seen in Fig. 4.37 (a), a thin layer is form ed at the residual
alloy-composite interface . From the EDS maps, Fi g. 4.37 (b) and (c), both Mg and Si
are concentrated in thi s layer.

TEM ana lys is at th is region shows that Mg2Si grains have formed ; two Mg2Si gra ins
observed are shown in Fig. 4.38. The a ll oy-ceramic in terface, as shown in the
micrograph , contains A I, Mg, 0 and N elements, a result consistent w ith Figs. 4.30 and
4.31.
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Fi g. 4.37 Mg-S i laye r at the residua l a lloy-compos ite interrace : (a) back-scattered electron
mi crogra ph; (b) Mg; and (c) S i.

Fig. 4.38 TEM mi crograph and the diffraction pattern of the Mg2Si partic le d etected at the
metal-cerami c interface.
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4.2.3.6 Formation of MgO
In additi o n to th e nitridation react ions, in-s itu observat io n of the infiltration process
has shown that a new, grey skin form s on the al loy surface. With furth er increase in
temperature, and hence the expansion/melting of the all oy, th is thin skin partiall y
break s; bright, fre sh mo lten all oy has been observed in some cases.

SEM micrographs of the surface of th e residua l AI -M g all oy after infiltratio n and
coo ling in pure N2 are shown in Fig. 4.39 . It may be observed that the surface was
made up of c ubic crysta ls with sizes from hundreds of nanometers to microns . The
S EM-EDS spectrum, see Fig. 4.40, shows that the crystals were MgO (the Nb was a
result of sample surface coating durin g the pre parat ion for SEM).

Fig. 4.39 SEM micrographs of the AI-8Mg all oy surface show in g the formation ofcllbic
crystals: (a) at SkY ; (b) at 10 kY .
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Fig. 4.40 SEM·EDS analys is of the AI-8M g alloy surface in Fig. 5.5, showing the crystals are
MgO.

4.3 Composite properties

In thi s secti on, results will be presented of the co mposi te pro pert y characteri sati on,
including fl ex ural strength , wear resistance and hardness (details of the ex perimental
procedures can be fo und in Secti on 3.3). Effects o rthe AI20 ] foam characteri stics, viz.
foam density and cell size, on the composite properties were in vesti gated.

The composites used for property measurement were AI -8Mg/AI20 3 interpenetrating
composi tes, although as presented in Chapter 4 . 1, a faster infiltrati on occurred with the
all oy containing 10 wt. % Mg. The AI-8 wt.% Mg alloy was selected in order to
achieve a reasonab le fa st infiltrati on wh il e at the sam e time, prevent excess Mg, or Mg
compound s concentrati ons in the composites, whi ch could be detrimental to properties.

4.3.1 Flexural strength

4.3.1.1 Flcx ural str'cngth data

Fi g. 4.41 (a) and (b) show the fl ex ural strength of the un-infiltrated foams and the
composites, respecti vely. From Fi g. 4.41 (a), the fl ex ural strength of the uninfiltrated
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foam s increases approx im atel y linearly with increasing foam density; from - 5 MPa to
- 20 MPa with foam density increased from 15% to 35%. From Fig. 4.41 Cb), the

fl exura l strength of the co mposites is sign ifi can tl y improved after molten metal
infiltrati on and slightly decreases with increasing foam density. With the effect of cell
size, the flexura l strength of both the foam s and the composites increased with
decreasin g cell size.
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Fig. 4.4 1 Flexural strength of: (a) the un-infiltrated AI,O, foam s, and (b) the AI-8MglAI,O,
compos ites hav ing different foam densities and cell sizes.
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4.3.1.2 C haracterisa tion of th e fractured surfaces
Fig. 4.42 shows the fracture surface morphologies of the composi te fabricated uSll1g
the 15% dense foam with the cell s measuring 60 ,Im in average. The images we re
taken using both secondary electron mi croscopy, Fig. 4.42(a), and back-scattered
e lectron m icroscopy, Fi g. 4.42(b). From Fig. 4.42(a), the surface is ro ugh and consists
of spheri cal hill s/islands; fro m Fig. 4.42(b), th e distri butions of the metal and cerami c
phases are clearly seen with plastic deform at io n o f the metal observed, especia ll y in
the bigger ce ll s. No metal-ceramic interfacial ci ebonci ing was observed o n the fractured
surface.

Fig. 4.42 SEM frac ture tomography micrographs of the AI-8M glAI,OJ compos ite: (a) second
electronm icroscopy; (b) back·scattered electron microscopy. The foam infiltrated was 15%
den se with ce ll s measuri ng 60
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Typ ical 3D X-ray tomography micrographs of the fractured compos ite, infil trated
using the same foam as that in Fig. 4.42, are shown in Fig. 4.43. The micrographs were
co nstructed at the fracture tip of the compos ite, where both surfaces of the fractured
sample were observed . The composite had the same fractural surface morpho logy as
that in Fi g. 4.42(a).

Fig. 4.4330 X-ray fracture tomography micrographs of the AI-8M glAI 20 J composite: Ca) at
the fra cture tip; (b) the fractured surfaces. The foam used was 15% dense with cell s measu ring
60

fllll

in average.

Fracture to mograph y mi crographs of the compos ite infiltrated using the coa rser foam
of 23% dense with an average ce ll size o f - 140 flm are shown in F ig. 4.44. The
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composite had the s imil ar morphology to that in Fig. 4.42(a), wh il st being
com parative ly much less ro ugh. From Fig. 4.44(b), plasti c deform ati on of the AI phase
is clearl y observed, w hil e no metal-cerami c interface debo ndi ng occurred in the
com posites . A few micropores can be seen o n the fracture surface.

..

-

-.- . '

_.' .-u-'

Fig. 4.44 SEM fracture tomography microgra phs oflhe AI-8M glA I,0 3 co mposites: (a) second
electron mi croscopy; (b) back -scattered electron microscopy. The foa m used was 23% dense
wi th cell s measuri ng 140

fUll

in average.

Fi g. 4.45 shows three typ ical SEM mi crographs of the composites o n the fractured
surface, where th e meta l phase was ex tensively deform ed and , finall y, fractured,
though the metal-cerami c interface was intact after the bending measurement. Fro m
Fi g. 4.45 (a), a crack (indi cated as "A" in the micrograph) is present in the ceramic
phase - 20 fl m away from the metal-ceram ic inte rface. AI 20 3 flakes ("B", "e") are also
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seen In Fig. 4.45(a). From Fi g. 4.45(b, c), the sma ller A I20 ] g rai ns broke ma inl y
intergranually, while transgranular fracture occurred in the bi gger AbO] g rains,
ind icated as " A " in the micrographs.

Fig. 4.45 SEM micrographs of the fracture slIrraces of the AI-8MglAI 20 J composi te: Ca) 15%
foam density, 60 fun ave rage ce ll dia meter; secondary electro n micrograp h Cb, c) 23% foa m
density, 140 flm average cell diameter; back-scattered e lectron micrograph .
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4.3 .1.3 C ra ck propagation

Fig. 4.46(a) shows a typical back-scattered electron micrograph of a crack propagation
ro ute on the co mpression surface of the sample after 3-point bend ing measurement in
th e AI -SMg/A I20 ) composite. The AbO) foam infiltrated was 23% dense with an
average cell si ze of I 05

~1I11 .

The crack is propagating horizontall y in th e micrograph

through the ceramic phase, while the metal de for ms and bridges the crack. A hi gher
magnification view of the meta l bridging is shown in Fig. 4.46(b). From the
mi crogra phs, in add iti o n to the br idging by the metal phase, the crack was also
de fl ected during its propagation .
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Fig. 4.46 Back-scattered electron micrographs of the AI-8M glAI 20 3 compos ites: (a) crack
propagation ro ute; (b) microvo id coalescence.
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Another example of metal bridging along the crack propagation route is shown in Fig.
4.47(a). The crack deflecti on and the metal deformation are clearly seen. Composites
having different foam densities and cell sizes had the same crack propagation features
(as in Fig. 4.46 and 4.47 (a)). The sample might be prevented from completely
breaking into 2 pi eces, especially for the composites contai ning hi gher metal contents.
In Fig. 4.47(b), a micrograph of an infiltrated cell with several equia xed AI grains
exposed on the fractured surface is observed, similarly to that in Fig. 4 .13 . It can be
seen that the fracture occurred along the AI grain boundaries.

100

fUll

Fig. 4.47 SEM mi crographs o f the fractured surface of the AI-SM glAI,OJ com pos ite: Ca) metal
bridg ing along the crack propagation ro ute, back-sea tiered e lectron microscopy; (b) crack
propagation on the AI grain boundaries, second e lectron mi croscopy.
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4.3.1.4 SEM- EDS
An SEM m icrograph of the crack propagat ion route on the tensile side of the A ISM g! AhO) compos ite after 3-point bend ing measurement is shown in Fig. 4.4S(a).
T he A I has been extensive ly deformed . C racks in the ceramic phase and at the AI grain
boundaries were also observed. EDS chem ica l maps of the composite in Fig. 4.4S(a)
are shown in Fi gs. 4.48(b, c). The AI is rich in the metal phase, Fig. 4.4S(b); the
oxygen is ri ch in the ceramic, Fig. 4 .4S(c). The Mg map, Fig. 4.48(d), shows that it is
rich on the A I grain boundaries and at the metal-ceramic interfaces.

Fig. 4.48 SEM micrograph and the EDS maps or the AI-SMglA I,0 3 composite after 3-poin t
bend ing measurement: (a) the image; (b) AI , (c)

°

and (d) Mg.

By contrast, Fig. 4.49 shows a composite infiltrated w ith an AI-I OMg all oy . The main
crack in thi s compos ite is o n the to p right of the mi crograph, whereas second phase
compound s were o bserved at the metal-ceramic interfaces and the AI grain boundaries
(Fig. 4.49(a)). From the EDS maps, Fi g. 4.49(b-d), both Mg and 0 are concentrated in
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the second phase compo unds. What is more, c racks are observed In these Mg
concentration areas.

Fig. 4 .S0(a) shows the mi crogra ph of an AI-SMg/AI20 ) composite along the crack
propagation route, in whi c h a mi cropo re is observed at the meta l-cerami c interface and
an AI-Mg intermetallic, in the AI. The EDS maps of th is composite a re shown in Fig.
4.S0(b-d). From the Mg map, Fi g. 4.S0(d), Mg concentrates both a round the mi cropo re
and in the AI -Mg inte rmetalli c.

Fig. 4.49 SEM mi crograph and EDS maps of the AI- I OM g/ A 12 0 ) compos ite after 3-poi nt
bending measurement: (a) th e image, (b) AI, (c) 0 and (d) Mg.
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"

AI-~g .
interm

Fig. 4.50 SE M mi c rograph and EDS maps of the A I-8 MglA I, OJ compos ite afte r 3-po int
bend ing measurement: (a) the image, (b) AI, (c) 0 a nd (d) Mg.

4.3.2 Wear resistance

4.3.2.1 Wear rates
The wear rates of the 8 wt.% Mg a ll oy and the composites (with the foa ms of 15% and
27% dense, and average cell sizes of70 , 11 0 and 160

~m)

after 250 m si id ing under 10,

IS and 20 N loads are shown in Fig. 4.5 1. Co mpared with that o f the a ll oy (Fig.
4.5 I (a)), the wear rate of the compos ites (F ig. 4 .5 1(b)) was signifi cantl y lower
(approximately one seventh of that of the all oy). In add iti on, although the wear rate o f
the all oy increased abruptl y with increasing loads, the composites showed only a sli ght
increase. From Fig. 4.5 1(b), the composites having different foa m densities and cell
sizes had simil ar wear rates.
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Fig_4_5 1 The wear rates of (a) the AI-Mg alloy and (b) the AI-8M glAI,OJ com posites under
different loads after 250 m sliding_
The wear rates of the all oy and the com posites after 5000 m slidin g (a nd 250 m, for
compari son) lmder 20 N are shown in Table 4_ I _ The average wear rate of the alloy
decreased dramatica ll y with increasing slidin g distance: from 2.8 x 10-11 m3/m to I x
10-12 m3/m when sliding di stance in creased from 250 m to 5000 m. The composites
havi ng 27% foam density showed the same trend with a - 30% decrease in the wear
rate. By contrast, the co mposite havi ng 15% Foam density showed a sli ght increase in
the wear rate. The lowest wea r rate of I x 10-12 m3/ 111 was obtained in the co mposites
having the highest foam density of27% and the largest cell size of I 60
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Table 4.1 The wear rates ofthc AI-SMg alloy and the AI-S MglAI,Ol composites under 20 N,
in (ml/m)

x

10. ,2

28

Composite
AI-8Mgl I5%
A1 20 3; 70 ~1I11
4

Composite
AI-8Mgl27%
Ah03; II 0 ~Im
3.5

Composi te
A I- 8M gl27%
Ah03; 160 ~l m
3.8

10

5

2

I

Materials

AI -8Mg
alloy

5000 cyc les/
250 m
100,000 cycles/
5000 m

4.3.2.2 C omposite wo rn surfaces after 250 m slidi ng
SEM micrographs of the worn surfaces of the AI -8MglAI 20 3 composites after 250 m
slid ing under 20 N are shown in Fig. 4.52. The slidi ng di rections are ind icated in the
fi gures. T he composites are ploughed throughout both the metal and the ce ramic
phases. The AI is smeared out o f the ce ll s and elongated along the worn surfaces. At
both edges of the wear tracks, Fi g. 4.52(b), smeared a ll oy/com posite is observed. From
Fig. 4.52(c), deeper grooves fo rm in the softer AI.

To quantitatively measure the worn scars, the composites were analyzed using a
Talysurf C LI2000 . Typical 3D micrograph s and the profiles of the composites with
15% and 27% foam after 250 m sliding under 20 and ION loads are shown in Fig.
4.53 and Fig. 4.54, respecti vely . The worn scars under the highest load of 20 N are
deeper and wider than those under ION loads. The worn scars of the composites w ith
the higher foam dens ity, 27%, are also narrower and sha ll ower than those of 15% foam .
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Fig. 4.52 SEM micrograph s of the worn surfaces of the AI-8MgI A IIO) compos ites after 250 m
sliding under 20

: (a) 15% foam density, 70

fUll

ave rage ce ll s ize; (b, c) 27% foam de ns ity,

160 pm average cell size.
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Fig. 4.53 Typ ica l 3D micrographs and the profiles of the worn scars of lhe AI-8MglAI,OJ
composites with 15% foam and an average cell diameter of70

fllll

after 250 m s liding: (a)

under 20 N ; (b) under 10 N; (c) under 20 N; (d) under IO N.
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Fig. 4.54 Typical 3 D micrographs and the profiles of the worn scars of the AI-8Mg/A I,0 3
composites with 27% foam and an average cell diameter of 160 flm after 25 0 m s liding: (a)
under 20 N; (b) under ION; (c) under 20 N; (d) under IO N.

The wear debri s of the AI-8Mg alloy and the AI-8Mg/Ah03 composites at thi s stage
after 100 m sliding is shown in Fig. 4.55(a) and (b), respectively. The former is made
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up of AI-Mg flake s; whi lst the latter contains small er AI-Mg flake s with dispersed fine
AI 20 ) "chips".

Fig. 4.55 Wear debris or(a) the alloy and (b) the compos ite .

4.3.2.3 Composite worn surfaces after 5000 m slidin g
SEM micrographs of the worn surfaces of the composite after SOOO m sliding under
20N are show n in Fi g. 4.S6 and 4.S7. From Fi g. 4 .56, the compos ite wi th I S% foam
ex hibits the sa me ploughed/grooved feature as that in Fig. 4 .S2.

The composite with the hi gher foam density of 27%, Fig. 4.S7(a), however, ex hibits a
dramatically different worn surface morphology with interconnected AhO) struts
protruding out of the worn surface. Inside the A120 ) networks, severe grooves are
formed in the meta l pool. From Fig. 4.S7(b), fine cracks may be observed at localized
edges of the struts. The same worn surface feature was observed in the composite w ith
the same fo am density but the smaller cell size of II 0
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Fig. 4.56 SEM micrograph of the worn surface of the AI-8M glAI,O, co mposite after 5000 m
sliding und er 20 N; the Foam was 15% dense with an average ce ll size of 70

~tm .

Fig. 4.57 SEM micrograph s of the worn surFaces of the AI-8MglA I,O, composite after 5000 m
sliding under 20 N; the foam was 27% dense with an average ce ll size of 160 I'm .
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Typical 3D micrographs of the worn scars of the composites in Fig. 4 .56 and 4.57 are
shown in Fig. 4.5S. From Fig. 4.5S(a), the compos ite with the 15% foam is severely
ploughed with deep grooves formed continuously on the surface.

The composite with 27% A1 20 3 , Fig. 4.5S(b), however, shows little/no grooves on the
worn surface, whi le the protruded AI2 0 3 struts/network may be observed.

High
Low

Fig. 4.58 Typical 3D micrographs oflhe worn scars oflhe 8Mg/A I,0 3 compos ites after 5000
m sliding under 20 N: (a) 15% foam density, 70

~l1n

average cell size; (b) 27% foam density,

160 ~l1n average ce ll size.
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4.3.3 H a rdn ess

4.3.3.1 Hardness
The Rockwe ll hardness of the 8 wt.% Mg alloy and the co mposites are shown in Tab le
4 .2. The hardness of the composites was signifi cantl y hi ghe r compared w ith that of the
all oy and it increased with increas ing foam den sity.
Table 4.2 Rockwe ll B hardness orlhe AI-8Mg all oy and the AI-8MglA I,OJ composites.
Materia ls

AI-8Mg a lloy

Co mposite
AI-Mgl AI 2 0 J .
15%, 70 ~lm

Co mposite
AI-MglA I20 J •
27%, 110 fim

Co mpos ite
AI-Mg/A I20 J.
27%, 160 fim

Rockwell B
Hardness

32

64

86

84

4.3.3.2 Cha racterisation of the ha rdn ess in dents
Fig. 4.59 shows SEM micrographs of the indents of the co mposites. Cracks were
formed and propagated in the cerami c phase and along the metal-ceram ic interface.
The metal , however, was extruded out of the cell and protrudes o ut of the samp le
surface, as can be seen in the mi crographs.

From Fig. 4.59(b), de lami nat ion of the cerami c phase is observed, as indicated at
position "A" in the micrograph. From the metal phase in cell "B", the AI o nly partia lly
defo rmed , w hil e the rest, although in the same cell , remained intact. The sam e
phenomena were also observed in Fi g. 4.59(a), suggest in g that the cell s were
infiltrated by more than one AI grains.
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200 flm

Fig. 4.59 SEM micrographs or the Rockwe ll B hardness indents in the A I-8M glA I, OJ
composites: (a) 27% foam density, 60

f ll11

ce ll di ameter; (b) 27% foam density, 160

fUl1

ce ll

diameter.

4.3.4 Ballisti c tes t
Micrographs of th e AI target (with the bullet lodged) after the ballistic test are shown
in Fig. 4.60. The depth s of penetrat ion of the AI targets are shown in Table 4.3 . With
the presence of a composite layer and a lthough the compos ite was detached from the
A I target backin g fo ll owing the test, the depth of penetrat io n was reduced by - 5-6 mm
(Tabl e 4. 3). Importan tly, the directio n of penet ration was de fl ected, as ca n be seen in
Fig. 4.60b).
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Cb)

I

10 mill

I

I

Fig. 4.60 Micrograph s of the AI targets after balli stic tests: (a) pure AI target; (b) with the
presence of an AI-MgI AI 10 3 compos ite layer.
Tab le 4.3 Depth of penetration in the AI target, in mm .

Materia ls
Without the composite
With the composite

Test I
38
23

III

Test 2
38
22

/-I. Chang

Processing alld cJllIracterisatioll of 3-3 AI-alloy/AIJO) interpenetrating composites (/pes)

4.3.5 Split Hopkinson 's Bar (HPB) test

4.3.5.1 Sampl es for th e test
Fig. 4.6 1 shows a photograph o f the AI-SMgI AI20 3 composite cylinder samples
infi ltrated fo r the HPB test. It may be seen that the foams have been fu ll y infi ltrated by
the AI-SMg alloy with good infiltration quality and surface fin ish. Residual alloy
beneath the infi ltrated foam s and a few residua l pores on top of the cylinder may be
observed, which were ground off from the sample prior to the test.

Fig. 4.6 1 Mi crograph showin g the infiltrated cy linders.

4.3.5.2 Stress-stra in cUI·ve
A typical stress-strain curve of the composite obtained from the HPB test is shown in
Fig. 4.62. Although the composite contained an interpenetrating AI 20 3 network
throughout the structure, the compos ite yielded at - 2% (strain) - a typical behaviour of
metallic material, followed by plastic deformat ion with a comp ressive strength of up to

500 MPa and a strain up to 12%. The composite was plastically deformed without
fall i ng apart a fler the test.
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Fig. 4.62 Stress-strain curve of the AI-SMg/AI 10 3 co mposite obtained from the HPB test.

4.3.5.3 M icros tru cture cha r acte rization
SEM mi crographs of the composi te after the test are shown in Fig. 4.63. The surfaces
observed are parallel to the compression direction, hence the deformat ion of the
ori ginal spheri ca l cell s into ellipses under the com pression are c learl y seen. The
compression direction is indicated in the micrograph s as "C D". A few micro-cracks
and/or pores form ed locall y in the foam struts may also be observed; most of which
appear parallel to the compress ion di rection, which indi cates that the c rack was formed
as a result of tensil e stress from the metal extension.

0

macroscopi c metal-ceramic

interfac ial debonding was observed.
Fi g. 4.64 shows SEM micrographs of the composite at higher magnifications. Thin
secondary cracks between the two main cracks are observed in Fi g. 4.64(a). The AI20 3
gra ins broke mainly intergranul arl y, whil st transgranular fracture of the Ab03 may
occur in bigger grain s (the same trend has been observed in the fl ex ura l strength
measurement in Section 4.3.2). From Fig. 4 .64(b), more c racks in the foam strut are
observed. However, as with Fig. 4.63 , the cracks stop at the metal-ceram ic interface
with the latter remaining intact.
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Fig. 4. 63 SEM micrographs of the composite after the test.
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Fig. 4.64 SEM micrographs of the composite after the test, showi ng the cracks in the foam
struts.

Fig. 4.65 shows an SEM micrograph of a typi cal crack propagation in the composite.
As with Figs. 4.63 and 4.64, no metal-ceramic interfacial debonding is observed.
Interestingly, the cracks do not penetrate throughout the foam strut, rather they are
di sco ntinuous, showing the good impact property of the materi al.
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Fi g. 4.65 SEM microgra ph of the compos ite after the test showin g the crack
fo rmat ion/propagation route.

4.4 Processing A IIAllOj ([nd AI-SiIAllOj interpenetrating composites

Th is section presents the results on the processing and microstructural characterisati on
of the AlIAI2 0 J and the AI -SilA\zOJ com posites (deta il s of the ex perim e ntal
procedu res can be fo und in Section 3. 1.3.3). T he effects of process in g parameters o n
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the chemi cal vapour deposition, the pressureless infiltrat ion and the composite
microstructures were investigated.

4.4.1 Charactel"isatioll of the pre-coated foam s

4.4.1.1 Pre-coatcd foam s usin g th e Al-M g alloy
Fig. 4 .66(a) shows a back-scattered elect ron micrograph of a pre-coated A l20 3 foam
(23% foa m density; 70 f.lm cell diameter) processed with the - 50wl.% Mg all oy at
700°C in a N2 atmosphere for 30 mins. From the m icrograph, a bri ghter metallic layer,
- 20 f.lm thick, was form ed on the foam su rface. A small cell , completely fi ll ed by the
meta l, is also observed. The chem ica l maps of the sample are shown in Fig. 4 .66(b-e).

It can be seen that 0 is present in the foam as ex pected , Fig. 4.66(b); wh ilst the Mg
map, Fi g. 4.66(c), shows the opposite d istribut ion - being concentrated in the coating.
The Al map, Fig. 4.66(d), shows that it is present in both the foa m and in the coating.
EDS spot ana lys is reveals that the coati ng conta ined - 40 wt.% Mg, with the remainder
AI. From Fi g. 4 .66(e),

seems present throllghoutthe microstructure; as it is highest

where the 0 is rich, it co ul d be due to overlap with the 0 peak (in SEM-EDS ana lysis).

Fig. 4.67 shows the SEM microgra ph and the EDS maps of the cell s in a pre-coated
foam which, as the small ce ll in Fi g. 4.66, seemed co mplete ly fi lled after the chem ica l
vapour deposit ion. From the Mg map, Fig. 4 .67(b), it may be observed that the coating
is Mg rich, a result consi stent with Fig. 4.66(b). In add iti on, EDS spot analysis in the
coati ng shows a s imilar Mg content, - 40- 50 wt. %. From the Al map, Fig. 4.67(c) ,
however, an Al rich layer is present in the meta l around the large Ah03 cell wall.
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Fi g. 4.66 SEM mic rograph and the EDS maps of the pre-coated AI 20 3 foam processed at
700°C in N2 for 30 mins: (a) the image; (b) 0 ; (c) Mg; (d) AI and (e)
down in fi owi ng N, atmosph e re.
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Fig. 4.67 Back-scattered electron mi crograph and the EDS maps of the filled ce ll s in the coated
foam processed at 700°C in N, for 30 min s: (a) the micrograph ; (b) Mg; (c) A I; (d) O.

It should be noted that whil st a homogeneous coati ng was genera lly observed across
the coated foam (as shown in Fig. 4.66), in the side of the foam nearer to the AI-Mg
all oy and, there fore , facing the N2 fl ow, no ted as "A" in Fig. 4.68 , a thick er coating
layer (tha n side " B") was genera ll y produced .

r.

A .4'

R

Gas stream
~

Alloy

Fig. 4.68 Schematic of the chemical vapo ur deposit io n assembly; a thicker coating was
genera lly prod uced on s ide "A" of the foam compared to side " B" .
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4.4.1.2 Pre-coatcd fo ams using the AZ81 alloy
AbO) foams were also coated usi ng the AZ8 1 all oy (at 700°C in a N2 atmosphere for
30 mins) . Similar to that coated using the AI- Mg a ll oy, Fig. 4.68 , a di ffe re nce in the
coating thickness was observed.

To identi fy the phases of the coating, XRD analys is was perfo rmed. The resu lts are
shown in Fig. 4.69 . The peaks of the pre-coated foam , Fig. 4 .69(a), correspo nd to the
a -AI20 ), the same as the o ri gi nal AbO) foam (Fig. 4.69(b)); w hil e the rest of the peaks
match the cubic Mg)N2 structure.

Fig. 4.69 X-ray ana lysis of (a) the pre-coated foam processed lI si ng the AZ8 1 alloy at 700°C in
N2 fo r 30 mins; (b) the original foam , for comparison.

4.4.2 Infiltration results
Tabl e 4.4 shows the in filtrat ion results uSing the comm ercia ll y pure AI after the
chemi cal vapo ur deposition on the A I20 ) fo ams as a functi on of atmosphere for each
stage of the process. Th e pu re A I infi ltrated successfull y into the pre-coated foams
despite the di fference in the coating thickness, however, no infiltratio n occurred under
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the same conditions when an Ar atmosphere was used for either the chem ical vapour
depositi on or the metal infiltration steps.

Table 4.4 The chemical vapour deposition oFthe Al,OJ foams and the infiltration results using
the commercia l pure Al in different atmos pheres.
Evaporati on conditions

Results

Infiltration conditions

Metal

Atmosphere

Metal

Temperature

Atmosphere

AZ81

N2

AI

9 1SoC

N2

Infiltrated

Ar

AI

91S oC

N2

N2

AI

9 15°C

Ar

N2

AI

9 15°C

Ar-N 2

N2

AI

91S oC

N2

No
infiltration
No
infiltration
No
infiltration
Infiltrated

AI

91S oC

Ar-N2

AI-M g alloy
(AZ8 1+AI-Mg)

No
infiltration

Tabl e 4.S shows the infiltration results using the LM6 alloy. As with the pure AI
(Tab le 4.4), infiltration on ly occurred when a

2 atmosphere was used and no

in fluence of the coat ing thi ckness on the infiltration was observed. Infiltrat ion on ly
occurred when a temperature of 915°C was used, of those in vest igated.
Tab le 4.5 The chemica l vapour depos it ion oFthe Al,OJ foa ms and the infiltration results using
the LM6 alloy with respect to the infiltration atmosphere and temperature.
Evaporation conditions

Infiltrat ion co nditi ons

Metal

Atmosphere

Metal

AZ8 1

N2

LM6

Results

Atmosphere Temperature
Ar

91S oC

N2

9 15°C
8S0°C
700°C
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4.4.3 C haracte risa tion of th e AI/AI2 0

co mposi tes

3

4.4.3.1 SEM -(EDS)
Fig. 4.70 shows a typical back-scattered e lectron micrograph of the AI/AhO)
composite. The A I fully infiltrated the foam with no large un-infi ltrated pores or bulk
second phases observed in the composite. A few, ti ny, partially infiltrated pores may
be seen in the micrograph. As with Section 4.2, thin film s on the AI grain boundaries
are observed in the cells at the top o f the micrograph .
. . ' C#

/ !

\

Fig. 4 .70 Typical back-scattered electron micrograph oflhe AIIAI ,0 3 compos ite.

To identify the chemical compositi on of this co mposite, an EDS line-scan ana lys is was
performed; the result is shown in Fig. 4.71. From the AI 20 ) foam strut to the AI pool,
the AI content increases, the 0 co ntent decreases, whil st the Mg is present in both the
foam strut and the metal with little content difference between the two. From the EDS
result, N 2 also seems to have been present in the foam struts.
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Fi g. 4.7 1 (a) Back-scattered electron mi crograp h and (b) the EDS lin e-sca n a nalys is resu lt of
the AI/AJ,O, co mpos ite ( in Fig. 4.55).

4.4.3.2 TEM
To fu rther analyse the AI/AI20 3 com posite, T EM sampl es were prepa red using the FIB
(preparati on de tails can be found in Section 3.2.5). Fig. 4.72(a) shows a micrograph of
the AI20 3 fo am strut extracted usin g the F IB; the darker phase is the A120 3, the
brighter phase, the metal. A TEM micrograph of thi s foam strut is shown in Fig.
4.72(b). It may be seen that the AI penetrated into the pores along the AI 20 3 grai n
boundari es ancl fi lled the pores in the foa m strut . The Ab03 gra ins are - 500 nm in size,
whi lst a large, lon g grain is also observed in the mi crograph.
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Fig. 4.72 Micrographs of the AI, OJ foam strut in the AI/AI,OJ compos ite, infiltrated at 915°C
in fl owing N, : (a) ion induced secondary electron image; (b) TEM mi crograph .
A TEM mi crograph of the AI-A120 3 interface in this AIIA I20 3 composite is shown in
Fig. 4.73. No porosity is observed at the metal-ce ramic interface. From the micrograph,
the interfacial layer is made up of tiny particles that form a continuoLls layer at the
interface. Similar tiny particl es are also present, although localised, in the foam strut
on the AI20 3 gra in boundari es.
A hi gher magnification view of the AI -AI 203 interface in Fi g. 4.73 is shown in Fig.
4.74(a). As wi th Fig. 4.73, the interface was made lip of tiny particles, a few or ten s of
nanometer in size. From the mi crograph , however, the particles may be categorized
into two types: spherical-shaped, bri ghter part icles, and darker, angular-shaped
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particles . The latter look like the MgAh04 observed in the AI-SM g/AI 20 J composite
(Section 4.2). EDS spot analysis at the interface was performed ; as is shown in Table

4.6, AI , M g, Nand 0 were present at the interface. Based on the atomic ratio, the
composition corresponds very well to 5 AIN: I MgAI 20 4 (30 AIN : 6 MgAI 20.).

Fig. 4.73 TEM mi crograph of the A I-AI,O) interface in th e A I/AI,O) compos ite infiltrated at
915 °C in fl owing N"
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Sphe ri cal
particl es

Angula r
particles

Fig. 4.74 TEM micrograph at the A I-A I, 0 3 interface in the AIIA I,0 3 composite in Fig. 4.73.

Table 4.6 Elements presented at the interfac ial layer in Fi g. 4.59, at.%
Element

AI

N

0

Mg

Atom %

44

30

20

6

4.4.3.3 Formation of seco nd phases

In Fig. 4.70, the AI/AhO) composites contained no bulk seco nd phases but had a
" clea r" AI -A hO) interface. However, in the part of the compos ite where a thick CVD
coatin g layer fo rmed in the foam prior to in fi ltrat io n as addressed in Fig. 4 .68, a thi ck
second phase layer may be observed. An optica l mi crogra ph showin g the form atio n of
this interfacial layer is shown in Fig. 4.75.
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~I

.:

Thick layer
Thin layer

Fig. 4.75 Optica l mi crograph of the AIIA I,0 3 composi te, showi ng the formatio n of interfacial
layers in the composite.

To identify the elements in th e layer, SEM-EDS map ana lysis was performed; the
resu lts are shown in Fig. 4.76. A low voltage, 5 kV, was used to detect the li ght
element. The Al map, Fig. 4.76(b), shows that AI was present throughout the
microstructure, being hi ghest in the ce ll. The Mg map, Fi g. 4.76(c), shows that
although Mg is present both in the Ah0 3 foam strut and in the meta l (co nsistent with
Fig. 4.71), no Mg was present in the second phase layer. The

2

map, Fig. 4.76(d),

clearly shows that N co ncentrates in the seco nd phase layer.

Fig. 4.76 SEM micrograph and EDS maps of the AI/A 1,0 3 composite: (a) the image; (b) AI; (c)
Mg and (d) N. The images were taken at 5 kV.
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To identify the phases in the layer, a thin fi lm sample was prepared across the layer
using the FIB and observed in the TEM. As is shown in Fig. 4.77 , and as demonstrated
by the EDS analysis, the layer was an AI matrix which was di spersed with AIN
particles (the darker phases in the micrograph). The layer is noted as the AI(AIN ) layer,
for abbrev iation. The diffracti o n pattern of the AIN shows that it had a hexagonal
structure. From the TEM-EDS analysis, a small amount of Mg, - 1. 8 wt.%, was also
detected in th is layer.

Fig. 4.77 (a, b) TEM micrographs of th e AIN and (b) its diffraction pattern in the AI(AIN)
layer in the AI/AI,OJ composite.
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Fig. 4.78 shows the TEM micrograph of the interface between thi s AI(A IN) layer and
the AbO) foam. Whi lst no porosi ty was observed at the AI(AIN)-AI20 ) in terface,
pores were observed inside the foam strut, with tiny particles present on the AbO)
grain surfaces.

Fi g. 4.78 TEM micrograph of the AI(AIN)-A I,O, interFace in the A I/ A I,O, composite.

As shown in Fig. 4.75, a dark, thin seco nd phase layer was observed at the AI(A IN)-A I
interface; a TEM micrograph of th is layer is shown in Fi g. 4.79 . It can be seen that the
layer is a few hundred nanometer thi ck and is made up of ti ny par tic les, Fig. 4.79(a).
From Fig. 4.79(b), the particles are spherica l with sizes - 30-50 nl11. The diffract ion
pattern analysis, Fig. 4 .79 (c), revea ls that the particles were MgO.
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Fig. 4.79 T EM micrograp hs of (a, b) the MgO layer and (c) the diffracti on pattern o f the MgO
parti cles at the AI(AI ) - AI interface in the AI/AI,0 3 composite.
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4.4.4 Characterisation of the AI-Si/ AI2 0 3 composite

4.4.4.1 Composite microstructure
A typical optical micrograph of the AI-Si! AI 20 3 composite infiltrated with the LM6
alloy at 9 15°C in a N2 atmosphere is shown in Fig. 4.80. It is obvious that the alloy
infiltrated the foam completely. The microstructure of the infiltrated a lloy was coarse
with intermetallics; in particular, a large grey needle-shaped phase penetrates through
the cells (as indicated by the arrows).

Fig. 4.80 Optica l micrographs of the AI-Si/AI20 3 composite. The arrows indicate large
intermetallic phase penetrates throughout the cells.
An SEM micrograph and EDS map of the composite in Fig. 4.80 are s hown in Fig.
4.81 (a) and (b); the distribution of the elements is shown in Fig. 4.82. From Fi g.
4.81 (a), two large grey needle-shaped phases are observed which, from the EDS map,
are high in Mg and Si. Smaller grey Si phas<!s are observed in the alloy, which are
preferentially distributed in the allo) near the metah eramic interface. In addition, Si
ox ides are observed in Fig. 4.8 1, that have a dentritic-structure.
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Fig. 4.8 1 (a) SEM micrograph and (b) the EDS map oF the AI-S i/AI 20 , composite away from
the thicker coating.
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Fig. 4.82 EDS ma ps of the A I-Si/A I,OJ compos ite in Fig. 4.81: (a) Mg; (b) Si; (c) 0; (d) A I.

At locali sed positi ons in the AI-S i/AI20 3 composite, Mn co ntai ning parti cles may be
observed; an SEM mi crograph showing the fo rmatio n of the AI-Mn parti cles (as
indi cated by the arrows) is shown in Fig. 4 .83. Mn is an add iti ve present w ith LM6
all oy, Table 3.3 .

J

Fig. 4.83 SEM micrograph o f the A I-Mn part ic les in the AI- i/A l,Oj composite. The image
was taken at 10 kY lIs ing seconda ry e lectrons. The arrows indicate the AI -Mn compollnds.
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4.4.4.2 Formation of seco nd phases
Fig. 4.84 shows optical micrographs of the AI-Si/AI 2 0 3 compo site infiltrated with the
LM6 all oy at 915 °C in a N2 atmosphere. Similar to the structure in Fig. 4.76, a thick
seco nd phase layer has form ed at the a lloy-ceramic interface where a thicker CVD
coating was form ed in the foam prior to infiltrati o n.

Fi g. 4.84 Optica imi crograpll s ofllle Ai-S i/Ai, OJ composite.
An SEM m icrograph of the compos ite in Fi g. 4.84 is shown in Fi g. 4.85(a); the EDS
map of th is composite (with a ll the elements presented) is shown in Fig. 4.8 5(b). For
conven ience, the di stribution of each element is shown in Fig. 4 .86.

Fro m Fig. 4.86(b), both AI and N are present in the seco nd phase layer, whi lst Mg and
O 2 are concentrated at locali sed po sitions in the interfac ial region . However, Si rich
phases are observed in the alloy near the seco nd phase layer; whil st at locali sed
positions, Si ox ides (Si0 2) are formed , such as in the cell in the middle of the
micrograph. Bes ides AI and 0 , the fo am strut also contained Mg (Fig. 4.86(d)) and N
(Fig.4.86(b)).
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Fig. 4.85 (a) A secondary electron SEM micrograph and (b) the EDS map of the AI-Si/AI,03
composite, where a thicker coating formed in the foam prior to infiltration. The image was
take n at 5 kV.
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Fig. 4.86 EDS maps of th e AI-Si/A I,OJ composite in Fig. 4.66: Ca) AI; Cb) N; Cc) 0; Cd) Mg; Ce)
Si.
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CHAPTER 5 DISCUSSSION
[n this Chapte r, the results presented in Chapter 4 are di scussed, whi ch includes the
pressureless infiltration mechani sm-the two-step nitridation, the effects o f process ing
atmosphere, in fi ltrat ion dynamics a nd kineti cs, the properties of the AI-8MgI Al zO J
interpenetrating composites and the pressureless infiltrati on o f AI/A bOJ and AISi/ AbOJ interpenetrating com posites.

5.1 Infiltration mechanism
5.1.1 Formation of MgJNz
The pressureless infiltrati on of molten metals into cerami c foam s is potentially
superi or to tradi ti onal pressure infi ltration techniques such as sq ueeze casti ng, hav ing
the advantages of there bein g no requirement fo r hi gh pressure and hence offering
potenti all y low cost and nea r net shape prod ucti on. However, due to the poor
wettabili ty between most mol ten AI all oy and ceramics, the results (Fi g. 4 .6) have
shown that the infiltrati on requires the presence of both Mg and a nitrogenous
atmosphere.

Although it is well known that Mg is a strong surfactant that improves the wettability
of the molten AI with AlzO J [35 ], in the case of a pure Ar atmosphere, no infiltrati on
has occurred (Fi g. 4.6(b)). In-situ o bservation of the ex periment in A r showed that
ex tensive vapour was generated, parti cul arl y during the hold at the temperature . From
Fi g. 4 .7, the AlzO J foam tu rned black , with the XRD ana lysis showing that MgA b 0 4
had formed in the foam, Fi g. 4.8. Ortega- Celaya, et al. [1 22] reported that due to the
low evaporation temperatu re of Mg compared to that of AI, Mg escapes from the AI
melt. Depl etion/loss of Mg fro m the AI-cerami c systems was o bserved by Levi et al.
[1 23 ] and Rao et al. [69]. Hence, the formati on o f the spinel is due to the Mg
evaporati on, which then reacts with the AbOJ foa m via the fo llowing reacti on [46]:
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(5.3)

Di sco loratio n of prefo rm s, due to the coating of Mg evaporated fro m mel t surface, was
observed by Kumar and Sandhage [ 124]. The di sco lorat io n indi cates that the gettering
of res idual O 2 in Ar has been effective; hence the absence of infi ltration can not be
attri buted to ox idati on.

In addi tion, from the resu lts in Fig. 4.6, the infiltration was favoured with both hi gher

Mg content in the all oy and N2 content in the furnace atmosphere; Fig. 4 .9 shows that
the infiltration quality improves with increasing N2 content. Hence it is believed that
the reaction between Mg and N2 is essentia l for in fi ltratio n [73]. A t the desired
temperature, e.g., 915 °C, the atmosphere between the molten A I-Mg all oy and the
AI20 3 fo am wi ll have consisted of N2 and evaporated Mg from the molten a ll oy (Fig.
5.1 (a)). The Mg vapour can react with N2 to form Mg3N 2 :

3Mg+ N ,

-t

MgJN ,

lIG 9 ];"c = -213 kJ /mo l [74]

(5. I)

wh ich may then deposit onto the surface of the A I20 3 foam . A possible interfacial
morpho logy at thi s stage is shown in Fig. 5. 1(b) .

The same assumpti ons have been proposed by o ther researchers: a study on the
pressureless infil tration o f AA606 1 all oy into Si3N4 ceram ics [1 25] showed that the
infiltration is a resu lt of an imp roved wetting via the formatio n of Mg3N 2. Also,
Schiroky el al. [1 26], by studyin g the pressureless infiltration of Mg containing AI
alloys into ceram ic preforms, concl ude that the Mg-vapo ur pressure is suffi cientl y hi gh
to cause slow evaporati o n and the infiltration is a resul t of reacti on-induced wetti ng.
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(a)

(b)
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Fig. 5. I Schematics or the interaction at the alloy-ceramic front at 915 °C; (a) in N2
atmosphere; (b) MgJN2 forma ti on.

5_1.2 Fo rm ati on of AIN
Microstructural analysi s of the composites, Figs. 4 .9-4. 15, has however, shown the
formation of AIN, whil st no Mg3N2 has been observed. The Gibbs' free energy change
with temperature for the nitri dation reacti ons in the AI-Mg-N system is shown in Fig.
5.2 [74]. From the therm odyna mic viewpoint, nitridation of either AI or Mg is

favourab le. AIN has a higher thermal stab ility than Mg3N2 over the entire temperature
range, although kinetically, the formation of Mg3N2 is more faster at temperatures
hi gher than 11 OO°C.

Formation of AIN via the reaction of Mg3Nz and AI has been reported by Lee et al.
[1 25]. This is not unexpected as Mg3N2 acts as a nitriding agent in reacti ons forming

nitrides, such as Si3N4 [1 27] and MgSiN2 [128,129]. In thi s research, TEM of the AIN
dendrites (Fig. 5.2 1) showed that at local ised positions, Mg was detected, wh ich may
be an indication that Mg3N2 is a cata lyst for the forma ti on of AIN.
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Fig. 5.2 Free energy change of the reactions in the AI-Mg-N system with the variat ion of
temperat ure [74].
Hence, it is highl y poss ible that Mg)N2, when in contact with the liquid AI, reacts with
the AI to form AIN. The proposed react ion is:

Mg )N, + 2AI-+ 2AIN + 3Mg
L'lG 915 oc = -175 kJ/mol [74]

(5 .2)

which drives the liq uid AI in to the ceramic foam, thus inducing infiltration [126]. The
Mg is recycled through the reacti on (Eg. 5.2), which can then di sso lve into the melt, or
evaporate and react with N2 again [1 30). From thi s po int of view, Mg acts as a catalyst
wh ilst N2 is a wetting age nt that fac ili tates the formation of AIN [77] and prevents Mg
loss [74]. As Egs. 5. 1 and Eg. 5.2 are hi ghl y exothenni c; in order to take advantage of
Mg as a sur facta nt and improve the wetting of the AI -cerami c system , it is hi ghly
desirab le that both the reactions take place [1 22].

The formation of the AIN was also observed by Rao and Jaya ram [69). Simi lar to the
mi crostructure gradient in Fig. 4. 14 wi th the infiltration depth, the degree of nitridation
varies in the composite from AIN rich to AI meta l rich. What is more, the resu lt in this
research confirms that suffic ien t time is needed for picking up N2 [68]. Although
nitridation has been observed in the compos ite processed at 900 0 e in a fl owing N2 for
60 mins (Fig. 4. I 5), no nitridati on ha s been observed in the composites processed at
9 Iooe for 12 mins, Fig. 4. I 6; the Mg in the latter remained in the a lloy as AI-Mg
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in termetallics and was preferentially di stri buted in between the Al dend rite arm s/grain
bou ndaries (Fig. 4. 17). Consequently, although the temperature is hi gher, the sho rter
time period means that no nitridation is observab le in the composite.

5.1.3 DSC-TGA analysis
DSC-TGA analysis of the A I- Mg alloy in N 2, Fig. 4.24 , showed that two exothermi c
peaks " I " and "2" were observed at - 700°C and 800°C, respectively, indicating a twostep reactio n had occurred. By studying the Mg powder under fl owing N 2, Murata et a/.
[127] reported that the exothermi c effect due to Mg nitridation ini tiates at - 700°C,
w hi ch is consistent with peak "1" and suggests th at the peaks " 1" and "2" correspond
to the nitridation reaction s of Eq. 5.1 and 5.2, respecti ve ly. The we ight gain is not
unexpected considering the N2 pick up. As the so lubi lity of N2 decreases with
decreasing temperature, the we ight gai n slight ly decreases during coo ling (F ig. 4.24).
Infiltration experi ments at 790°C and 670°C have shown that the 10 wt .% Mg alloy
infiltrates the foam successfull y at 790°C, whil st no infiltrat ion occurs at 670°C. This
confirm s that the nitridation of Mg is essential fo r the infiltration. It should be noted
that fro m the thermodynamic point of view, Fig. 5.2, the direct nitridati o n of pure Al is
a lso poss ible. However, it is the indi rect nitridation that resu lts in the pressurelesss
infiltration (as no infi ltration occurs without Mg in the all oy (Fig. 4.6)).
From Figs. 4.39 and 4.40, cubic MgO crysta ls were observed to have formed on the
residual al loy surface. Compared with Ah03, MgO is no n-protecti ve, w hi ch allowed
the liquid Al to flow through it into th e porou s Ah03 foams [69]. The role of Mg in
replacing and breaking the surface Ah03 has also been recognized by Nagendra et al.
[70] and Kent et al. [1 31].
Hence, Mg3N2 is important in that it form s and di sperses on the surfaces of the Ah03
grai ns, which, when in contact with molten AI, reacts with the Al and drives the AI
into the cerami c cell s/pores. Besides the nitridat ion, Mg is a lso impo rtan t in destroy ing
the passivati ng AI20 3 surface layer, wh ich is important at the initial stage of infiltration.
Due to the Mg evaporati on and its high affin ity fo r O 2, it reacts with residual O 2 (if
there is any in the system), therefore prevent ing furthe r pass ive ox idation of the liquid
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AI at the infi ltration front and, as a result, facilitating ni tridation and enabling
infiltration to continue [69].

5.1.4 Process in g in Ar-N2
One of the mai n tasks of thi s research was to optimi se the process ing condition s so that
the formation of bulk second phases, e.g. , the AIN dendrite that could be detrimental to
the composite properties was prohibited. In order to ach ieve thi s, an Ar atmosphere
was used during the heating and coo ling peri ods of the pressureless infiltrati on process
(Secti on 4.2), with N2 onl y bei ng introduced for infiltration when the desired
temperature was reached.

The in-situ observation in Fig. 4.23 shows that infi ltrati on occurred successfull y. An
incubat ion peri od of 5- 10 mins was observed , wh ich may correspond to the ni tri dation
reacti on for activating the infi ltrat ion. Infiltration ex periments using an AI- I.5 Mg
all oy and AI2 0 ) short fiber preforms also showed that an incubation time,

'awas

requ ired (Eq . 2. 18) [3 2] . From SEM micrographs of the AI-8MglAI 20 ) composites,
Fig. 4.25 , it was seen that no bu lk second phases, e.g., AIN, formed . XRD analys is
showed that the composite contained on ly AI-M g alloy and AI20 ), Fi g. 4.27,
demonstrating the effectiveness of optimising the furnace atmosphere.
However, since the metal-cerami c couple had been heated in Ar, Mg could evaporate.
SEM-EDS ana lys is (Fig. 4.26) showed that Mg was present in the foa m strut of the
infiltrated composite. TEM anal ys is of the infi lt rated composites showed good meta lcerami c interfac ial bonding with a continuous AIN and Mg layer at the alloy-ceramic
interfa ce (Figs. 4.30 -4.34) , whil st MgA I20 4 spine ls form ed at localized positions at the
all oy-ceramic interface and in the foam struts (Figs. 4.35 and 4.36) . Hence, it is
beli eved that Mg vapour reacts with the AbO), resulting in locali sed MgAb04 ,
although once N2 was introduced, nitridation of the Mg preva iled, whi ch induced
infiltration and formed a thin AIN and Mg layer at the all oy-ceram ic interface . The
large AI20) grains at the metal-ceramic interface (Figs. 4.3 1 and 4.32) could either be
intrinsic to the samp le, i.e. the coarser 6 1-1In powder used, or a result of AbO) grain
growth at the AI(Mg)-AI20 ) interface .
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Based on the results, a schematic of the composite after infiltration in an Ar-N2
atmosphere, w ith the formation of spinel and AIN, is shown in Fi g. 5.3; the bl ack
phase in the foam strut represents spine\.

AI (Mg)
(s)
-4-

AIN
(s)

/
Fig. 5.3 A schematic of the compos ite after infiltration showing the formation ofa continuous
AIN laye r and MgA I, O, at localized positions.

A study on a composite produced by direct ni tridation of an AI-Mg all oy at 1000°C in
a N2 atm osphere [132] showed that a spinel laye r fo rm ed in the composi te. With the
increase in the sp inel layer thickness, better composite fract ure strength and toughness
were obtained . The bene ficial effects were a result of effecti ve fib re bridging wi th a
thicker spinel layer. In addition , Lee et at. [73 ] al so observed MgA I20 4 and MgO at the
aluminiu m-ceramic interfaces in AI-3Mg infiltrated composites. The format ion of
MgAI 20 4 (rather than MgO) depends on the Mg content in the foam; a mi crograph
show ing the calcu lated phases in the AI-Mg-O system at 800°C is shown in Fig. 5.4
[13 3]. At lower Mg contents, MgAI20 4 form s wh il st MgO forms at hi gher Mg co ntents.

As a trace of Si was contained in the master alloy AZ8 I (- 0.6 wt.%) , the formation of
Mg2Si (Figs. 4.37 and 4.38) could be a result of a reaction between the Mg and Si
during the all oy casting. Thi s is the o nly example of Mg2S i observed in the TEM
samp les, although there is a possibi lity that Mg2Si particles mi ght also have formed at
other positi ons in the AI a ll oy.
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Fig. 5.4 Calculated phase relations inlhe AI-Mg-O system at 800°C. Note the location of the
invariant points along the AI-Mg joi nts is di storted for clarity purpose [13 3].

5.2 "Downward" and "upward" infiltration
5.2.1 Infiltratio n dynamics
The all oy was sucked into the AI20 ) foa llls under the cap ill ary pressure as a result of
good wetting between the molten all oy and the ceram ic. Consideri ng the infiltration
dynamics, in the downward infil tration (Section 4. I) the drivi ng force was the capillary
pressure and the effect of gravity on the alloy, which can be written as:

p

fir

=

2(y" -y,,) +p gh
r

AI

AI

(5 .1 )

In the case of upward infilt ration (Sect ion 4.2), however, the effect of gravity on the
alloy acted agai nst infil tration. As a result , the driving force Illay be written as:
~/r

2(y". - y,, ) _ p gh

,.

AI

AI

(5 .2)

From the dynamic point of view, downward infil tration is hence more favou red than
upward infiltration. It should be noted, however, that in the case of upward infiltration ,
the block of AhO) foam on top of th e al loy mi ght have been beneficial to the
in fi ltratio n process, fo r example, by breaking the pass ivat ing AI2 0 ) layer on the molten
all oy surface (if any existed). In this research, both downward infi ltration and upward
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infiltrati on were approximatel y eq uall y successfu l. Thi s suggests that the wetting
between the molten all oy and the ceram ic was good enough to overcome grav ity and
induce the spontaneous infi ltration.

5.2.2 Infiltration kinetics
The predicted infiltrat ion rate in the case of downward infiltration under external
pressure has been given by Hu et al. in Eqs. 2.23-2.25 [32]:

X=q t Y2

q=

(p,,- p,")Y2

Y"cos ()

P, -

p,,, -

pgho

3p

Where,

In the present research, P" = 0 ,

P"

= 0, hence, the above equat ion red uces to

q = !...( Pc + pgho )Y2
2

3p

(5.3)

From Eq. 5.3, infiltrat ion is fa ster with in creased permeab ility of the cerami c, better
wettab ility between the metal and ceram ic and decreased viscos ity of the all oy.

Another expression of the infiltrati on rate parameter, ~, as mentioned in Section 2.3 .4
[3 1] , is g iven as:
~

= (ry,.. cos ()) I 2p

The relat ionship between X and I IS:

X' =~·t
·
I
P
G Iven t lat c

2(y". - y,,. ) = 2y", cos () , tlen:
I
r

r
~ =

,
1"
P
Pc " - 14p = - (--,-)

4 p

Us ing the same expression as Hu et al. [32] as :
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The infiltration rate parameter in Eq. 5.6 can then be written as:

1;~ ,p1 / 2 ~ ~(PC )1 / 2

(5.5)

2 "
Comparing Eq. 5.5 with Eq. 5.3, the same forma t has been obtained; the on ly
difference being that the effect of gravity is ignored in Eq. 5.3.

In this research, th e infiltration kinetic study (Fig. 4.6) showed that the infiltration rate
increased with increasing Mg content, the fra tion ofN 2 present in the atm osphere and
the infiltrati on process temperature. The same effect s of Mg content and N2 partial
pressure on the infiltration were observed by Aghajanian el al. [68] , which was
assumed to be due to an improved wettab il ity between the mo lten al loy and cerami c.
The effect of other elements has also been in vestigated ; it was fo und that copper can
increase the vi scosit y of the mel t and retard infiltration [68]. Other elements, such as Si,
can enhance infiltration by reducing the viscosity of the melt [1 34].

As on ly one type of AI20 ) foam has been used (Fig. 4 .6), it is the improved wettability
and reduced vi scosity of the a lloy that results in the higher infi ltration rate. This is not
unexpected considering the infiltration is reacti on induced, a higher Mg and N2 content,
and temperature favou rs the nitridat ion reaction(s), hence, the infiltrati on. Saravanan el

al. [75] studied the effect of N2 on the surface tension of pure AI and concluded that
for temperatures higher than 850°C, N2 decreases the surface tension well below that
obtained in pure Ar as a result of the formation of AIN. As far as the influence of
temperature on the infiltrati on process is concerned, studies on the wettabi li ty of
molten AI on AbO) [4 I] have shown that the co ntact angle decreases with increasin g
temperature and hence less time is needed for wetting at hi gher temperatures. In
add iti on, it is well known that the viscosity of the all oy decreases wi th increasing
temperature (Fi g. 2.27-2.30).

Based on Eqs. 5.2 and 5.3, the infiltrate rate parameter in the upward infi ltratio n can be
given as:
(5.8)
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Whe re, a slower infi ltrati on rate (compared with that in Eg. 5.3) is suggested.

However, based on the current result, a compa ri so n of the actual average infiltration
rate, Fig. 4.6, with theoretica l infil tration rates based on Egs. 5.3 and 5.5, is difficult.
Thi s is due to the lack of the data needed for the theoretical evaluation, viz. the surface
tensio n of the mo lten AI-M g alloy in N 2, the contact angle between the molten A I-M g
all oy and AI20 J substrate in N2, as we ll as the viscosity of the mol ten AI-Mg a lloy .
Although va lues of simil ar systems may be obtained from li teratures, a delicate and
syste matic measurement of the wettabi lity between the molten metal and the ceram ic
wi 11 be needed.

5.3 Prop erties of th e interpenetrating composites
5.3.1 Flexural s treng th
5.3. 1.1 S trengthenin g mec hanism

It is well known that metal-cerami c composites ex hibit superi or fracture toughness and

damage tolerances compared to ceramics due to the crack bridging by ductile metal
li gam ents [84, 85, 86, 87, 88]. In addition, crack deflection [9 1, 92, 93 ] is another
mechani sm.
In thi s research, the fl exural strength of the co mposites is also significantl y hi gher
compared to the un -i nfiltrated foam s (Fig . 4.4 1). From the SEM micrographs, Fi gs .
4.42-4.44, good metal-ceram ic interfac ial bonding, plastic deformation of the metal
phase and brittle fracture of th e ceramic have bee n observed. The crack propagation in
Fig. 4.46 shows that cracks propagate prefe renti all y in the brittle ceram ic phase; when
they encounter the ductil e metal, the crack is bridged by the metal. Some samples even
do not completely separate after the 3-point bending measurement, due to the metal
bridg ing. Based on the results, the strengthening mechan ism is attributed to good
meta l-cerami c interfacial bonding, meta l bridging thro ugh plastic de form ation and
crack defl ecti on.
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5.3.1.2 Effects of foam characteristics
In add ition, from Fig. 4.41, the effect of the foam characteristi cs, vi z. the foam density
and cell size, show that the composites have hi gher fl exural strength with both lower
foam dens ity and sma ll er ce ll size. The former is related to a higher content of the
ductile metal phase, which plays an important role in bridgi ng the cracks via p lasti c
deformation and, hence, absorbi ng the energy and improvi ng the strength; the latter is
related to a finer mi crostructure. The fracture surface of the composites in Fig. 4.42
shows a much rougher morphology than th at in Fi g. 4.44 as a result of the smaller cell
size. A few pores are exposed on the fracture surface in the latter, whi ch cou ld be
either closed pores in the foam struts or the result of metal shrinkage .

A study on the mechanica l properti es of hot pressed Ab03IN iAI composites showed
the increase in the st rength was partly attri buted to the microstructural refinement of
the composite [97]. In the current research, as the foams are made up of approximately
spherical cell s, it can be assumed that the sma ller the cell size (at a given foam density),
the thinner the AI 20 3 strut spacing. Hence, a finer microstructure is favo ured in
proh ibiting direct crack propagation tlu'ough a broader foam strut.

An in filtrated cell with severa l eq uiaxed AI gra ins is exposed on the fractured surface
in Fig. 4.47(b). The fracture has occurred a long the AI grain boundaries, where micropores might exist or the bonding is not strong. An investigation on the deve lopment of
cav iti es in spheri ca l metal inclusions withi n A I20 3/A I interpenetrating composites
(fabricated by gas pressure infiltration) [135] showed that cavitations in MMCs can be
caused by residual stresses due to thermal expansio n mi smatch. The res ults showed
that the cavities formed preferentially in large metal inclusions and served as fracture
ori gins. A schemati c of a single cavity in the metall ic phase surrounded by ceram ics
used in the s imulation is shown in Fig. 5.5 [135]. Hence, another possible reason for
the preference of a sma ll er cell size is the reduced potential for the cav ities that are
associated with shrinkage pores in small cell s.
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ceramic
Fi g. 5.5 Pos ition and initial size ofa si ngle cavity in a metall ic sphere surround ed by a ceramic
matrix, after [1 35].

5.3.1.3 Effects of Mg
Th e effe ct of M g on the fl exu ral strength (Fig. 4 .48) shows no correlation between the
cracks and the Mg concentration. From Fi g. 4.49, howeve r, it can be seen that Mg
ox id es have fo rmed in the AI- I OMg/Ab03 interpenetrati ng composites , where cracks
have propagated preferentially. This indicates that the bonding is weak and that a hi gh
concentrati on of Mg can lead to the formation of Mg oxides that are not desirable for
maximi z ing composite strength. As the CT E of Mg is higher than th at of AI ,
micropores may also be formed in the composite upo n coo ling, Fig. 4.50. Hence, the
control of the cool in g cond itions is important.

5.3.2 Wear resistance
5.3.2.1 Initial wea r

After 250 m sl iding, the wear rate of the com pos ites is signifi cantl y lower than that of
the relevant alloy (Fig. 4.51). Although the compos ites have di fferent foam densiti es
and cel l sizes, they ha ve similar wear rates, indicat ing a marginal effect of foam
characteri stic at thi s stage.

Worn surface Ill orphologies of the composites have been observed (Fi g. 4.52); all
show continuous grooves on the worn surfaces, indicating the same abrasive
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" pl oughing" wear mechani sm. The 3D worn surface analys is (Fi gs. 4.53 and 4.54)
shows that the sha llowest worn track is obtained in the composite with the hi ghest
foam density of 27% under a ION load, whil st the deepest worn track is obtained in
the composite produced from a 15% dense fo am under 20 N.

A schematic of the co mpos ite at thi s stage is shown in Fig. 5.6. The alloy inside the
AI 20 3 cell s is smeared out by the tungsten carbide ball , Fi g. 5.6. Subsequent wear,
however, may invo lve locali sed damage/wear of the AI20 3 struts, paJ1i cul arl y at the
cell edges where it is vu lnerabl e under the repeated movement and pressure from the
tungsten carbide ba ll as the debri s of the composites shows di spersed AI 20 3 (Fig. 4.55).

Fi g. 5.6 Sche matics of the possible wea r process in the AI-8 Mg/A I, O, inte rpe netratin g
com pos ites at the ini tial stage of wear.

5.3.2.2 'Steady' state

From Table 4.1, the wear rate of the com posites a fter 100 ,000 cycles or 5000 m of
wear decreases with an increase in both foam density and cell size. The lowest wear
12
rate of I x I 0. m3/m was achieved in the A I-8Mg/AI20 3 composite with the hi ghest
foam density of27% and the biggest average cell size o f 160 pm. The composite with
the lowest AI20 3 foa m content of 15%, Fi g. 4.56, shows the same conti nuous grooves
as after 25 0 m sliding, indi cating the same abrasive "ploughin g" wear mechanism ,
which exp lains the sli ghtly increased wear rate of thi s composite (Tabl e 4.1) as a result
of a sli ghtl y increased co ntact area between the WC ba ll and the compos ite surface .

The composites with the hi gher foam density of 27%, Fig. 4.57, however, show a
protruding hard " AI 20 3" network, wh ich prevents the direct wear of the so ft alloy by
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the tungsten carbide ball , hence resulting in much lower wear rate compared to that
after 250 m of wear (Table 4 .1). Ahalatci , et al. [106] studied the wear behaviour of
AII(A I20 l P+SiCp) hybrid composites and reported that the wear process ex hibited two
stages: " running in" and "steady state" as a function of increasing sliding distance. In
the " running in" stage, the volume loss increased dramatically with sliding distance;
whilst in the "steady state", it increased linearl y with s liding di stance. The wear rate in
the former was hi gher than the latter, as a result of severe abrasion [106]. These two
stages have been observed by many researchers [136, 137,138, 139] .

In addition , Rockwe ll B hardness measurements (Tabl e 4.2) have shown that the
hardness of the compos ite increases with increasing foam dens ity. Thi s is cons istent
with the wear performance and the belief that hardness is an important factor in
determining the wear behaviour [140]. Although the composite has better wear
resi stance with increasing cell size (e.g. 27% fo am density; 160 f.UTI versus 110 ).Im),
the Rockwell B hardness shows no significant difference. Hence, the preference for a
larger cell size of 160 f.lm mi ght be attributab le to an associated wider foam strut
spacing that is more effective in protecting the alloy from the wear. From Fig. 4.59, the
indents have shown that cracks are formed in the ceramic phase, a result consistent
with the crack propagation route in the 3-point bending measurement samples.

Although ceramic fracture [140] or fibre breakage [I OS] is often reported in MMCs,
the interpenetrating AI -M glA I20 3 composites in thi research have shown good wear
resistance with good metal-ceramic interfacial bonding. The lowest wear rate in Table
4.1 is twenty times better than that of an AI-Cui Ah03 composite [141] , ten times better
than that of AA6061 /A I2 0 3 and AA20 14/Ah03 com posi tes [ 102] and twice that of the
pressure infiltrated Ah03/AI composites [140] . The superior wear res istance of
interpenetrating co mposites has been attributed to a hi gher load bearing capacity and
good interfacial bonding of the interpenetrating phases [102].

151

H Chang

Processing and characterisation of 3-3 AI-alloyIAI10J if/terpene/rating composites (IPCs)

5.3.3 Hig h strain rate p"operties
5.3.3.1 Ballistic test
Altho ugh the composite detached from the AI target backing as a result of the balli stic
test, the penetratio n depth of the ro und was reduced by the composite (Table 4.3). This
demonstrates that the interpenetrating compos ite is effecti ve in consuming and
abso rbing the energy of the round and, therefore, dimini shes the threat. What is more
impo rtant is that the penetrati on direction o f the ro und has been defl ected (Fi g. 4 .60),
w hi c h shows the e ffecti veness of the interpenetrating microstructure . O nce the round
hi ts the co mpos ite, the hard, cont inuous AI 2 0 ] network appears to res ist its penetration
and deflects the round.

5.3.3.2 HPB test
From Fi g. 4.6 1, the cylinde r samp les have shown a good surface fini sh, demonstrating
the potential for net or near-net shape forming by this pressureless in fi ltration
technique. The HPB test resul t (Figs. 4.62-4.64) shows that although the com posi te
co ns ists of an in terpenetrating hard , brittle AbO] network , it has plasticall y de fo rmed
with o nl y minor cracks in the foa m struts after the test and the alloy-ceramic interface
rema ins intact with no interfacial c1ebondin g being observed. What is more impo rtant,
observatio n of the crack pro pagat ion (Fig. 4.65) shows that the cracks are ne ither
conti nuo us nor in terpenetrat ing througho ut the ceram ic foam strut, rathe r they are
generated onl y at locali sed positio ns. Thi s demonstrates that the materia l appears to be
not o nl y effecti ve in reducing the penetration of a projectile, but also ex hi bits good
meta ll ic characteri stics . As a result of the interpenetrati ng metal phase, the com pos ites
show potent ia l for providing the multi-hit capabili ty that is an impo rtant requirement
for armour materi als [1 15].
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5.4 Processing A/IA/2 0 j and A/-SiIA/2 0 j interpenetrating composites

5.4.1 Chemical vapour deposition and infiltration
In thi s research, chemi ca l vapour deposition was carri ed out at 700°C using both AIMg a lloy and AZ8 1. In the former, an AI-M g layer (- 40-50 wt.%. Mg) was coated on
the A lzO J foam surface as a result of Mg and AI evaporation (Figs. 4.66 and 4.67),
although N also seems to have been present in the layer (Fig. 4.66(e)). From Fig. 4.67,
a thi n AI-rich layer was present along the ceramic cell wall , which cou ld have been a
result of the replacement react ion between Mg and the AlzOJ foam .

T he AZ8 1 alloy pre-coated AlzOJ foam s, however, showed that MgJN z was formed in
the foam (Fig. 4.69), which indicates that a chemical reacti on(s) between the Mg and
Nz has occurred. The MgJNz was formed via the Mg vapour and its reaction with Nz,
which then deposited onto the surfaces of the AlzOJ foam, demon strating the
nitridation infiltration mechani sm. Other research has shown that MgJNz can also be
prepared in Nz-NHJ mi xtures [ 127] as well as via the direct nitrid atio n of AZ8 1 alloy
(i n thi s research) or the heating of Mg (powder) in Nz [142].

From the infiltration results in Table 4.4, pure A I infiltrates the MgJNz or AI-Mg layer
coated Al zOJ foam s success fully as long as

z is used both in the chemical vapour

deposition and the subsequent infilt ration process. Hence, with respect to infiltration,
there is no discernible difference between the AI-Mg alloy coated a nd the AZ8 1 c oated
foam s, or between the AI-Mg and MgJNz coatings, as long as Nz is present at both
stages. The role of Nz can either be the reacti on with Mg to form MgJNz in the case of
infi ltration using the AI-Mg coating or to prevent MgJNz from decomposition ( in Ar
atmosphere). The preference for a higher temperature for the infi ltration usi ng the AISi alloy (Table 4.5), could either be due to an improved wettability between the metal
and the ceramic, or a reduced vi scosity of the alloy, especially for the LM6 all oy at
that temperature.
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5.4.2 Character·ization
From Figs. 4 .70-4.7 1 and Figs . 4.80-4.82, it could be seen that the Al and AI-Si alloy
fu ll y infiltrated the AhO) foams. Mg was o bserved to have partia ll y disso lved into the
a ll oy (Fig. 4. 71 ), whil st fro m Fi gs. 4.8 0-4 .82, Mg-Si intermetalli cs co uld be seen to
have form ed.

T EM micrographs at the AI -AbO) interface (Figs. 4.73 and 4.74) show good
interfacial bond ing. An interfac ia l layer of spherical-shaped and angular-shaped
particl es are observed; the element analysis shows the presence o f AI , Mg, N and 0
with the compositi on corres ponding very well to 5 AIN: I MgAI20 4 (Table 4.6) . The
observati on o f the AIN and MgA I104 is consistent with the AI-Mg/AI20 ) composites
(Fi gs .4.30-4 .3 4), indicating the same metal-ceramic interfaci al mi crostructure and
infiltrati on mechani sm.

From Fi gs. 4 .75-4 .77 and Fi gs . 4 .84-4 .86, a th ick second phase layer, an AI matri x
di spersed with hexagon al AI

parti cles was fo rmed in the foa m w here a thicker

coating was produced. As the coating was either AI-M g a lloy or Mg)N 2 prio r to the
infiltration , the fo rmatio n of AI

indicates that the indirect nitri dation o f AI with Mg

(and N 2), or M g)N2, has occurred. From Fi g. 4 .78 , pores are observed in the A I20 )
grain boundaries in the foam strut due to the presence of the AI(AIN) layer, which
bl ocked the Al penetrati on paths. In additi o n, from Fi g. 4.78 , a coating of tens to
hundred nanom etre on the AI 20 ) g ra in surfaces may be observed, which expl ain s the
infiltrati on of pure AI into the m icro-pores in the AI20 ) foam strut in Fi g. 4.72. When
the Mg content in the all oy was hi gh, MgO was also fo rmed (Fi g. 4.79), w hich
negati vely impacted the strength , see Sect ion 4. 1.3.4. Simi larl y, as Mn was contained
in the in iti al AI -Si all oy, AI-Mn intermetallic was also observed in (Fi g. 4 .83 ).
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CH APTER 6 CONCLUSIONS
The pressureless infiltration teclmique appears to be a successful method for
processin g 3-3 interpenetrating co mposites . It offe rs several advantages including near
net shape prod ucti on, no ri sk of damaging the cerami c preform and is potentiall y costeffect ive and suitable for commerciali zation. The disadvantage, however, is a slower
infi ltrat ion rate com pared with that of pressure infi ltration (m ins vs seconds). The
following conclusions can be drawn from the current resea rch :

• Composite processing: AI-MglAI 20 3 interpenetrati ng composi tes have been
produced in a nitrogenous atm osphere by infi ltrating 2- 10 wt.% Mg co ntent A I-Mg
alloys into AI20 3 foams with highl y interconnected porosity. The processing
parameters o f temperature and atmosphere were investigated to determine the
process ing window and infiltration kinetics. In-situ observation of the process
shows that infi lt ration is fa ster at hi gher temperatures, at higher Mg co ntents in the
alloy and N2 part ial pressures in the furnace atmosphere. Samples measuring 9 mm
in hei ght could be fabricated in j ust 10 minutes at temperatures

~9 1

ooe with a pure

2 atmosphere and - 10 wt% Mg in the Al a ll oy. Whi lst premature termination of
infi ltrati on (e.g. 1-2 mm [81]) has often been reported by other researchers, thi s has
not been observed in thi s research, whi ch suggests that it is potentially poss ibl e to
obta in even thicker composites.

• Microstructure characterisation: Microstructures of the AI -MglA I203 composites
have been characterized using a seri es of techniques, including optical mi croscopy,
FEG-SEM, XRD and EBSD. With increasing N2 content, the infi ltrati on qua lity
was improved, although nitridat ion of the all oy was also iden tifi ed at longer
infiltration times. When the infiltration could be completed in a relatively short
period, - IS mins, the AI20 3 pores were filled with a single crysta ll ographi c
orientation of AI -M g all oy. This suggests that bulk nitridation of the alloy only
occurs after the all oy was held at temperature (e .g. 9 15°C) for more than 12 mins.
Heating and coo lin g the system in Ar helps to red uce thi s prob lem.
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• Process optimization: As ind icated above, heating in Ar and infil trating in N2, AlMglAhO) com posites with full density and no bu lk second phases have been
produced. Since both ' downward ' and ' upward ' in fi ltration has been successful in
thi s research, it is beli eved that the infiltration is a result of cap ill ary action . Foams
with different densities, 15-35%, and cell sizes, 50-300 flm , have been infiltrated
yielding densiti es >98-99 wt. %. Microstructural analysis revea led good metalceram ic inte rfac ial bonding. TEM anal ysis showed that a conti nuous A IN and Mg
layer was formed at the meta l-ceram ic interface, with MgAl 20

4

observed at

locali sed positions at the interface and in the AhO) foam struts.

• Infil tration

mechanism:

Based

on

the

process mg

and

microstructure

characteri sati on, a two-step nitridati on infiltration mechanism has been proposed.
Due to the low evaporation te mperature of Mg, it evaporates fro m the a lloy and
reacts with N2 atmosphere to fo rm Mg)N 2, which deposits onto the AhO) foam
surface. The Mg)N 2, once in co ntact with molten AI, reacts with the A I to form AIN ,
whi ch he lps wet the surface of the foa m assisting the penetration o f the liquid metal
into the pores. The Mg is effectively recycled through the reacti on, di sso lving both
into the mel t, or evaporat ing and reacting with the N2 again. DSC-TGA ana lysis
showed tha t two exothenn ic peaks at - 700°C and 810°C, respect ive ly, ex ist,
supporting the two-step nitridat ion infiltrati on mechani sm. In add iti o n, anot her role
for the Mg is beli eved to be in destroying the passivate AhO) surface layer, which
is espec iall y important at the initi al stage of infil trat ion.

• Infil tration of Al and A/-Si a/loy: By IJl'e-coat in g Al203 foams with a Mg)N2 or AlMg layer through the chemi ca l vapour deposition of AZ8 1 or the AI-Mg a lloy in a
N2 atmosphere, both AI and the AI-Si alloy LM6 cou ld be pressurel ess ly infiltrated
at 9 15°C in a pure N2 atmosphere. N2 wa requ ired fo r both the chemica l vapour
deposition a nd the subsequent infiltrati on process; its role is beli eved to have been
either to react with Mg in the case of the Al-Mg coating layer or to prevent the
Mg)N2 from decomposi ng. Microstructures of the composites were characterized
using optica l microscopy, FEG SEM and TEM, the results showing th at even the
mi cropores in the foam struts were infiltrated. This is beli eved to have been due to a
signifi ca ntl y improved wetting of the A120 ) grains by the all oy resulting from the
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chemi cal vapour deposition. T he success of the pressureless infiltration is of great
importance as it raises the poss ibility of pressurelessly infiltrating any AI a lloy into
the preforms, whi ch is important for both theo reti ca l investigations and practical
app lications.

• Composite properties: The properties of the AI-8MglAI 20 J compos ites with
di fferent foam densities and cell sizes were measured. The fl ex ura l strength of the
co mposite obtained via 3-point bending meas urements showed that the flexural
strength was significantl y hi gher (- 350 MPa) than that of the un-infiltrated foams

(- 5-20 MPa). The fl exural strength of the foams increased wi th increasing foam
density and decreasing cell size. However, the flexural strengt h of the composites
increased with both decreasing foam den sity and cell size, indicating a preference
for hi gher metal content and finer microstructure; the metal is important in bridging
the cracks and absorb ing the energy through pl astic deformation. The fractured
com posites were characteri zed usi ng FEG

EM and 3D X-ray tomography. The

strengthening mechani sm was attributed to good metal-ceramic interfac ial bonding,
metal bridging through plasti c deformation and the crack deflection.

• Wear resistance: The measurements by a linear reci procating ba ll -on-flat method
show that the interpenetrating composites have significantly better wear resistance
than the matrix alloy. The lowest wear rate of I x 10-12 mm J/ m was obtained in the
composi te having the hi ghest foam densi ty of 27% and an average cell diameter o f
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Worn surfaces of the compos ites after different sliding di stances were

characteri zed using FEG SEM and Talysur f CLl 2000. The composite produced
from a 15% dense foam exhib ited a 'ploughing' wear after both 250 and 5000 m
sliding distance; the slight increase in the wea r rate at the latter was therefore
probably a result of an increased contact a rea between the tungsten carbide ba ll and
the compos ite sur face. The co mpos ites havi ng 27% foam density, however, showed
a ' two-stage' wear process: an in itial (250 m sliding) ' ploughing' wear and a
significantly lower wear rate after a sl iding distance of 5000 m . The latter is
att ri buted to a protruding ' AI 20 J ' network on the worn surface, which prevents th e
direct wear of the all oy by the tungsten carbide ball. Rockwell B hardeness of the
material s show that the composi te hardness increases with increasing foa m density,
which is consistent with the wear resistance.
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Ballistic tests: There showed that with the AI -8M g/AbO) com posite, the
penetration depth was reduced and the direction of the round was denected
compared to the straight alloy. The split Hopkinson' s pressure bar test showed that
the composite had plastically deformed, with a compression stress of 500 MPa and
a strain of 12%, whil st the interpenetrating microstructure remained intact. M icrocracks were observed only at local ised pos itions in the foa m strut and the metalceramic interface remained intact as a result of good interfacia l bondi ng. T he result
suggests that these interpenetrating co m posites are possible candidates although
considerabl y more work is required .
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CHAPTER 7 FUTURE WORK
In the current resea rch , success has been ach ieved with producing interpenetratin g
composi tes by infiltrating a range of AI -based alloy into Ah03 foams and the
mi crostructures and some of the properties of these composites have been
characterized. A few areas for future work may be suggested based on the results,
incl uding:

•

For the ex isti ng system, scaling up the processing, e.g. from 50~ x 10 mm (the
current size) to - 100 x 100 x 30 mm. An in vest igation of th e maximum infiltration
he ight and the infiltration of complex-shaped components is a lso recommended.

•

A more systemati c study on the chemical vapour deposition process and the
subsequent in fi ltration is suggested.

•

A more industrially viab le route than simp ly placing the foam/ metal combination in
a cerami c boat needs findin g since the current approach requires extensive
machining.

•

Infiltration of other AI-based alloys and different ceram ic compos iti ons

IS

suggested, including a thorough study of the relevant wetting characteri stics.
• The properties of the different alloy/ cera mic interpenetrating composites will
require extensive characterisation, including the effects of foam characteri stics,
coo ling cond itions and/or homogen ization of the composites.
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Aeronautics
010
Aeronautics, general
OIA
Aerodynamics
018
Aircraft operations; aircraft safety.
aircraft accidents; air traffic control
OIC Aircraft; aircraft components
OlD Aircraft flight control; aircraft
instrumentation

OIE
OIF

Airport operations
Parachutes; decelerators

Agriculture. plant and veterinary sciences
020
Agriculture. plant and veterinary
sciences. general
02A Agricultural chemistry; fertilisers;
animal feed: silage: pesticides: soil
conditioners
028
Agricultural economics; agricultural

rna_

02C
02D
02E
02F
02G
02H

Agricultural engineering
Agronomy: crop production: crop
diseases: horticulture
Animal husbandry; farm animals: pets
Forestry: agroforestry; sustainable
forestry
Veterinary sciences; veterinary
medicine
Aquaculture; fisheries; fishing

Environmental pollution, protection and
control
030
Environmental pollution, protection
and control, general
03A
Air pollution: emissions; acid rain
03B
Noise pollution
03C
Water pollution.; oil pollution:
sewage treatment water treatment
OlD
Land pollution: soil pollution
03E
Radioactive pollution: nuclear waste
OlF
Solid waste pollution; waste disposal:
landfills
03G
Environmental health: environmental
safety
03H
Environmental law; environmental
regulations
031
Waste recycling (non-nuclear): waste
recovery
Nuclear waste reprocessing
03J

Biological and medical sciences
Biological and medical sciences,
060
general
Biochemistry
06A
Bioengineering; biomedical
06B
engineering; biotechnology;

06C
06D
06E
06F
06G
06H
061
06J
06K
06L
06M
06N
060
06P
06Q
06R
065
06T
06U

06V
06W
06X

06Y
O6Z

biochemical engineering
Human anatomy; human histology
Bionics
Medicine
Ecology
Escape: rescue: survival
Food technology: food microbiology
Hygiene: sanitation
Industrial medicine: occupational
health
Ufe-support systems
Medical equipment hospital
equipment medical diagnostic
equipment
Microbiology
Personnel selection; employee fitness
Pharmacology: pharmacy:
pharmaceutical chemistry
Physiology
Protective equipment protective
clothing
Radiobiology: radiation biology
Stress physiology. human: aerospace
medicine
Toxicology: poisons
Wounds: Injuries; trauma medicine
Genetics; cytology: molecular biology

Botaoy
Zoology
Biophysics
Altemative medicine

Chemistry
Chemistry. general
070
Chemical engineering; industrial
07A
chemistry
07B
Inorganic chemistry
07C
Organic chemistry
Physical chemistry
07D
Nuclear chemistry; radiochemistry
07E
Analytical chemistry
07F

090

Applications of computer science;

09P

business data processing
Artificial Intelligence

Energy and power
100
Energy and power. gener<!l
lOA
Coal
108
Oil
10C
Natural gas
10D Oil shales: coal shales: tar sands
10E
Fission fuels
10F
Fusion fuels
lOG
Isotope technology: radiation source
technology
10H
Hydrogen
101
Other synthetic and natural fuels
Hydro energy
10J
10K
Solar energy
10L
Geothermal energy
10M Wave power; tidal power
ION Wind power
100 Nuclear power plants
lOP
Nuclear reactor technology
IOQ Energy storage
10R
Direct energy conversion: Fuel cells
10S
Energy conservation: Energy
consumption
lOT
Special purpose power plants
IOU
Biomass energy
10V
Thennodynamic cycles
IOW Conventional power plants
Materials
10
Materials. general
lA
Adhesives: sealants
18
Ceramics; refractories; Glasses
IC
Coatings: paints: finishes
ID Composites
lE
Fibres; textiles
If
Metallurgy. metallography
IG
Miscellaneous materials
IH
Oils; Lubricants: hydraulic fluids
11
Plastics
Ij
Elastomers
IK
Solvents: cleaners: abrasives
IL
Wood: paper
IM
Material degradation: corrosion;
fracture mechanics

Military sciences
Military sciences, general
150

ISA
15B
15C
ISD
ISE
15F
15G

Antisubmarine warfare
Chemical warfare; biological wal
Defence
Military intelligence
Military logistics

Nuclear warfare
Military operations: military stra"
military tactics

Missile technology
Missile technology. general
160
Missile launching: missile ground
16A
support
168
Missile trajectories
Missile warheads: missile fuses
I6C
Missiles
I6D
Navigation. communications. detection
countermeasures
Navigation. communications.
170
detection and countermeasure
general
17A Acoustic detection: sonar
Communication systems:
178
telecommunications
17C
Direction finding
17D
Electronic countermeasures:
acoustic countermeasures
17E
Infrared detection: ultraviolet
detection
17F
Magnetic detection
Navigation
17G
Optical detection
17H
171
Radar detection
Seismic detection
17J
Ordnance
190
Ordnance. general
19A
Pyrotechnics; explosives; ammuni
19B
Bombs
19C Combat vehicles
19D
Explosions; ballistics: armour
19E
Fire control; bombing systems
19F
Guns
19G
Rockets
19H
Underwater ordnance

Earth and atmospheric sciences
Humanities. psychology and sodal sciences
050
Humanities. psychology and social
sciences. general
05A
Management administration:
business studies
058
Infonnation science: librarianship
Ergonomics
05C
05D
Economics; economic theory
History
05E
05F
Archaeology
05G Anthropology; folklore: ethnology
05H
Philosophy: theology: religion
051
Law. law enforcement; penal
administration
Political science: public administration
05J
Linguistics
05K
05L
literature; mass meala; performing

art>
05M
05N
050
05P
05Q
05R
055
05T
05U

05V
05W
05X

05Y
05Z

Sport: Recreation; tourism
Arts; crafts
Architecture
Education: training
Psychology
Sociology; sodal studies: welfare
stud'les. sodal services
labour studies
Health services; t1ealth
administration; community care
services
Housing provision: property
Urban planning; rural planning:
transport planning: countryside
conservation
Demography; population studies
Internal and EU commerce;
domestic marketing: <;onsumer
affairs
Intemational commerce;
intemational marketing:
international trade
Banking: finance: taxation

080
OBA
OB8
08C
08D
08E
08F
08G
OBH
OBI
OBJ
08K
08L
OBM
OBN
08Q

Earth and atmospheric sciences.
general
Oceanography
Hydrology: limnology
GJaciology: snow: ice: permafrost
Geography
Geology; mineralogy: sedimentorogy
Seismology: earthquakes
Volcanology; plate tectonics
Earth. interior structure
Geochemistry
Geomagnetism; geodesy:
cartography
Soil Science: pedology
Mining
Atmospheric sciences
Meteorology; climatology
Biosphere

Electronics and electrical engineering.
computer science
Electronics and electrical
090
engineering. computer science
Components
O9A
Circuits
O9B
Electronic devices; electromechanical
09C
devices
09D Optoelectronics
O9E
Power transmission: signal
transmission
E1ectrometry: electronic test
O9F
equipment
Computer hardware
09G
Computer software; programming
09H
091
Control systems; control theory
Information
theory; coding theory;
O9J
signal processing
09K
Pattem recognition: image
processing
09L
Computer-Aided Design (CAD)
Computer Aided Manufacturing
09M
(CAM)
O9N
Robotics

Mathematical sciences
120
Mathematical sciences. general
12A
Pure mathematics
12B
Statistics: operations research
12C Applied mathematics
Mechanical. Industrial. civil and marine
engineering
130
Mechanical. industrial. civil and
marine engineering: general
13A
Air conditioning: heating: lighting:
ventilation; refrigeration
138
Civil engineering
13C
Construction equipment building
materials
13D Containers; Packaging
13E
Couplings; fittings; fasteners: joints
13F
Ground transport systems
13G
Hydraulic systems: pneumatic
s)'Stems
13H
Industrial processes; manufacturing
processes
131
Machinery; tools
13J
Marine engineering; offshore
engineering
13K
Pumps: filters; pipes; tubing: valves;
pressure vessels
I3l
Safety engineering
13M Structural engineering
13N
Building technology
Methods and equipment
140
Methods and equipment general
I4A
Cost effectiveness: cost-benefrt
analysis
148
laboratories: test facilities: test
equipment
14C
Recording equipment
14D
Equipment reliability: quality control
I4E
Reprographics; photographic
processes

Physics
200
Physics. general
Theoretical physics
20A
Elementary particles: high energ)
208
physics
20C
Nuclear physicS; particle accelera
20D Atomic physics; molecular physic
20E
Optics: masers; lasers
Acoustics; vibrations: noise analys
20F
Thermodynamics
20G
20H
Metrology
201
Fluid mechanics
Plasma physics: gas discharges
20J
20K
Solid-state physics
20N Astronomy: celestial mechanics
200 Astrophysics
20P
Cosmic rays
20Q Astrogeology: planetary research
Propulsion and fuels
210
Propulsion and fuels. general
Air-breathing engines
21A
Combustion; ignition
218
Electric propulsion
21C
21D
Fuels
21E
Jet turbine engines; gas turbine
engines
21F
Nuclear propulsion
Reciprocating engines
21G
21H
Rocket motors
Rocket propellants
211
Space technology
Space technology. general
20
22A
Astronautics
228
Manned spacecraft
Spacecraft trajectories; spacecraft
re-entry
Spacecraft launching: ground
22D
support
UnmarYJed spacecraft; satellites
22E
22F
Extraterrestrial exploration
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