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Abstract
MAX-phase ceramics are a class of ductile ceramic material group with the general
molecular formula Mn+1AXn (n = 1, 2, 3….), where M is an early transition element, A
is an element from the ‘A’ group of the periodic table and X is either nitrogen or carbon.
One advantage of these materials is that they maintain their strength at high
temperatures. In addition these ceramic materials possess the best properties of both
ceramics and metals. Some of their important characteristics are low density, high
stiffness, machinability, excellent thermal and electrical conductivity and they even
exhibit some plasticity at elevated temperature. These amazing combinations of
properties have made researchers foresee the technological importance of these
materials as a structural ceramic for high temperature application. Since this ceramic is
relatively new to the market, only a handful of work has been undertaken on this
material and its applications are limited to heating elements. In addition, analysis of the
thermodynamic data on this material is incomplete. This PhD work addresses this issue
and conducts a complete thermodynamic analysis involved in the formation mechanism
of the ternary titanium carbide MAX-phase Ti2AlC ceramic, using Self-propagating
High temperature Synthesis (SHS) form of combustion synthesis process, based on the
following exothermic reaction:
(2+x) Ti + (y) Al + C → Ti2AlC + (x) Ti + (y) Al

(i)

Where x and y = 0.1. 0.2, 0.3…
A thermodynamic model has been formulated to predict the temperature evolution
during the reaction (i), for the formation of Ti2AlC using SHS process. In addition the
effect of particle size in the elemental reaction has been studied on the formation
mechanism of Ti2AlC and methods to control the porosity by fine tuning the particle
size has been recognized.
iii

Manufacturing processes such as Self-propagating High temperature Synthesis (SHS),
foam replication and freeze casting have been developed in this thesis to produce micro
and macro porous Ti2AlC ceramic mainly for electrode applications. A systematic
material development technique to produce macro porous Ti2AlC ceramic, using a foam
replication technique has been established in this research work. The material fabricated
by this technique has a uniform pore size (up to 5mm), with open interconnected pores
and is ideal for a flow battery application which requires a multifunctional electrode
material which is highly porous to allow the flow of electrolyte through it, is corrosion
resistant and at the same time being electrically conductive. The mechanical properties
of the ceramic produced by this method has been characterised and steps to mitigate the
cracks and defects formed during the fabrication process to obtain structurally stable
macro porous Ti2AlC ceramic has been reported in this work. This research
demonstrates that one of the applications of macro porous Ti2AlC ceramic formed using
foam replication technique is as an electrode material in a photo-Microbial Fuel Cell (pMFC).
Graded porosity micro porous Ti2AlC ceramics have also been fabricated using a freeze
casting technique, with camphene as the freezing vehicle. A systematic material
development process has been tailored for this particular material. A ceramic material
with gradient pore size ranging from 27-305µm has been fabricated using this
technique. This type of ceramic is a good candidate as an electrode material in microredox battery and for sensing applications. A variety of processing parameters such as
solid loading (amount of ceramic content in the material), freezing temperature and
mould material which affect the pore formation and pore size have been studied in this
research project and the range of porosities achieved by controlling these parameters
have been reported.
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Chapter 1. Introduction
This research work will mainly focus on the fabrication techniques to produce macro to
micro porous MAX-phase electrically conductive Ti2AlC ceramic. The processes
include Self-propagating High temperature Synthesis (SHS), foam replication and
freeze casting techniques. The following chapter will explain the structure of
MAX-phase ceramics and also the intrinsic and extrinsic properties of the Ti2AlC
ceramic, which is the material under investigation. It will provide an initial introduction
of the SHS process and the evolution of this process as a solid-state combustion
reaction. The research also includes the understanding of the thermodynamics involved
in the formation mechanism of Ti2AlC by SHS process from the elemental powders
based on the following reaction:
2Ti + Al + C → 2Ti2AlC

(Reac. 1)

Hence this chapter will explain the basic thermodynamic model that will be adapted to
study the thermodynamics involved in Reaction 1. Finally some of the material
characterisation techniques frequently used in this research will be briefly explained.

1.1 MAX-phase ceramics
MAX-phase ceramics are a new class of ceramic materials which are also known as the
‘nano-lamellar’ ceramics [1]. The ceramics are considered nano-lamellar since, when
the crystal structure of this material is observed at a nano-scale, a succession of planes
can be seen in which the dominant atomic bond is an alternating strong metal and
weaker non-metal bond. This results in a material made of strong planes (Ti-Al) with a
weak link (Ti-C) to each other in their perpendicular direction as shown in figure 1 [1].
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Figure 1. Crystal structure of Ti2AlC [1]

These materials are well known with the general molecular formula Mn+1AXn (n = 1, 2
or 3) [1, 2, 3, 4]. The name MAX-phase describes the elements from transition metal M,
A represents the group 13 or 14 elements such as Al, Si, B, Ga, Ge, Sn, Pb and Si and X
is either carbon or nitrogen as seen in figure 2. Depending of the value of n, their
stoichiometry varies leading to M2AX, M3AX2 and M4AX3 which are generally known
as 211, 312 and 413 phases respectively based on the number of ‘A’ monolayers
inserted per ‘M’ layer. The A/M ratios for 211, 312 and 413 phases are 0.5, 0.33 and
0.25 respectively. MAX-phases with higher n value resulting in 514 [2] and 615 [3]
phases have been reported. These materials are nano-laminated ternary carbides or
nitrides and exist in more than 60 known phases and there are some reports [4] that for
211 phases more than 50 M2AX compounds have been found. Their initial discovery
and crystallographic analysis was initiated by Nowotny in the early 1960’s [1]. The
study of these materials has been boosted recently due to their unique properties and
interest in these materials emerged when Ti3SiC2 was reported [4] to exhibit both
metallic and ceramic-like properties. This was contrary to the understanding that
carbides and ceramics are predominantly brittle with poor machinability.
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Due to their particular chemical bonds, these materials exhibit very unusual
combinations of properties reflecting those of both metals and ceramics [4]. Their
electrical, chemical and thermal properties are very similar to those of corresponding
nitrides/carbides. They have good electrical conductivity, high thermal diffusivity and
good oxidation resistance. However they have an unusual combination of mechanical
properties. They have a high bulk modulus (186GPa) and can retain their properties at
high temperature [2]. They exhibit a good resistance against thermal shock, are
machinable and deform plastically like metals at elevated temperatures.

These

properties have made these materials popular among the material scientists who are
trying to use

MAX-phase ceramics as replacements for other materials used in high

temperature applications [1].

Figure 2. Periodic table showing the elements which combine together to form the
MAX-phase family [1]
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1.2 Crystal structure of MAX-phase material
To comprehend the behaviour of any material, it is important to study and understand its
structure at the atomic and crystallographic scale and the way the material is formed.
The important properties of the material depend on the nature of the bond between each
element responsible for the formation of the material.
As it is known [5], the study of MAX-phase ceramics has grown largely due to its
unusual combination of metallic and ceramic properties. Barsoum [1] in a review of
MAX-phase stated that the mechanical response of MAX-phase is schizoid in
nature, .i.e. there is an inherent dilemma of the material to behave like a metal or
ceramic. MAX-phase ceramics, like metals, are electrically and thermally conductive,
exhibit plastic deformation at high temperatures, is machinable and is resistant to both
physical and thermal shock. As with all ceramics, it is refractory and is relatively light
and stiff (high Young’s modulus). The thermal expansion of these materials is also
closer to a typical ceramic rather than a metal. Hence there is significant interest in these
materials due to their novel combination of properties. To understand why the material
exhibits such unusual properties, one should look at how the crystalline solids in these
materials deform.
This section will analyse the material starting with the arrangement of atoms in the
Ti-Al-C system MAX-phases since the Ti2AlC ceramic is the material of interest in this
PhD. Ti-Al-C materials share similar structures with other MAX-phases such as
Cr2AlC. Therefore the study of one material can also be closely related to other
materials in this family. The Ti-Al-C family is chosen since among all the ternary
carbides reported to date, two materials in this system, namely Ti2AlC and Ti3AlC2, are
the lightest and most oxidation resistant [4, 5]. Ti2AlC ceramics upon heating forms a
thin layer of αAl2O3 at around 800oC and as the temperature climbs to 1000oC, due to
the outward diffusion of Ti from the aluminium oxide results in the formation of rutile
TiO2 and provides protection from further oxidation since the density of Al2O3 scale is
high and impedes the diffusion of oxygen through the oxide scale on to the MAX-phase.

4

Ti2AlC and Ti3AlC2 have a similar crystal structure [5]. They crystallize in the P63/mmc
space groups [6, 7]. Ti2AlC has a structure similar to Cr2AlC and the lattice parameters
are a = 0.304 nm and c = 1.360 nm. The Ti3AlC2 phase has a Ti3SiC2 structure with the
parameters a = 0.3075 nm c = 1.858 nm. These materials are formed as a result of
alternative stacking of edge shared Ti-C octahedral and a 2-D close packed Al plane.
The only difference in the crystal structure between Ti2AlC and Ti3AlC2 is the number
of Ti layers stacked by each Al plane. From the chemical composition, Ti2AlC has two
Ti layers stacked by every Al plane and Ti3AlC2 has three Ti layers stacked by every Al
plane as seen in figure 3, which shows the 211 and 312 structures. These structural
properties are shared by the other MAX-phases. Hence the early transition metal atom,
‘M’, and the ‘X’ that is the carbon or nitrogen form octahedral edge sharing (MX)
bonds are inter-weaved by pure ‘A’ element layer (figure 3). Therefore three different
stacking arrangements of the MX block with the ‘A’ element layers, results in the
MAX-phases falling into three subgroups namely M2AX, M3AX2 and M4AX3 [8].
Figure 3 shows the orientation of elements in the crystal structure of M2AX, M3AX2 and
M4AX3 MAX-phase material which were explained in section 1.1.

Figure 3. Crystal structure of Max-phase ceramics [1]
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As a result of the structure, the chemical bonding is anisotropic in Ti2AlC. It has a
metallic bonding between Al and Ti which are parallel to the basal plane. There also
exist a strong directional ionic and covalent bonds between the Ti-Al and Ti-C atoms.
Consequently the chemical bonding in these materials is metal – covalent – ionic in
nature and the anisotropic bonding nature relates to the mechanical and physical
properties of these layered machinable ceramics. Ti2AlC has a low density of 4.1 g/cm3
and a high electrical conductivity of 3x106Ω-1m-1. Due to the nature of the bonding the
bulk modulus of Ti2AlC (186GPa) is much lower than the bulk modulus of binary TiC
(240 GPa) [9]. It has a brittle to ductile transition temperature of aproximately 1050oC
[10] and its stiffness is not strongly affected at room temperature. Barsoum et al. [11]
has found that the shear modulus of Ti2AlC at 1000oC is 88% of its shear modulus at
room temperature. Barsoum [1] highlights that the presence of a number of basal plane
dislocations explain why these phases have good damage and fracture tolerance. These
basal dislocations are confined only to the basal plane and are arranged in arrays or kink
bands. These kink bands restrict the propagation of cracks along the basal plane, making
these materials more fracture resistant with a fracture toughness of 6.5MPa.m1/2 [12].
This effect of kink banding resisting crack propagation in Ti3SiC2, MAX-phase can be
seen in figure 4.

Figure 4. Kinking effect in Ti3SiC2 [12]

In this PhD, porous Ti2AlC MAX-phase ceramics will be produced by Self-Propagating
High Temperature Synthesis (SHS) to understand the formation mechanism of the
material and also the thermodynamic of the combustion mechanism; therefore the next
section will describe the history and development of SHS.
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1.3 History of Self-propagating High temperature Synthesis (SHS)
SHS is a novel technique developed for the production of engineering ceramics and
other advanced materials. This process is advantageous since it is low cost and energy
efficient compared to the classic solid-state sintering process. SHS involves the
combustion of a compact powder mixture in air or inert atmosphere which provides
sufficient heat (via an exothermic reaction such as reaction 1) energy from the chemical
reaction to make the reaction self-sustaining without any further addition of external
energy. The SHS process is schematically shown in figure 5. The reaction takes place in
the form of a combustion wave propagating through the entire reaction mixture
converting it into the desired product.

Figure 5. Schematic representation of SHS process
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The discovery of this process dates back to the 19th century but became popular when
scientists, Borovinskaya, Shkiro and Merzhanov were searching for a new pattern of
combustion [13]. They made a scientific discovery which was coined as the ‘solid flame
phenomenon’. The reaction was observed between titanium and boron yielding titanium
di-boride. The fact that these products retained their original shape with a hard and
dense body was of interest and soon they realised the potential of such a simple method
and began to research its potential for producing high value ceramic products. The term
‘solid flame’ means that the compound involved in this type of phenomenon retains its
solid state even at maximum combustion temperature. i.e. throughout the entire duration
of the reaction. It was found that the products obtained from this type of reaction made
good refractory compounds. These developments led to the birth of a new production
technique, especially for refractory compounds, known as the self-sustaining high
temperature synthesis, widely known as SHS. Since then many countries such as the
Russia, USA and Japan have conducted extensive research to explore its capability and
limitations in different fields. By 1976, 30 different Russian groups were engaged in
researching the SHS process and the ceramics that could be produced using this method.
The SHS process has been recognised as the outstanding achievement of the Academy
of Science of the USSR. In 1980, many plans were undertaken to integrate SHS
technology into industrial production [14].
The earliest work on combustion synthesis ever recorded was in 1825, when Berzelius
found zirconium oxide could be made by heating amorphous zirconium metal and the
reaction could be ignited below room temperature [15]. It was Goldschmidt in 1885
who suggested that aluminium metal can reduce most metal oxides at high temperature
which is commonly known as thermite reaction in which Al metal is oxidised by
another metal oxide mostly Fe2O3 [16]. The reaction was a solid-solid, non-catalytic,
self-propagating thermite reaction and Schmidt stated that: “in a thermite reaction, a
metallic compound is reduced by one of several metals or metallic alloys in such a way
that when the mixture is ignited at one place, the reaction continues on its own accord”
[16].

8

Since then many research groups and institutes has been carrying out various
experiments to study this technology in more detail. The major researchers are based in
the USA and Japan. The latter of these, in Japan, successfully used SHS to produce
many materials and even pioneered the art of depositing corrosion resistant coating on
pipes and to weld ceramics on metals. A two year DARPA research program [17] led to
the much further research in this area. This includes the important contribution of Holt
and Munir [18] to knowledge and understanding of SHS for manufacturing a range of
ceramic systems.
SHS falls under the non-linear chemical phenomenon and as a result the end product not
only represents the result of the combustion but is also the reason for the combustion to
take place. The study of SHS gave rise to a new branch of research known as the
structural macro-kinetics [19]. This deals with the study of both structural and phase
transitions during heat and mass transfers during the chemical reaction. The SHS
process was designed to study powdered mixtures of metals (Ti, Nb, Hf, Zr, Cr, W, V
etc) with non-metals such as B, Si, S, C combined with intermetallic mixtures of Ni, Ti,
Co, Al etc [14].
SHS is also known as a chemical synthesis process as it is mainly used in synthesizing
different systems of chemical compounds such as solid solutions of binary compound,
binary compounds and solid solutions of chemical elements, high temperature and high
pressure phases, nonstoichiometric phases in addition to others. In 1995, more than 500
compounds were synthesized by SHS [14]. These included oxides (cuprates, niobates,
tanthalates, ferrites etc), refractory compounds (nitrides, borides, silicides, and
carbides), and intermetallic compounds such as aluminides, chalcogenides, phoshides,
hydrides and many others [14].
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1.4 Thermodynamics of Combustion reaction [20], [21], [22]
In order to clearly understand and control the SHS process, one should understand the
thermodynamics involved in the process. In this way it is possible to study the different
parameters involved in the process and the effect of the process on these parameters.
There are a number of reports in the literature explaining the study on the formation of
Ti2AlC with different elemental reactions [23 - 27] but the thermodynamics of the SHS
process is poorly explained. As a result, there is limited literature on the necessary
thermodynamic data of Ti2AlC. Hence there is a need for the development of a
thermodynamic model to predict the temperatures associated with the formation of
Ti2AlC by SHS process. Hence the following methodology has been adapted as the
back bone of the theoretical modelling technique.
Combustion reactions may be divided into many categories: explosives, propellants and
pyrotechnics. One common characteristic of these reactions is the production of a large
quantity of heat and gas. This project is interested in the study of pyrotechnics which
ideally do not produce gas. Generally pyrotechnic combustions are mixtures which are
not explosive by nature and are simply designed to burn. Their burning rate varies from
below 1 mm/s to more than 1000 mm/s. SHS falls under the banner of a pyrotechnic
reaction [20]. It is important to understand the thermodynamics of the reactions because
the control of temperature and combustion wave propagation of the reacting material is
essential to ensure high quality of the products and control the structure and phase
composition of the final material. It also helps in assessing the stability and feasibility of
synthesising a compound.
The combustion temperature in the SHS process is mainly associated with the change in
enthalpy between the reactants and the products. During SHS, four temperatures are
most important:
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(i) Initial temperature To:- This is the average temperature of the reactant before
initiating the propagation mode.
(ii) Ignition temperature Tig:- This is the temperature at which the reaction is
activated without further external heat supply.
(iii) Adiabatic combustion temperature Tad:- The maximum temperature achieved
normally under adiabatic condition.
(iv) Actual combustion temperature Tc:- Maximum temperature achieved under
non-adiabatic condition.
Consider a SHS between solid reactants, M and X, so that M(s) + X(S) → MX(S). The
reactants need to be heated to an ignition temperature to initiate the SHS reaction.
Hence the reaction needs to be heated from To to Tig. Therefore, the amount of heat,
H(R) needed is given by:


      


 

     
 

1

Where L(Ri), Cp(Ri) are the heat capacity and the enthalpy of the phase transformation.
Since the SHS reaction is initiated at Tig, there is no influence of the heat on unreacted
layer, the heat of reaction ∆H(Tig) is given by:

∆H(Tig) = -[H(P) + H(R)]

(2)

Where H(P) is the adiabatic heat for the formation of products under adiabatic
conditions, H(R) is the heat needed to rise the temperature of the reactants from
To – Tig. Hence the adiabatic temperature Tad achievable is dependent on H(P). The
adiabatic temperature will be Tad(To) as shown in figure 6, as it is the heat absorbed by
the products under this condition.
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The amount of heat, H(P), required to increase the temperature of the products from Tig
to Tad is given by:
  

    


 

 





   

  

3

Where L(Pj) and Cp(Pj) are the heat capacity and the enthalpy of phase transformation.
It can be seen in figure 6, that pre-heating from To to T1, will decrease H(R) and
increase the H(P) from Tad to Tad(T1). Whereas an increase from To to Tig will reduce
H(R) to zero and all of ∆H(Tig) will be left to be utilized by the products.
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Figure 6. Schematic representation of the enthalpy-temperature plot for reactants and
products considering no phase change [20]
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∆H(Tig) at room temperature can be calculated using the following equation:

  

!"



  # 
!"

$  %  

 &

 '     %    (
!"

!"

4

Where ∆H(298) is the enthalpy of the reaction at 298K. Substituting eq (1), eq (3) and eq
(4) into eq (2) and rearranging gives:
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relationship

with

at To = 298K, considering no phase change, as shown in

figure 6.

For the reaction to be self-sustaining it has been shown that Tad ≥ 1800K [21]. The
actual combustion temperature, Tc, is usually less than the maximum adiabatic
combustion temperature Tad due to heat losses to the surrounding environment. This can
be seen in figure 6, where Tc and the related heat loss are shown by ∆Q.
In this project the calculation of Tad will be performed with the help of mathematical
models developed as shown above and the theoretical and experimental effects will be
studied.
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1.5 Characterisation of the ceramic products
In order to establish the phases and compounds present in the products after they are
processed, it is necessary to perform analysis using a number of standard techniques.
The most commonly used are Scanning Electron Microscopy (SEM), X-Ray Diffraction
(XRD) and which will now be described.

1.51 Scanning Electron Microscopy (SEM)
SEM is used to obtain images of the microstructure of the sample (micrograph) with an
electron beam. The sample is placed in a vacuum chamber and beam of electrons are
scanned over the surface of the material. The beam interacts with the surface elements,
resulting in the emission of secondary electrons from the surface. The primary beams
are reflected back (back-scattered) and the energy absorbed by the material cause
ionisation resulting in the generation of X-rays. X-ray signals are detected and
computed in the form of an image. The image can be scaled from millimetre to
nanometre scale and this is one of the main advantages of this technique. Care should be
taken that no dirt or inclusions are present during the analysis.
Figure 7 is a JEOL 6480LV SEM equipped with an Oxford instrumentation IMLA Xact, X-ray detector. This was used to take the micrographs of the sample in this project.
There are four types of imaging:

SEI (Secondary Electron Imaging): This is useful when high resolution details of the
surface features or microstructure are needed.

BET (Backscattered Electron Topographic Imaging): The signal reflected carries the
topographic feature of the material.

BEC (Backscattered Electron Composition Imaging): Signals are reflected due to
increasing density or atomic number.

BES (Backscattered Electron Shadow Imaging):- Provides enhanced topographic
features as a result of a pseudo lighting angle.
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Figure 7. JEOL 6480LV SEM equipment used in Bath

1.52 X-Ray Diffraction (XRD)
X-ray powder diffraction analysis is a powerful method by which X-rays of known
wavelength are diffracted from the samples to be identified to find the crystal structure
and phase composition of the ceramic. When the X-rays are passed through the powder
sample, they are diffracted by the lattice of the crystalline structures of the element
giving a unique pattern of peaks as seen in figure 8, which is due to the reflections at
different angle and intensity. The diffracted beams can be identified and used as a
‘finger print’ for the structure.
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Figure 8. X-ray spectra generated from the compound’s crystal structure [23]

The diffraction process obeys the Bragg relationship .i.e.

nl = 2dSinq
l = wavelength of the X-ray
d = distance between various planes of atoms in the crystal lattice
q = angle of diffraction
The X-ray detector moves around the sample collecting the reflections and measures the
intensity of these peaks and their relevant positions. The highest peak is termed as the
100% peak and the intensity of rest of the peaks are measured as the percentage of the
100% peak. This is the general principle of chemical analysis using XRD technique.
Xpert plus software developed by Philips was used to analyse the raw data generated by
the X-ray diffraction equipment.
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1.53 Density measurement using Archimedes principle
The density (apparent and bulk) and the porosity of the ceramic materials formed were
calculated using the British Standards BS EN 623-2:1993. This method was
standardised specially for advanced ceramic materials. Using this method the average
pore size up to 200µm can be calculated. The applicable definitions for characterisation
of porous materials are
(i) Open pores
The pores that are impregnated by the liquid in contact under vaccum
(ii) Closed pores
The pores that are not impregnated by the liquid in contact under vaccum
or atmospheric pressure
(iii) Bulk volume (Vb)
Sum of the volumes of the solid material, the open and the closed pores
in the sample
(iv) True volume
Volume of the sample, excluding any form of porosity
(v) Apparent solid volume (Vs)
Sum of the true volume and the volume of the closed pores
(vi) Bulk density (ρb)
The ratio of the mass of the dry porous sample to its bulk volume
(vii)

Apparent solid density (ρs)
The ratio of the mass of the dry porous sample to its apparent solid
volume

(viii)

Apparent porosity (πa)
The ratio of the total open pore volume in the porous sample to its bulk
volume

.
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Method of calculation
The mass of the dry test sample ‘m1’ is determined and the sample is then immersed in
liquid and impregnated under vaccum to find the apparent mass ‘m2’, and finally the
mass of the ceramic in air while still soaked with the immersion liquid ‘m3’ is taken.
Using these values m1, m2 and m3, the test sample’s bulk density, apparent solid density
and apparent porosity is calculated based on the following equations:
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Where ρL is the density of the immersion liquid in kg/m3.
The following section Chapter 2, is a detailed review on Max-phase Ti-Al-C system and
methods to manufacture them
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Chapter 2. Literature Review
2.1 Introduction
Before the 19th century manufacturing was carried out by individuals with a diversity of
skills. This made production of artefacts such as belts, wagon wheels, shoes etc. very
expensive. To reduce the cost of production, manufacturing methods were streamlined
and merged to provide methods known as batch production and mass production. It was
Eli Whitney in 1799 [28] who introduced the concept of uniform inter-changeability for
the muskets (fire arm) as shown in figure 9.

Figure 9. Musket and their accessories [29]

This made the muskets low-cost and easy to repair. As a result, from this date onwards
many inventors came up with the technologies and methods to produce everyday goods
in mass and widely available at lower prices. Since the current study deals with
manufacturing of MAX-phase based Ti2AlC ceramics, a detailed review and different
routes for producing the ceramic will be covered in the next section.
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2.2 Review of the Ti-Al-C MAX-phase system
The most common method for producing ceramics is sintering. A simple definition of
this method is to create an object from the powder state. Sintering technology has
existed for thousands of years. Bricks heated in open fires were some of the first
sintered products - this was done in order to increase their strength. Artefacts such as
porcelain ware, glass bonded ceramic and gold platinum ornaments were sintered.
During the sintering process, the small particles are fused together to form a strong bond
between the particles as shown in figure 10.

Figure 10. Schematic representation of sintering process [30]

Sintering mainly relates in the decrease of surface area and surface energy of the fine
scale powders. During this process the adjacent particles partially adhere due to the
diffusion and as a result the total surface area decreases. This process improves the
physical and mechanical properties of the material and for advanced ceramics is
typically carried out at a temperature below the melting point of the ceramic particles.
The Ti2AlC MAX-phase compound was first synthesised by Veitschko in the 1960’s
[31]. The process of annealing elemental powders was used in an evacuated quartz tube
at 1000oC for 150 hours [31]. These unique materials were known as the H-Phases.
Some reports [4, 5] claim that the two compounds in the Ti-Al-C system i.e. Ti2AlC and
Ti3AlC2 are the lightest and most oxidation resistant materials. In 1976 Ivchenko et al.
[14] attempted to prepare Ti2AlC by a method involving two-stages. The first step was
the synthesis of powders followed by sintering of the ground powders. The sample
contained a nominal amount of TiC and was recorded as having a density of 4.42 g/cm3
and an electrical resistivity of 0.52Ω-1.m-1 [14]. It took nearly two decades to produce
high purity bulk samples of Ti2AlC [28, 32]. The work was carried out by Barsoum et
al. [1] who called this material MAX (Mn+1AXn) from the H-phase. His research group
21

blended the initial reactants Ti, Al4C3 and graphite powders by reactive hot pressing
(HP) for 4 hours at 1600oC and applied a pressure of 40MPa [28]. The alternative route
was the simultaneous application of heat and isostatic pressure using hot isostatic
pressing (HIP) at 1300oC for 30 hours and 40MPa of pressure. These methods
developed by Barsoum led to the synthesis of the first high-purity Ti2AlC [32].
In 1994 Pietaka and Schuster identified a new ternary phase in this class (Ti-Al-C)
Ti3AlC2. This was synthesised by sintering a mixture of Ti, TiAl, Al4C3 and C powders
for 20 hours in pure hydrogen. Several combinations of powder mixtures such as
Ti/Al/C, Ti/Al4C3/C, Ti/Al4C3/TiC have been examined as starting elemental mixtures.
It has been reported that in most of the cases Ti2AlC and TiC were recognised as the
secondary phases [33].
Barsoum and Tzenov [34] prepared polycrystalline bulk Ti3AlC2 at a sintering
temperature of 1400oC for 16hrs at 70MPa by using reactive HIP of Ti, Al4C3 and
graphite mixture. This product had Al2O3 as an impurity due to the presence of
hygroscopic Al4C3. The disadvantage of the HIP processes is that it can be very time
consuming, expensive and requires high energy inputs [34].
In any synthesis process the main concern is the achievement of high-purity products in
a time efficient manner. Wang and Zhou [35] successfully produced high purity and
dense Ti2AlC by adopting a solid-liquid reaction carried out at 1500oC for 5 minutes at
25MPa pressure followed by annealing for 20min at 1200oC. The XRD analysis
confirmed that the synthesised products contained no phases other than Ti2AlC. An
elemental composition of 3Ti/ 1.1Al/ 1.8C was used in this synthesis [35]. They also
studied the reaction route for obtaining Ti3AlC2 from the elemental Ti, Al and graphite.
From this investigation they proposed that the Al powder melted at 660oC and the melt
coated the Ti particles to form Ti-Al inter-metallic such as Ti3Al and TiAl3 at 740oC. At
elevated temperatures the diffusion of carbon into the Ti-Al inter-metallic led to the
formation of Ti2AlC, TiC and Ti3AlC. Bai et al. [36] synthesised reasonably dense (up
to 95% dense by applying external pressure) polycrystalline Ti2AlC by SHS with a
‘pseudo-HIP’ process (means the SHS reaction was initiated using external energy
source and the samples were densified after the reaction using HIP). The authors stated
that the purity of the synthesised product mainly depended on the molar ratio of the raw
powders. Ti2AlC was densified by applying pressure soon after the SHS reaction.
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All the above possible routes of synthesis have one thing in common, the application of
pressure to make the product dense. However these techniques are not always efficient
and may not be suitable for mass production of mechanical parts with complex shapes.
There are obvious advantages if it is possible to sinter bulk Ti3AlC2 and Ti2AlC using
‘pressureless sintering’.
Pressureless-sintering (PS) is a traditional powder metallurgy processing method
involving the sintering of the product from a green compact of powders without any
additional pressure. Combustion synthesis is a type of PS reactive sintering but
associated with an uncontrolled densification effect. Hashimoto et al. [37] conducted
many trials to sinter Ti2AlC using the PS method. Several oxides such as TiO2, MgO
and Al2O3 at 5wt% were mixed as additives in the Ti2AlC powder. The product without
additives was 94.2% dense while 5wt% Al2O3 was recorded as being 96.6% dense [37].
Published literature indicates that it is difficult to synthesise Ti3AlC2 via PS because of
the weak bonding between TiC and the interleaved Al atomic plane of Ti3AlC2. In
addition it decomposes at high temperature i.e. the Al atom has the potential to migrate
out of the structure at elevated temperatures. Lu and Zhou [38] developed a technique to
suppress this decomposition mechanism. The basic idea evolved from earlier work
where the decomposition of Si3N4 during sintering was achieved by using high N2
pressure or incorporating a Si3N4 bed [38, 39, 40]. Si, Ti3AlC2 and Al4C3 were used for
this purpose. By placing the Ti3AlC2 compacts in Al4C3 powder, Ti3AlC2 was
synthesised at 1450oC for 150 minutes. Interestingly, no additives or pressure were
used. The final product had a relative density of 96.2%.
The above methods give an insight into the preparation of ceramics using the sintering
processes. They also indicate the importance of sintering temperatures and the role of
the additives in producing dense and pure products. Another route of obtaining
MAX-phase is through SHS which is a form of combustion synthesis process (described
in section 1.3). Unlike sintering it has the advantage of using a self-sustaining reaction
due to the exothermic nature of the reactants. As a result it is time efficient and requires
low energy. Some research has been conducted into the synthesizing of Ti2AlC and
Ti3AlC2 using the SHS process [35].
Lopacinski et al. [41] conducted SHS using a direct reaction between Ti, Al and C. The
reaction was highly unstable and resulted in the formation of binary carbides such as
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Al4C3 and TiC in the partially molten state. Later when the team tried using TiAl as the
source of aluminium, the combustion temperature significantly reduced and resulted in
the formation of a ternary titanium aluminium carbide phase [41]. Zou et al. [42]
reported that to obtain Ti2AlC as the main phase from the combustion process, the
carbon level should be deficient with respect to the ratio 3Ti/ 1.5Al/ C or 2Ti/ Al/ 0.7C.
By following this protocol, single phase Ti2AlC1-x was successfully synthesised by
carrying out SHS on the Ti-Al-C system.
Yen and Shen [43] carried out a series of investigations to synthesize Ti2AlC and
Ti3AlC2 using the SHS process. Compacts containing Ti, Al, C and TiC powder were
used. The reaction successfully yielded 85wt% of Ti3AlC2 when 20mol% of TiC was
used in the sample compared to 61wt% produced using an elemental mixture [43]. The
authors also conducted a systematic study of forming Ti2AlC by SHS. They used three
different reactant mixtures including (i) Ti/ Al/ C, (ii) Ti/ Al/ C/ TiC and (iii) Ti/ Al/ C /
Al4C3. The degree of phase conversion and the result of adding additives such as TiC
and Al4C3 were studied. The additives resulted in a decrease in the combustion
temperature corresponding to a reduced flame-front propagation velocity. Only the use
of TiC as the additive enhanced the formation mechanism of Ti2AlC to 90wt%. Samples
with Al4C3, resulted in less Ti2AlC compared with the samples containing TiC. This is
due to the reduction in the exothermicity during the reaction. They also noted that, due
to the formation of liquid Ti-Al and substantial growth of Ti3AlC2 grains, the sample
underwent permanent deformation during the manufacturing process.
From this review it is evident that little work has been conducted on the Ti2AlC phase,
particularly manufacturing using SHS and using the material for making porous ceramic
which will be explained in section 2.4. Hence to address the lack of knowledge in the
literature, the proposed research will focus on updating the thermodynamic data on this
material in addition to establishing a methodology for manufacturing porous Ti2AlC
ceramic. The potential applications of MAX-phase ceramics, and porous structures of
this material, will now be described.

24

2.3 Applications
From the mechanical and chemical properties of the material, it is evident that MAXphase ceramics have the potential for high temperature applications since the materials
can withstand mechanical loads at elevated temperatures with minimal signs for fatigue
failure [44].
El-Raghy explained [32] the importance of this material in jet engine application seen in
figure 11. An increase in operating temperature of a jet engine by increased by 1oC
makes a tremendous impact on the fuel efficiency and has the potential to save around 1
billion $ every year. It also increases the efficiency of the vehicle fleet by three miles
per gallons. These predictions are based on simple thermodynamic fact that efficiency
of the engine .i.e. the fuel consumed is directly proportional to its operating
temperature.

Figure 11. A typical jet engine in which majority of the parts are made of Ti metal which
can be replaced by MAX-phase materials which has better thermal conductivity and
thermal shock resistance [45]
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The search for a light, thermally conductive material to replace the turbine blades
continues since with better cooling the thermal load formed in the blade in use can be
minimised and mitigate the catastrophic failure that causes the turbine blade to fracture
and the debris formed blow up the whole engine. The turbine blades of the jet engines
which rotates at high temperature and speed is susceptible to elongation due to the
centrifugal force and ceramics offer a solution to developing a material capable of
withstanding high temperature with high co-efficient of thermal expansion. However,
due to its brittle nature they are susceptible to a catastrophic failure mechanism.
Recently Gilbert and Bloyer from the Laurence Berkley National Laboratory showed
[44] that the MAX-phase made from the combination of Ti-Si-C is fatigue resistant at
high temperature up to temperature in excess of 1300°C. The reason for this is the
presence of ligaments made of Ti-Si-C that hold the fracture surfaces of the crack
together, thereby enhancing the resistance to crack propagation. Figure 12 shows the
temperature dependence of compressive strength of Ti2AlC.

Figure 12. Compressive strength of Ti2AlC at various operating temperatures [13]
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One of the other potential applications of MAX-phase ceramics is as an anti-corrosive
coating product. Barsoum et al. of Drexel University demonstrated [46] that Ti3SiC2 can
be sprayed by plasma in a vacuum or by high velocity oxy-fuel in air onto a metallic
substrate. MAX-phase Ti3SiC2 has been shown to be three times more thermally
conductive, harder and significantly more wear resistant than graphite can replace
graphite to some extent and reduce the carbon foot print.
Researchers in Australia and England [46] have found that Ti3SiC2 MAX-phase
material exhibits self-lubricating properties. These compounds are therefore potential
materials for applications such as bearings which require lubrication when operating at
elevated temperature.
As these materials are very good conductors of heat and electricity, they also hold
promising applications as heating elements and electrodes [5], as seen in figure 13. The
211 Max-phase based on Ti2AlC ceramic was initially developed for high temperature
structural industrial application.

Figure 13. Ceramic heating coil in the left [47] and electrodes [48]
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There is a report [36] on Ti2AlC which tested the material for corrosion resistance to
liquid metals. For example resistance to molten lead (Pb) at 650oC and 800oC was
characterised to examine the ability of the material to act as a structural material in a
lead cooled reactor. The material was less reacted than lead (Pb) and was considered to
be an attractive material for nuclear applications.
Researchers [36] have also conducted ballistic impact experiments to examine the high
strain rate deformation behaviour of Ti3SiC2. The result shows good response relative to
its density with a bending strength of 660MPa and a flexural strength of 6.2MPa.m0.5.
Hence it can also be used as light weight armour material and can be combined with
other metal layers to enhance the mechanical resistance properties.
It can be seen above that the majority of the work to date has examined dense
MAX-phase ceramic materials for a variety of applications to exploit its high thermal
and electrical conductivity, high toughness, temperature and corrosion resistance. This
PhD will consider application of porous MAX-phase ceramics. Therefore the following
section will discuss porous ceramics.
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2.4 Porous ceramics
2.41 Introduction
In recent years, with the evolution of new technologies and needs, there has been a
growing demand for porous ceramics. Hence their manufacturing methods are being
widely studied and the subject of extensive research. Some of their useful applications
are in the field of filter manufacturing [49], where these porous structures are used in
the filtration of high pressure gas at high temperature and are used as an aid to remove
the pollutants. In the field of petroleum treatment, porous ceramics are used in
recovering hydrogen from the crude oil [49]. They are also used as a substrate for
catalysts in the filtration process [49]. Other applications are as thermal insulators in
filter membrane for separating metallic impurities from molten metals such as steel, iron
and aluminium [49]. Today, porous ceramic structures made from different materials
based on their application are used extensively in the biomedical field. For example,
porous hydroxyapatite is used for bone replacement and also as a drug delivery system
[50]. There porous calcium phosphate materials can be used to replicate bone
architecture and allow the growth of osseous tissue on an artificial substrate, thereby
forming an artificial living bone structure [50].
Porous ceramics are mainly classified based on the pore size (nano to millimetres) and
pore structure such as closed cell structure, open cell and membranes as seen in figure
14.

Figure 14. Microscopic cell structures of open and closed cell foam structures [51]
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Highly porous ceramics are also known as reticulated ceramics and the degree of
porosity is very high (70 – 90%). However in an open cell structure the pores are
interconnected and this result in voids of size ranging from 10µm – 5mm. These porous
ceramics are generally produced by replicating polymer foam [52]. Generally the
ceramics produced by this method have low strength and toughness, for example a solid
HA/TCP compound has a bending strength of 55MPa, but when it is formed into a
porous ceramic (60% porous) its bending strength is 13MPa [53].
Depending on the pore size, membranes are classified as filtration membranes [Pore
Size (PS) > 104nm], ultra-filtration membranes (PS, 2 -100nm), micro filtration
membranes (PS between 102-104nm) and reverse osmosis membranes (PS 1nm or less)
[54]. There have been reports [58] on developing ceramics with a combination of closed
and open porosity, functionally gradient porosity and continuous pores. These
combinations result in complex structures but allow tailoring of properties and
performance. Some of the novel porous manufacturing methods use natural templates
such as wood or coral skeleton [59]. This results in novel cellular ceramics with micro,
meso and pseudo morphs of the initial template ranging from nanometre to millimetres
[59]. All these techniques are directly influenced by the processing route used for the
manufacturing. These manufacturing techniques can be tailored according to the
potential application where one can easily tune the required porosity, pore size
distribution, pore morphology etc.
Currently, porous ceramics are attracting attention in the field of electrodes, solid oxide
fuel cells, bone replacement and tissue engineering, chemical sensors, solar cells and
many others [60]. Some of the most popular techniques used in their production and the
current research work are discussed below. Clearly in some cases the potential to create
an electrically conductive porous ceramic based on MAX-phase ceramic properties
would be advantageous.
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2.42 Replica technique
The replica technique, shown in figure 15, is based on the immersion of a cellular
substrate or template in a ceramic slip or suspension to produce a porous ceramic with
the same features as the original template material. Templates made of natural cellular
structure and artificial structures are used as sacrificial scaffolds in the replication
technique [61]. As such they are removed by a ‘burn-out’ process as part of the sintering
process (explained in detail in chapter 6).
Figure 15 shows a schematic representation of replica technique. A detailed explanation
and commonly adopted composition of slip used in this technique is explained below.

Figure 15. Schematic of replica technique

1. Synthetic template
The replica technique was invented in the early 1960’s and considered to be the first
method used in the manufacturing of macro porous ceramics. Schwartzwalder and
Somers [62] first used this method to produce cellular ceramic structures of varying
porosity, size and chemical composition using polymeric sponges [62]. Subsequently
this technique proved popular and is used extensively in many industries to produce
ceramic filters to filter molten metal and for other applications [63] due to the simplicity
of the method.
In the replica technique a polymeric sponge (usually polyurethane foam) of the desired
pores per inch (ppi) and pore size is dipped into a ceramic slip. This result in the
ceramic slip coating the sponge. Excess material is squeezed out using a roller or blown
out with air to enable a thin uniform coating of slip on the struts of cellular structure.
The slip or slurry should be sufficiently fluid to remove the excess slip as well as
sufficiently viscous to adhere to the template and avoid any dripping. It has been found
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that the slip should have a viscosity ranging from 10-30 Pa.s at a shear rate of 5/s down
to 1-6 Pa.s at a shear rate of 100/s [64]. This type of slip behaviour is achieved using a
binder or additives such as carboxymethyl cellulose, polyethylene oxide, clay, colloidal
silica and thixotropic in combination with a dispersant [65].
The coated polymeric structure is dried at room temperature and pressure and pyrolysed
by heating between 300oC to 800oC. The heating rate should be lower than 1oC/min in
order to ensure gradual decomposition and diffusion of the material thereby avoiding
building up of pressure within the struts [66]. In order to prevent the struts from
cracking additional binders and plasticizers are added to the initial slip. Potassium,
colloidal aluminium and orthophosphate are typical binders used [61]. Magnesium
orthoborate, sodium silicates, polyvinylbutyl with polyethylene glycol are some of the
plasticizers used [64, 65, 66].

The polymer template is removed by pyrolysis at

elevated temperature. The porous ceramic structure is densified by sintering in a
suitable atmosphere and at a specific temperature dependent on the ceramic material
used.
Porous ceramics made using this method can have a total open porosity within the range
of 40%-95%. Such ceramics are characterized by a reticulate structure of interconnected
pores with a pore size varying from 3mm to 200µm. Figure 16 is a scanning electron
micrograph (SEM) of an alumina based open cell structure ceramic produced by the
foam replica method.

Figure 16. SEM image of alumina based open cell structure [61]
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The open porous nature of the ceramic enables the permeation of gases and fluids
through the pores thereby making the reticulated structure appropriate for filtration
applications [67]. The main advantage of this processing technique, apart from its
simplicity, is that the ratio of the open to closed pores in the final porous product can be
adjusted by controlling slip viscosity and shear thinning behaviour. As with many other
techniques there are drawbacks. The struts of the reticulated structure can be susceptible
to cracking during the pyrolysis phase where the polymer foam is burnt-out. This can
decrease the mechanical strength of the ceramic material [61]. Figure 17 illustrates how
compressive strength of the open cell structured porous ceramic product is directly
related to the density.

Figure 17. Compressive strength achievable by various replica techniques [61]

In order to overcome the problem of cracking, attempts have been made to improve the
wetting of the slip by using additives [63], using a recoating step to fill the cracks [65]
and introducing fibres to increase the integrity of the material. Porous ceramics derived
from pre-ceramic polymers are found to have more crack free struts due to their partial
melting of cross-linked polymer during pre-heating. Pre-ceramic polymers are those
which are composed of a main chain of inorganic elements group with organic
appendages. These organic appendages are shed to leave an amorphous network of
inorganic elements which upon heat treatment transform into a crystalline ceramic [68].
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2. Natural templates
Apart from synthetic foams, natural cellular structures have been used as suitable
templates for producing porous ceramics by the replica approach. The natural replica
templates available have interesting cellular structures mainly due to their intricate
microstructures and pore morphology which is difficult to reproduce artificially [61].
White et al. in 1970 [69] used a method known as “replamine-foam” to reproduce the
cellular structure of coral and other marine skeletons. The wax was initially
impregnated under vacuum to create a positive form of coral structure. After the wax
hardened the calcium carbonate which formed the skeleton of the coral was leached out
of the structure using a strong acid. This artificially formed wax skeleton was later
impregnated in a ceramic suspension to produce a macroporous ceramic. The organic
(wax) skeleton was removed by pyrolysis [75]. This technique was successfully used to
produce lead zirconate titanate (PZT) macroporous ceramic with desired piezoelectric
properties. It has also been used to produce some macroporous hydroxyapatite scaffolds
[64, 70]. To improve the mechanical properties of the macroporous hydroxyapatite
scaffolds made from coral, a sol-gel approach has also been employed. Figure 18 shows
an SEM of porous hydroxyapatite obtained from coral.

Figure 18. Macroporous hydroxyapatite derived from coral template [61]
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Based on the “replamine-foam” technique many researchers have conducted studies on
how the wood cellular structure is a useful template for producing porous ceramics.
Figure 19 is a typical example to show the pore structure and scale obtained when wood
is used as the template.

Figure 19. SEM of SiC macroporous ceramic obtained by the infiltration of wood template
under the influence of Si gas [71]

Wood is a potentially useful template due to the oriented vessels in the structure of
wood. This feature makes it suitable for the production of porous ceramics with highly
anisotropic aligned pores which can be achieved only with this replication process [72].
Ota et al. [73] were the first to use wood as biomorphic template to produce cellular
structured ceramic. The approach is relatively simple, as shown in figure 20.
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Figure 20. Schematic of the route used to transform a wood template into a porous
ceramic [73]

The aim of their work was to form a carbon cellular pre-foam obtained by heat treating
the wood in an inert atmosphere at a temperature of between 600oC – 1800oC. This prefoam was infiltrated with liquid or gases at a high temperature to obtain the porous
ceramic. Another approach is to infiltrate the carbon pre-foam with a liquid sol at room
temperature and subsequently oxidize the material to produce a cellular ceramic [73].
The methods outlined above are the most common ones used as replica techniques to
manufacture macroporous ceramics with tailored properties; other approaches are
briefly outlined below.

36

2.43 Sacrificial template method
This method is employed when there is a need to prepare a biphasic composite which
consists of a continuous matrix of ceramic with isolated pores. These particles are
dispersed in a sacrificial phase which is homogeneously distributed throughout the
matrix and is later extracted to generate pores with a microstructure as shown in the
figure 21.

Figure 21. Schematic representation of sacrificial template technique [61]

Here the porous material is obtained by removal of the sacrificial porosifier. Common
methods to produce biphasic compounds are:
(i) forming a two phase suspension followed by wet colloidal routes such as slip,
tape or direct casting [74],
(ii) pressing a powder mixture of the two components [75],
(iii) impregnating previously consolidated pre-foam of the sacrificial material with
preceramic polymer or ceramic suspension [76].
Both natural and synthetic materials are used as the sacrificial material to burn-out and
generate the pores. These materials are often extracted using a thermal treatment known
as pyrolysis at a temperature between 200oC – 600oC [75]. As with the foam replication
technique, the heat treatment process and the gases released during the processing are
the main disadvantages of using an organic sacrificial material. As an example, the heat
treatment employed by Cycrafeldt and Ferrira [74] for the removal of sacrificial
material from an alumina sample of 5cm x 10cm x 23cm having 50% porosity required
a heat treatment of three weeks.
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A chemical process, rather than thermal pyrolysis, involving salts, ceramics and other
metallic sacrificial materials can be used to extract material from the microstructure to
create porosity. Imhof et al. [78] used a salt based material (NaCl is the most
commonly used material) which was extracted by repeated washing of the composite
with water. Metallic and ceramic particles are often removed by acidic leaching [77]. In
all of the above processes, care should be taken that the continuous matrix phase is
partially consolidated before the sacrificial material is extracted. If not, the pores will
collapse during the extraction process. To consolidate the matrix some setting agents
and binders are often used [77].
Another alternative to create porosity is to use a volatile oil as a sacrificial phase. The
oil can be used as either an aqueous or non-aqueous emulsion for fabricating porous
ceramics [77]. The emulsion template method has been advocated in combination with
sol-gel reactants to fabricate materials with high porosities of up to 90% [77]. This
incorporation of a third phase allows the fabrication of porous ceramics with control
over the pore distribution [78]. Some of the advantages of this method are:
(i) easy incorporation of the template into the continuous mixture phase by
agitating the mix,
(ii) easy removal of the template,
(iii) degree of control of the pore size from 1 - 700µm [61], when immiscible
liquids having a low interfacial energy are used.
Sacrificial template techniques can also be used in combination with chemical
composition methods. Here, starch components are used as sacrificial templates in
combination with different oxides to fabricate macroporous ceramics. Starch particles
of various sizes ranging from 2-100µm are readily available and make the process
simple. Above all, this technique can be applied to any material readily dispersed in an
aqueous suspension [70]. Figure 22 shows the level of porosity that can be attained
with this method and is compared to the replica process described in section 2.42. It is
possible to achieve a porosity of 20 – 90% and a pore size ranging from 1 - 700µm.
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Figure 22. Porosity and typical pore size that can be achieved by different processes [65]

There are some reports [80, 81] on the production of foams by using a freeze casting
method (which is explained in section 2.5), where water or a high melting point oil is
used as a sacrificial material. Using this technique a highly oriented porous structures
can be obtained by controlling the growth of ice crystals through unidirectional
freezing of a suspension as shown in figure 23.

Figure 23. SiO2 structure obtained through unidirectional freeze-drying of silica gel [80]
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Using these methods the final ceramic is the negative of the actual template. One
advantage of this approach is that, unlike the positive replica methods, the removal of
the template does not leave any flaws or defect in the ceramic struts. As a result, the
components produced using this method have higher mechanical strength than the
components produced using the positive replica technique [81].
This PhD will also consider the fabrication of micro porous MAX-phase ceramics by a
freeze casting method. Therefore the following section will discuss the concept of
freeze casting and the parameters one should know to exploit the processing technique
according to the requirements.
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2.5 Review on freeze casting technique
Freeze casting involves the generation of porous structures by the solidification of a
freezing solvent [82]. Water is the most common freezing solvent used [83]. The
process involves preparation of the slurry of the desired material which is a mixture of
freezing solvent, binder and the required ceramic powder. Once the slurry is poured into
the mould it solidifies and the freezing vehicle sublimes from a solid to a gas under
room temperature and pressure. The remaining ceramic porous body is then sintered to
consolidate and densify the porous sample, leaving a porous structure throughout the
sample which is the replica of the frozen solvent crystals. Fukasawa’s [84] work on
freeze casting alumina opened the gateway to exploit this technique for different
materials and since then the efforts have been made to develop a greater understanding
of this process.
The pore channels are formed when the particles are suspended in the slurry and are
rejected by the propagating solidification front of the freezing solvent crystals [85]. The
solidification is initiated by the appearance of solid nuclei in the slurry close to the
mould wall where there is a large temperature gradient. With time the nuclei increase in
size and grow parallel to the heat flow but in the opposite direction. Many porous
materials can be processed by freeze casting which explain that the underlying
processing techniques are not entirely dependent on the material, but rather rely on the
physical interaction of the material particle with the chemical solvents used. Materials
ranging from polymers, ceramics and metals can be used in this technique but the
processing is predominantly dedicated to forming ceramic materials; these include
biomedical grade ceramics such as hydroxyapatite (HAP) [86, 87], bio glass [88, 89],
titania [90], zirconia and yttria stabilized zirconia [91, 92], HAP-TCP [81] and alumina
[93, 94]. Organic and inorganic composites including HAP/gelatine [95], HAP/collagen
[96], poly(a-hydroxyl acid)/bio-glass [97] can also be processed by mixing a water
soluble polymer with ceramic powder [82].
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2.51 Processing steps
The processing can be divided into four basic steps as seen in figure 24, and other
processing steps may be included based on the freezing solvent used namely water,
camphene or tert-butyl alcohol [82].

Preparation
of ceramic
slurry

Sublimation
of the
solidified
slurry

Solidification
of the slurry

Sintering for
densification

Figure 24. Basic four steps involved in freezing casting

2.51a Preparation of ceramic slurry
Here the ceramic powder under consideration is uniformly dispersed in the solvent,
which is a mixture of freezing vehicle, binder, dispersant and plasticizers. The
temperature of the slurry during preparation is usually the melting point of the freezing
solvent. For example 45-60oC if camphene is used. The solid loading, i.e. amount of
ceramic, is chosen based on the porosity required and also to avoid any porosity and
density gradient in the final product [83]. Dispersant or anti-settling agents are used to
homogeneously suspend the ceramic particles in the solvent. Binders are used to
strengthen the green samples after sublimation of the freezing vehicle. Finally the slurry
is poured into the mould of desired shape to solidify.

2.51b Solidification of the slurry
This is the most important stage in this process as the characteristics of the pore are
determined in this stage. During this stage continuous crystals or dendrites are formed
as seen in figure 25.
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(a)

(b)
Figure 25. (a) Water crystals formed during freeze casting of alumina [98], (b) camphene
dendrites formed during freeze casting of alumina [99]
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Figure 26. (a) Solidification front growing into the slurry with ceramic particles. The
particle moving in-between the growing dendrite crystals, (c) particles entrapped between
the dendrite crystals, (d) dendrite growing into the inter-particle gap [83]

These dendrites grow into the slurry by entrapping the ceramic particle in between the
crystals as seen in figure 26. Depending on the pore morphology, isotropic or
anisotropic cooling is introduced for homogeneous and directional cooling [100]. The
solidification temperature mainly depends on the freezing vehicle used. For example, if
water is used a low temperature below 0oC is required and when camphene is used the
slurry solidifies at room temperature as the camphene remain solid up to a temperature
of 45oC [100].
2.51c Sublimation of the solidified slurry
After the sample is solidified, it is removed from the mould and left for sublimation at a
temperature and pressure conditions depending on the physical properties of the solvent.
At this stage the solvent is sublimed from solid to gas and leaves behind pores in the
green sample. The pores obtained in the green sample are a direct replica of the solid
solvent. When camphene is used, a low vapour pressure of 1.3kPa is sufficient for
sublimation (room temperature and pressure 20-25oC) [83]. However, when water is
used a conventional freeze dryer is used to sublime the water. Therefore camphene as
the solvent makes the process effortless as no other specific equipment is required.
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2.51d Sintering for densification
The samples are sintered using conventional sintering techniques after the freezing
agent is completely sublimed. The sintering temperature depends on the densification
temperature of the ceramic.
2.52 Structure and orientation of the pores
The structures of the pores mainly depend on the solvent used and the solidification
condition. The solidification is often directional and leads to homogeneous nucleation
of dendrites upon cooling as seen in figure 27 [101]. When water is used as a solvent,
lamellar channels are obtained as seen in figure 25a. In the case of camphene as a
solvent, a clear dendrite structure is obtained as seen in figure 27, and when tert-butyl
alcohol is used as a solvent, a prismatic channel is obtained [102].

Figure 27. Directional dendrites formed after the solidification of the camphene [81]
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A thermal gradient can be introduced to vary the cooling rate and achieve anisotropy in
the ceramic sample. Macchetta et al. [81], has reported a graded porosity during the
freeze casting of porous hydroxyapatite, using camphene as the freezing vehicle. They
were able to produce large primary dendrites at a lower heat transfer rate. The heat
transfer mechanism in freeze casting can be related to the equation 2.1, based on the
Fourier heat conduction law i.e.

B

 %DE
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GH. 2.1

Where ∆T is the temperature difference in the system, ∆Q/∆t is the heat transfer rate, k
is the heat transfer co-efficient, A is the cross sectional surface area and ∆x is the
distance between the temperature difference. Roy et al. [103] studied the kinetics of the
dendrite growth in pure metals and silicon system. They used the free dendrite model
formulated by Di. Venuti [104].

According to this model, the dendrite tip radius

decreases and the tip velocity (solidification front) increases with super cooling. This
means that with high heat transfer rate a finer pore structure can be achieved. Koch et al.
[105] in his work on freeze casting alumina found that larger pores are produced further
from the cooling surface which experiences lower cooling rate [106]. Hou et al. [107] in
his work on freeze casting β-Si-Al using camphene highlighted that heat transfer rate is
not the only factor which determine pore size. His study was to understand the
relationship between solid loading and pore size. The result showed that the pore size is
inversely proportional to the solid loading which is also explained in Koch et al.’s work
[105].
In this PhD, effort has been made to fabricate porous Ti2AlC ceramic as no effort has
been made to fabricate gradient porous Ti2AlC ceramic. Hence the characteristic feature
of the freeze casting technique (gradient porosity) was adopted based on Maccheta et
al.’s [81] work. The gradient porous Ti2AlC ceramic will be first of its kind and one of
the potential applications can be in the field of solid-state electrodes in redox battery
since it can take advantage of the resistance of the material to corrosion and its high
electrical conductivity.
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2.53 Summary
MAX-phase ceramics are an interesting class of materials that combine metallic and
ceramic properties, e.g. they are electrically conducting but are corrosion resistant, and
have high melting points and high stiffness. The majority of work to date has
concentrated on manufacture of dense MAX-phase ceramics. In this PhD porous
MAX-phase materials are examined, in particular the Ti2AlC system since this material
can offer multi-functional features such as corrosion resistance, electrically
(3x106Ω-1m-1) and thermally conductive and also high stiffness (186GPa) with low
density (4.1g/cm3) [9].
This thesis will therefore:
(i)

conduct thermodynamic analysis of SHS processing of Ti2AlC to produce
porous structures,

(ii)

understand the influence of SHS reactant composition (particle size,
stoichiometry etc.) on the phase composition and microstructure,

(iii)

develop foam replication methods to fabricate macro-porous Ti2AlC,

(iv)

develop freeze casting methods to fabricate micro-porous Ti2AlC,

(v)

demonstrate the applicability of porous Ti2AlC in an application that
requires high open porosity, sufficient mechanical strength and high
electrical conductivity.

The next Chapter 3 describes efforts to use SHS to produce Ti2AlC ceramic. Details on
the thermodynamic modelling are covered, which was formulated to understand the
thermodynamic mechanism and predict the combustion temperatures involved in the
formation of Ti2AlC using SHS process.
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Chapter 3. SHS to produce Ti2AlC ceramics
The objective of this chapter is to understand the formation of Ti2AlC using selfpropagating high temperature (SHS) and to explore the processing parameters involved
in

the

synthesis

of

Ti2AlC

ceramic

from

the

elemental

reaction

3.1

(2Ti + Al + C → Ti2AlC), using SHS. The parameters are the thermodynamics of the
reaction, addition of diluents to control the exothermic reaction, the effect of reactant
particle size on the formation of Ti2AlC and also the effect of different carbon sources
(e.g. graphite or carbon black) in the elemental reaction mixture in forming the final
MAX-phase product. By understanding the effect of these parameters on the reaction
mechanism, it is possible to tune the process according to the requirements. For
example, in order to form intermetallic compounds, for controlling the porosity without
applying external pressure or improving the purity of the final product in terms of phase
composition.

3.1 Thermodynamic modelling to predict the Tad of SHS reaction
3.11 Introduction
As discussed in Chapter 1, section 1.4, the Tad is the maximum combustion temperature
achieved under adiabatic conditions in the SHS reaction; although in reality some heat
will always be lost. For example, for the ZrB2 system the calculated Tad was 2235K
while that experimentally measured was 1850K [108]. Once the Tad is known, it is
possible to predict the nature of the reaction, for example if the reaction is selfsustaining and whether or not liquid phases can be produced if the melting point of the
reactants or products is exceeded. In addition to determining whether SHS is feasible a
detailed thermodynamic analysis allows the understanding on the effect of
(i) pre-heating of the reactants or (ii) the addition of diluents such as excess Al or Ti on
the combustion temperature to be examined. Nevertheless, the precise value of Tad is a
measure of the exothermicity of the SHS reactions and an indicator of whether SHS is
possible. For example it has been reported that a Tad ≥ 1800K is necessary for SHS
reaction to be self-sustaining [109].
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The reactions of the Ti-Al-C system have been studied experimentally in detail by
Hendaoui et al. [23-27] where excess reactants such as Al were used to reduce the
combustion temperature and pre-heating can be used to increase the combustion
temperature. However, while there has been experimental work to examine the
manufacture of Ti2AlC there has been no detailed thermodynamic analysis of the SHS
reactions to date. This thermodynamic analysis to be considered in this chapter is novel
as previously no effort has been made to evaluate the adiabatic combustion temperature
of Ti2AlC MAX-phase material.
The thermodynamic study presented here is based on the exothermic reaction (Reac
3.1), using available data on Ti2AlC. Eqn. 3.1 is the basic thermodynamic equation for
the analysis to form the MAX-phase Ti2AlC by SHS. Further work will study how the
thermodynamic model was formulated to predict the Tad for the following reaction.

2Ti + Al + C → Ti2AlC

(Reac.3.1)

Before the modelling is explained it is necessary to define the adiabatic combustion
temperature Tad.
3.12 Adiabatic combustion temperature Tad
The Tad is the maximum temperature attained in an exothermic reaction subjected to the
SHS process. Alexander G. Merzhanov [110] have shown an empirical relationship
which states that the reaction can be self-propagating only if Tad ≥ 1800K. There is
another empirical relationship to examine whether the reaction can be self-propagating
or not which takes into account all of the important parameters in SHS apart from the
density ρ and the thermal conductivity k [111]. It is claimed that the effect of ρ and k
should be considered when very high density or very high thermally conductive
reactants are used [64]. The author [111] claims that SHS will occur if:
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Where Tad is the adiabatic combustion temperature, Tig is the ignition temperature at
which the SHS is initiated, Tstart is the initial temperature of the reactants, usually at
room temperature, Ĉp(reactants) is the average specific heat between Tstart and Tig, and
Ĉp(products) is the average specific heat between Tad and Tig [111]. The Tad is
calculated by considering that the enthalpy from the reaction is utilised to convert
reactants into products with no heat loss to the surrounding environment.
3.13 Modelling
From Chapter 1, section 1.4, the thermodynamic equation to calculate the adiabatic
combustion temperature Tad of the reaction 3.1 is given by:
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Where ∆Hr298 is the enthalpy of the reaction (Reac 3.1), and 298K is the initial
temperature of the reactants in this case. The Tad is calculated by considering that the
exothermic enthalpy of the reaction is used to heat up the products with no loss of heat
to the surrounding environment. It is this exothermic heating makes the reaction selfsustaining, generating a combustion wave which propagates through the entire reactants
converting it into desired products. This enthalpy, which is used in the formation of
products, can be related to the adiabatic combustion temperature (Tad) by the definition
of the heat capacity of the product Ti2AlC. Equation 3.1 is used to calculate the
adiabatic combustion temperature considering no phase change of the product, such as
melting during the exothermic reaction. A limitation is that, until the maximum
combustion temperature is known, it is difficult to predict whether any phase change
exists.
To increase the adiabatic combustion temperature it is possible to pre-heat the reactants
prior to SHS and in this case the energy supplied by initial heating of the whole
reactants needs to be considered i.e.
Enthalpy of the reaction + Energy supplied by pre-heating reactants = Energy to heat products
]^_^
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As the Ti2AlC material is a relatively new and unexplored ceramic material, only a
limited amount of thermodynamic data is available. Some data may have been derived
from the theoretical predictions [76, 112] rather than direct experimental measurements
on materials.
The enthalpy of formation ∆Hf of Ti2AlC was calculated based on Density Function
Theory (DFT) which is a first-principle quantum chemical method. For a given set of
structural coordinates and chemical composition, an electron density and total energy
are obtained. The VASP (Vienna Ab-initio Simulation Package) code was used for
calculating the enthalpy of the reaction. Based on this quantum chemical method the
∆Hf of Ti2AlC was found to be -278.60kJ/mol. Duong et al. [112] have tabulated
accurate thermochemical data of Ti2AX phases based on ab-initio calculations and have
reported -64.59kJ/mol-atom (-258.36kJ/mol) for the enthalpy of formation at 298K.
This value of ∆Hf is very close to the value calculated by DFT, which is -278.60kJ/mol.
The enthalpy of formation of -258.36kJ/mol and the data in Tables 1, 2 and 3 were used
for the thermodynamic analysis.
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Table 1. Reactant specific heat capacities (Cp) with temperature, T (K)

Cp = a + bT + cT-2+dT2 (J K-1 mol-1)

Element

a

b

c

d

Accuracy

Temperature

(%)

range (K)

Ref

Tiα

22.11

10.5 x10-3

-

1.5

298-t.p.

[113]

Tiβ

28.93

-

-

1

t.p.-1350

[113]

Al(s)

20.68

12.39 x10-3

-

1

298-933

[113]

Al(l)

29.31

-

-

3

933-1273

[113]

C(s)

0.108

38.97 x10-3

-148.184 x105

3

298-2300

[109]

-17.413 x10-6

Table 2. Product specific heat capacities (Cp) with temperature, T(K)

Cp = a + bT + cT2 + dT3 (J K-1 mol-1)

Compound

a

b

c

d

Temperature

Ref

range (K)
Ti2AlC

58.10

-7 x10-5

0.10

1.80 x10-8

300 - 1600

[114]

Table 3. Enthalpy of formation (∆Hf), transformation (∆Ht) and fusion (∆Hm)

Element

∆Hf,298

T(K), ∆Ht

Melting point

(kJ/mol)

(kJ/mol)

(K)

∆Hm

Reference

(kJ/mol)
Ti

0

1155K

1933

18.8`2

[113]

932

10.5±1

[113]

α→β
3.47
Al

0

-
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3.13a Calculation of ∆Hr for the reaction 3.1
Enthalpy of reaction = Enthalpy of the products – Enthalpy of the reactants

2Ti + Al + C → Ti2AlC
2*0 + 0 +0 → -258.36
Therefore ∆Hr = -258.36kJ/mole.
From Barsoum et al.’s work [114], according to the experimental data, the specific heat
capacity Cp as a function of temperature for Ti2AlC is in the form of Cp = a + bT +
CT2 + DT3. Where T is the temperature in Kelvin. Cp is in J/K/mole. The
thermodynamic data can be found in Table 2.
Hence by integrating Cp from 298K to Tad, it is possible to generate the enthalpy of
reaction at different combustion temperatures. The temperature that corresponds to the
calculated enthalpy of the reaction (-258.36kJ/mole) will be the adiabatic combustion
temperature.
Substituting the value of Cp in equation 1:


%N  

!"

[58.1  0.01 % 0.00007

 0.000000018

<\

-∆Hr = {(58.1xTad + 0.1Tad2/2 – 0.00007xTad3/3 + 0.000000018xTad4/4) - (58.1x298 +
0.12982/2 – 0.00007x2983/3 + 0.000000018x2984/4)}
This was the equation used to generate ∆Hr at different ToK values using an Excel
spread sheet.
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3.13b Solving for the reactant part of equation 1
The Cp for the reactant mixture of Ti, Al and C is shown in Table 1.
Table 4. Total specific heat of the reactants for the reaction 3.1

a

bT

cT-2

dT2

15.516

1.71x10-2

-3.54x10-4

-0.00000416

Converting to 64.949

7.14x10-2

-1.48x105

-1.739x10-5

Total Cp
(2Ti+Al+C) in
cal/mole

J/K/mole

The above procedure was plotted on a graph as seen in figure 28, which is the ‘enthalpy
versus temperature’ graph, which is generally used to represent the thermodynamic of a
SHS reaction. The figure summarises all the calculations carried out above in graphical
form. The graph illustrates the changes in the enthalpy of the reactants and products at
various temperatures.
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Figure 28. Enthalpy versus Temperature graph for the reaction 3.1 for the calculation of
adiabatic combustion temperature

In figure 28, the vertical line (A→B) provides the Tad from different starting
temperatures and corresponds to the left hand side of the equation 3.2. The horizontal
line (B→C) corresponds to the enthalpy of the products and the right hand side of the
equation 3.2. The value of Tad can be found from the vertical line down to x-axis
(C→D). By theoretical calculation the maximum combustion temperature is found to be
~2568K. As explained earlier, for a process to undergo SHS, the Tad ≥ 1800K. Hence
the reaction 3.1 is expected to undergo SHS based on the theoretical Tad obtained.
Combustion temperatures determined experimentally using thermocouples have been
reported up to 2073-2110K [26, 115]. However in the above calculations, phase changes
like melting of Al or Ti during the evolution of process is not considered. That is one of
the reasons for the difference in Tad value between the experimental and the theoretical
calculation.
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Often the heating of the reactants or products during SHS leads to a variety of phase
transitions, such as melting of the reactant or products. These effects must also be
considered; for example if the sample is preheated to 660°C (933K) and all the
aluminium reactant melts the enthalpy of fusion of aluminium (∆Hm) is considered as in
equation 3.3.
Tad

933

− ∆H

298
r

+

∫C

p

[ 2Ti + Al + C ]dT + ∆H m ( Al ) =

298

∫C

p

[Ti2 AlC ]dT

(Eqn.3.3)

298

Since no data on the enthalpies associated with the observed phase changes in Ti2AlC
have been presented, high temperature differential thermal analysis (DTA) was
undertaken using a Setsys TG-DTA on Ti2AlC powder (Maxthal 211) using a palladium
standard calibration. The results are similar to Hashimoto el al. [115] in that melting
was observed with a DTA peak maximum at 1552°C with an associated enthalpy of
29.6kJ/mol as seen in figure 29; this was used in the enthalpy-temperature curves as
shown in figure 30.
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Figure 29. TG-DTA curves for Ti2AlC powder

Figure 30. Thermodynamic analysis of reaction 3.1, including enthalpy of fusion of the
reactants and the products
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In figure 30, the vertical line (A→B) is the offset associated with the enthalpy of the
reaction 3.1, and represents the left hand side of the equation 3.2. By creating a
horizontal line (B→C) to the enthalpy of the products the Tad value can be found from
the vertical line to x-axis (C→D), which represents the right hand side of the equation
3.2.
According to this data, from figure 30, in equation 3.3, the adiabatic combustion
temperature is 2368K. Combustion temperatures determined experimentally using
thermocouples have been reported up to 2073-2110K [26, 115]. The difference between
experimental and theoretical results can be accounted for by heat losses, which are
assumed negligible in the adiabatic calculation and also any incomplete or side reactions
producing other products [25].
3.14 Effect of diluents, on the reaction
From the thermodynamic model, it is understood which parameters cause the chemical
reaction to be self-sustaining. In any conventional sintering process it is possible to
control the evolution of grain size and the extent of phase transformation. Unlike
sintering it is extremely difficult to do this with the SHS process due to the rapid nature
of the process and the high temperatures involved. The main disadvantage of the SHS
process is that the products obtained are highly porous [116]. Bowen and Derby [111]
explained that it is possible to control the SHS by adding some diluents which do not
take part in the reaction but lower the thermal mass and reduce the adiabatic combustion
temperature Tad. In simple terms, it will lower the exothermicity in the reaction and thus
lower the Tad.
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To explore this further, reaction 3.1 was used with additional diluents such as excess Al
and Ti, to see the effect on the Tad as seen in reaction 3.2.

(2+x)Ti + (1+y)Al + C → Ti2AlC + yAl + xTi

(Reac.3.2)

Where x and y are the excess Ti and Al respectively to act as diluents to tailor the
combustion temperature. Excess aluminium or titanium can also be used in an attempt
to create metal-ceramic composites. This is also taken into account in a similar manner
such as in Eqn. 3.4,
Tad

− ∆H

298
r

=

∫C

p

[Ti2 AlC + xTi + yAl ]dT

(Eqn. 3.4)

298

A graph of enthalpy vs temperature was plotted for reactions (3.2) as seen in figure
31(a) and 31(b).
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.

(a)

(b)
Figure 31. Graph a and b representing the thermodynamic modelling of reactions 3.2 with
y > 0 and x and y >0 respectively
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Figure 31a is the thermodynamic predictions when excess Al is used i.e. y >0 is added
to reaction 3.2, where the adiabatic combustion temperature decreases to 1868K when y
= 1. Figure 31b is the thermodynamic predictions when both excess Ti and Al is used
i.e. x >0 and y>0 in reaction 3.2. The Tad for this reaction for when x = y = 1 is
decreased even further to 1758K due to the increased thermal mass associated with the
excess Al and Ti. Clearly as excess Al and Ti are added as a diluent, there is a decrease
in the Tad but it offers the potential to control the exothermicity of the SHS process and
to form metal-ceramic composites. Hendaoui et al. [24] conducted a study on the effect
of excess Al on reaction 3.2 and indicated that excess Al led to three important effects:
(i) a shift in the conditions of the reaction between TiC and TiAl3 yielding more Ti2AlC
compound; (ii) enhancement in the component diffusion due to the presence of more
liquid phase resulting in easy ignition of the reaction; (iii) dilution of the system and
hence reducing the overall exothermicity and more control over the reaction.
If the reactants are preheated prior to SHS, this additional energy is present to increase
the combustion temperature. For example if the reactants of reaction 3.1 are pre-heated
to 940K, the line A'B'C'D' can be used to calculate the new adiabatic combustion
temperature as shown in figure 30; in this case the line A'B' corresponds the left hand
side of equation 3.2 while the line C'D' corresponds to the right hand side of equation
3.2.
Figure 32, summarises the change in adiabatic combustion temperature with start
temperature for reaction 3.1, with no excess Al or Ti.
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Figure 32. Effect on Tad with different starting temperatures for reaction
2Ti + Al + C → Ti2AlC

The next section will explain the procedure followed to experimentally measure the
ignition temperature Tig, which will be later used in the empirical relations to see
whether the reaction to form Ti2AlC MAX-phase material, obey the conditions to be
self-sustaining or not, for example, the conditions described in section 3.12.
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3.2 Thermal Explosion
3.21 Introduction
The thermal explosion mode of combustion synthesis process is very similar to SHS
except for the fact that in thermal explosion the whole body of the sample is in contact
with the energy source which causes the combustion of the whole sample at the same
time (refer figure 33a). The temperature at which the thermal explosion initiates is
termed the ignition temperature Tig. This is in contrast to SHS where only a point on the
sample is in contact with the energy source (tungsten wire in this case) which initiates
the combustion in the sample, see figure 33b.

Furnace
tube

Reactant
sample

Reactant
sample

Tungsten
wire
(a)

(b)

Figure 33. Sample subjected to thermal explosion (a) and (b) sample subjected to SHS
mode of combustion synthesis process

Thermal explosion experiments were conducted to observe the Tig value and to examine
if the material Ti2AlC satisfies the condition to undergo SHS mode of combustion
synthesis process as demonstrated in the next section 3.3 and also to study the effect of
the particle size on the ignition temperature Tig. As explained in Chapter 1, section 1.4,
the Tig is the temperature at which the reaction is activated in the sample without further
external heat supply [20, 21, 22]. From the results of this study, it is possible to get a
data for designing the combustion rig (construction details explained in Chapter 4,
section 4.11) for conducting the SHS process. It is important to know the temperature as
it is a vital data for thermodynamic modelling and it also helps in selecting the
necessary ignitor element to initiate the SHS process, assuming the ignition temperature
is the same for both the combustion synthesis modes (thermal explosion and SHS). The
ignitor is a component in the combustion rig which supplies sufficient heat energy to the
sample to initiate the combustion process.
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3.22 Experimental setup
The experimental setup for thermal explosion experiment is as shown in the figure 34. It
consists of a small furnace, a K type thermocouple to monitor the furnace temperature.
The furnace is a basic type without any programming features. The rate of change in
furnace temperature cannot be controlled. Hence the temperature increases rapidly
(approx. 6.50C/minute).

Figure 34. Experimental setup for conducting thermal explosion
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The samples were prepared according to the following stoichiometric ratio:

2Ti + Al + C → Ti2AlC
In this experiment the particle size of Ti and Al powders were varied and the effect of
particle size on the ignition temperature was monitored. The carbon source (in this case
graphite of ≤ 20µm particle size) remained constant. Each sample weighed
approximately 0.7 grams and was pressed at room temperature into compact cylindrical
pellet of 13mm diameter in a uniaxial press using a pressure of 1.77kN/mm2as shown in
Table 5:
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Table 5. Ignition temperature for different particle size

Ti 45µm Al 15 µm
Serial Number

Mass of the

Pressing pressure

Ignition

sample in grams

in kN/mm2

temperature Tig in
o

C

1

0.7008

1.77

720

2

0.7000

1.77

708

3

0.6989

1.77

708

4

0.7005

1.77

710

Ti 45 µm Al 25 µm
1

0.7000

1.77

670

2

0.6995

1.77

668

3

0.7002

1.77

675

4

0.7010

1.77

678

Ti 45 µm Al 60 µm
1

0.7001

1.77

685

2

0.7016

1.77

685

3

0.7020

1.77

678

4

0.7028

1.77

678

Ti 150 µm Al 15 µm
1

0.7000

1.77

672

2

0.7014

1.77

650

3

0.7000

1.77

665

4

0.6995

1.77

663
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3.23 Result and discussion
From the above Table 5, it can be observed that the particle size has no major role in the
ignition temperature of the combustion process. The ignition took place around the
melting point of Al which is 660oC [117]. It is thought that in the mixture of Ti, Al and
carbon, the molten Al acts as the combustion fuel for the ignition and this may provide a
valuable insight into the reaction mechanism for Ti2AlC formation from Ti, Al and C
powders, this will be discussed in further detail in Chapter 4. Another important
observation is, when the sample was placed in another programmable furnace with a
lower controlled rate of change of temperature [150oC/hour] the sample failed to react.
This indicates that for a SHS reaction to initiate and become self-sustaining there should
be a rapid increase in temperature at the heating source.

3.3 Ti2AlC satisfying condition for SHS
As explained earlier it has been shown that it is possible to predict whether a reaction
will be self-sustaining using the three conditions below,
(i) Tad ≥ 1800K [110]
(ii) -∆Hr298K/Cp298K≥ 2000K [118]

(iii)

(Tad − Tig )
(Tig − Tstart )

≥

Cˆ p ( reactants)
[111]
Cˆ ( products)
p

The manufacture of Ti2AlC by SHS has been examined by Hendaoui et al. [23,24] and
the reaction is self-sustaining, therefore it is possible to assess whether these three
relationships hold true for this particular MAX-phase system.
From the thermodynamic analysis, the Tad is 2368K (when x = y = 0) and therefore
satisfies condition (i). For condition (ii), since ∆Hr298 = -258.36kJmol-1 and Cp298 =
82.16Jmol-1K-1 (Table 2,) the ratio -∆Hr298K/Cp298K = 3144K and also exceeds 2000K.
Figure 35 shows the relatively linear relationship between ∆Hr(298)/ΣCp(298) and Tad
for a range of selected compounds in the SHS literature [119]. It is interesting to note
that the MAX-phase reactions considered in this work also follow this relationship.
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Figure 35. Relationship between ∆Hr(298)/∆Cp(298) and Tad for selected compounds.
Compounds (
) are reported in [119]. Compounds (
) are the MAX-phase reactions
examined in this work
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For condition (iii), Tstart=298K,Tad=2368K (figure 30), Ĉp(reactants)=83.1Jmol-1K-1
(Table 1,) and Ĉp(products)=82.16Jmol-1K-1 (Table 2). An ignition temperature (Tig) of
943K, which is just above the melting point of aluminium, was experimentally
determined by heating well mixed and pressed powders with a molar ratio of 2Ti:Al:C
and measuring the ignition temperature using a type-K thermocouple which is explained
in previous section 3.2. Based on these conditions (Tad-Tig)/(Tig-Tstart)=2.21 and
Ĉp(products)/ Ĉp(reactants)=1.01 and criterion (iii) therefore correctly predicts that the
reaction should be self-sustaining. For completeness, figure 30, shows the predicted Tad
based on an ignition temperature of 943K (line A'B'C'D'). These three relatively simple
criteria for predicting SHS therefore work for this particular MAX-phase system and
may also be applicable to the other MAX-phase family.

3.4 Summary
A detailed thermodynamic analysis was carried out to understand the thermodynamic
mechanism involved in the SHS process for the formation of Ti2AlC ceramic using
elemental reaction 3.1. The thermodynamic model predicted the maximum adiabatic
temperature Tad of 2368K, which is close to the combustion temperatures determined
experimentally using thermocouples (2073-2110K) [26, 115]. The thermodynamic data
on Ti2AlC has been updated by conducting DTA analysis and found that the enthalpy of
fusion of Ti2AlC is 29.6kJ/mol, which is used in the modelling to make it more
accurate. Modelling has been carried out to understand the effect of adding diluents to
reduce the exothermicity of the reaction. Based on this, thermodynamic models for
reaction 3.2 was formulated and the models predicted the drop in the maximum
adiabatic temperature Tad with the addition of extra moles of Al and Ti, which is an
useful information in controlling the porosity and fracture behaviour of the final product
without the addition of external pressure for densification. Finally, the conditions to
satisfy whether the reaction will be self-sustaining or not was applied to this material
and most of the conditions proved positive for Ti2AlC MAX-phase material.
One task of the PhD is to understand how the particle size of Ti, Al and carbon will
affect the formation process of Ti2AlC using SHS from the basic elemental reaction 3.1
To conduct this particular study, it is important to design a combustion rig to perform
the SHS process with an inert atmosphere to prevent the oxidation of the sample
product and the elements used in the combustion rig. The next Chapter will explain the
study conducted to understand the effect of particle size on the formation of Ti2AlC
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ceramic by SHS process and will also explain the construction details of combustion rig
used in this study to perform the SHS reaction.
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Chapter 4. Study on the effect of particle size on the formation of
Ti2AlC using SHS process
4.1 Introduction
While thermal explosion requires a conventional furnace, the SHS process requires a
dedicated experimental combustion rig to initiate the process. The main purpose of the
combustion rig is to facilitate an inert atmosphere to prevent reactant and product
oxidation and easy incorporation and ignition of the reactant sample. The reaction was
initiated with an electrically heated tungsten wire under the influence of argon gas to
prevent oxidation of the sample as well as the tungsten wire that was used as the ignitor.
4.11 Construction and working method
The combustion rig consists of a glass chamber which accommodates a simple electric
circuit for heating the tungsten wire and a zirconia block to hold the sample as shown in
the figure 36. The ends of the glass tube are covered with cork and the wire inlets are
sealed with high temperature resistant sealant. This makes the chamber air tight when
both the ends are closed. The entire chamber is clamped onto a ply board which is
bolted to a rigid frame. This ensures the safety and prevents the whole setup from
falling during the experiment or due to human handling. A power supply of 30A, 15V is
used to heat the tungsten wire.

Tungsten Zirconia
wire heater sample
holder
assembly

Power supply
Combustion
chamber

Gas bubbler

Figure 36. Combustion rig for the SHS process
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Figure 37 shows the actual setup constructed to hold the electrical circuit and the
connections to the tungsten wire. This was built for easy handling of the ignition
components in and out of the chamber. This basic setup comprises of the combustion
rig.

Figure 37. Actual setup of the sample and electrical circuit holder to heat the tungsten
wire

4.12 Working method
It took some time to get the reaction started with this setup. Initially the sample was
placed on the zirconia block and the tip of the tungsten wire was in contact with a point
on the sample. This setup failed to exhibit consistent reaction ignition. The other
method involved placing the sample on the wire as shown in the figure 37. This
approach resulted in consistent initiation of the SHS reaction (as long as the reaction is
sufficiently exothermic).
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4.13 Initial experimental results
The sample was prepared according to the following stoichiometric ratio:

2Ti + Al + C → Ti2AlC
Ti 25µm (Aldrich), Al 15µm (Aldrich) and carbon fibre (mean diameter 3.55µm and mean
length 105µm) was used. A mass of 0.8gm of the elemental powder mixture was pressed

at room temperature into compact cylindrical pellet of 13mm diameter in a uniaxial
press using a pressure of 1.77kN/mm2. This optimum pressing pressure condition was
chose as above this pressure, the green pellet plastically deformed and adhered to the
surface of the die making it hard to retrieve the green pellets. And also, at lower
pressing pressure, the pellets failed to form compact press with loosely packed particles
in the pellet, making it hard to handle after pressing. The chamber was made air tight
and argon is released into the glass chamber. A gas bubbler was fixed on the other end
of the cork to ensure positive flow of gas in the chamber. A current of 25A constant
with varying voltage up to 15V is applied to make the tungsten red hot, initiating the
combustion as shown in figure 38. Once the combustion is self-sustaining, the power
supply is turned off as the combustion wave propagates throughout the sample
producing the final product.

Figure 38. Initiating the reaction by heating the tungsten wire
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From the XRD analysis, figure 39, the material formed is AlTi3 rather than the expected
Ti2AlC from reaction 3.1. This outcome is thought to be associated with the particle size
of the initial reactant.

Figure 39. XRD spectra of the first sample obtained from SHS process (25µm Ti, 15µm Al,
carbon fibre (mean diameter 3.55µm and mean length 105µm)) in the combustion rig

Figure 40 and 41 are the XRD data of sample ignited in in the combustion rig. As seen
in figure 40, the sample was prepared with 45µm Ti and 15µm Al. The XRD confirms
the existence of Ti2AlC with a secondary phase of TiC. However when Ti of 25µm
particle size was used the XRD indicates the presence of AlTi3 and very little Ti2AlC
(see figure 41). It is very obvious that the formation of Ti2AlC in dependent on the
reaction temperature and the particle size. It is believed that as the particle size Ti
decreases, there is a gradual fall in the exothermicity of the reaction. This affects the
temperature rise and the reaction fails to produce the required product.
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Figure 40. XRD spectra of sample prepared with 45µm Ti, 15µm Al, carbon fibre (mean
diameter 3.55µm and mean length 105µm)

Figure 41. XRD spectra of sample prepared with 25µm Ti, 15 µm Al, carbon fibre (mean
diameter 3.55µm and mean length 105µm)

In summary a combustion rig has been constructed and tested to produce ceramic by
SHS process. Initial results indicate Ti2AlC MAX-phase and AlTi3 phases can be
produced and the products are dependent on particle size. Further work to examine the
inference of particle size and different carbon source in the elemental reaction 3.1, is
discussed in the next section.
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4.2 Effect of particle size on the formation of Ti2AlC using SHS form of
combustion synthesis process
4.21 Introduction
Solid-state combustion reactions for synthesising advanced materials have generated
great interest in researchers [15, 16, 17, 18]. A variety of advanced materials such as
Ti2AlC, Ti3AlC2, Ni3Al, Ni2Al3, TiAl, Zr5Si3 and many more can be synthesised using a
solid-state combustion synthesis reaction. As explained in Chapter 1, section 1.4,
combustion synthesis involves the ignition of a compact powder mixture in either air or
inert atmosphere to produce sufficient heat due to the exothermic reaction so that it
becomes self-sustaining in the form of combustion wave that propagates along the
reactants to form the product. As a result of the high temperatures generated during the
reaction, it is possible to produce products of higher purity as any low boiling point
impurities present will readily volatilize.
In order to understand the application of the process, it is important to recognize the
underlying process parameters such as
(i) thermodynamic mechanism,
(ii) temperature profile of the reaction,
(iii) effect of diluent on the reaction temperature and product formation,
(iv) effect of particle size,
(v) effect of particle packing density.
Chapter 3, section 3.1, provides an explanation on the study conducted to understand
the thermodynamic involved in this reaction mechanism as well as the effect of diluents
on the predicted combustion temperatures of the process. This chapter aims to explain
the outcome of the study conducted to explore the effect of particle size and particle
packing on the formation of Ti2AlC MAX-phase ceramic.
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4.22 Formation mechanism
There are various models and experimental studies explaining the evolution of
compounds during SHS of Ti-Al-C based materials and the processing of Ti2AlC
[33, 120, 121]. Some models focus on the temperature range associated with the
formation of Ti2AlC and any intermediate compounds formed during the process
reaction [120]. Other models [122] concentrate on the reactions involved that lead to
phase changes such as
Al (s) → Al (l) at 6600C (melting of aluminium)
Ti (s) + Al (l) → TiAl (melt) below 9000C
Ti (s) + C (s) → TiC (s) above 9000C
TiAl (melt) + TiC (s) → Ti2AlC at around 12000C
during the solid-state reaction. Some mechanisms [123, 124] explain the reason for the
layered structure of these ternary carbides and explain how the particle packing density
affects the SHS formation mechanism of Ti2AlC. However there are no mechanistic
models or experimental studies explaining how the particle size and variation of the
carbon source, such as the use of carbon black, graphite or carbon fibre used in the
reaction, play an important role in reaction mechanism. In this section, we will try to
understand the basic reaction mechanism involved in the formation of Ti2AlC based on
the existing experimental studies.
Yan Ming et al. [120], conducted experiments to produce a TiAl/Ti2AlC composite
using 2Ti/1Al/1C elemental powders to determine the reaction temperatures associated
with the phase transformation by in-situ hot pressing process. They identified the
following reaction mechanism and the temperature that the reaction takes place. Three
phases namely Ti, Al and TiAl3 were analysed from the XRD peaks at 600oC
figure 42(ia), indicating solid-state reaction between Ti and Al (Ti + Al → TiAl) before
the melting point of Al which is around 660oC. As the temperature increases towards
700oC, Al melts and the intensity of TiAl3 (TiAl +2Al → TiAl3) phase increases. This
can be seen in figure 42(ib), where XRD showed those sintered at 700oC have some
Ti3Al and Ti2AlC begins to form at higher temperature.
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(i)

(ii)

Figure 42. XRD analysis of evolution of phases during the reaction temperatures between
600oC to 1300oC [120]

At this stage, some of the partially unreacted Ti reacts to form TiAl and Ti3Al in
addition to TiAl3. At 800oC, the TiAl becomes the main phase with Ti3Al and unreacted
Ti as seen in figure 42(ic). As the temperature increases to 900oC the Ti completely
reacts into TiAl and Ti3Al with higher TiAl content (see figure 42(id)). The TiC phase
begins to form at a temperature range between 1000 – 1100oC (figure 42(iia), (iib))
which later results in the formation of Ti2AlC based on the following reaction: TiAl +
TiC → Ti2AlC. At 1200oC, TiC disappears indicating the involvement of TiC in the
reaction. The author reports that the peak intensity of TiAl was sharpest at this reaction
temperature compared to the other competing phases and this peak decreases at an
elevated temperature of 1300oC (figure 42(iid)).
From the figure 43, it is clear that TiC and TiAl3 are the most stable phases and this is
why, they are found as the secondary phase during the formation of Ti2AlC.
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Figure 43. Gibbs free energy of formation associated with change in temperature [120]

A summary of the above explained reaction mechanism is shown schematically in
figure 44.

Figure 44. Reaction mechanism and the temperature associated

Zhenbin et al. [121] refers to the process as solution-precipitation as TiC dissolves into
TiAl matrix resulting in the precipitation of Ti2AlC. Pietzka et al. [28] described some
interesting observations based on the thermodynamic of the reaction mechanism. They
calculated the Gibbs free energy, ∆G of Ti2AlC at two temperatures and found that
∆GTi2AlC (1000oC) = -65.9kJ/mol and ∆GTi2AlC (1300oC) = -54.8kJ/mol. As a result, it is
difficult to synthesise Ti2AlC at higher temperature. Pietzka et al. [33] also calculated
the peritectic point of Ti2AlC which is 1625±10oC and above this temperature Ti2AlC
decomposes into TiC and Al. Therefore there exists an optimum reaction temperature
for forming the Ti2AlC phase which is between 10000C-12000C.
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This is the underlying formation mechanism during the synthesis of Ti2AlC from the
elemental powder mixture. We will attempt to understand how the different particle size
of the elemental powder affects this formation mechanism. This will be achieved by
undertaking a variety of SHS reactions with a range of reactant particle sizes.
4.23 Experimental procedure
Elemental powders of Ti 45µm (Goodfellow 99.5% purity), Ti 25µm (Pi KEM Ltd,
99.9% purity), Al 15, 20, 60µm (Goodfellow 99.9% purity), carbon fibre (mean
diameter 3.55µm, mean length 104.14µm), graphite ≤20µm (Aldrich) and lamp black
≤30µm (Inoxia Ltd) were used as different reactants for the study. To undertake the
SHS reaction each powder was mixed according to the stoichiometric ratio 2Ti:1Al:1C
in a mortar for 10 – 15 minutes using a mortar and pestle. The combination of above
mentioned elements of various particle sizes were mixed to obtain the following
chemical reaction

2Ti + Al + C → Ti2AlC (Reac 4.2)
A mass of 0.8gm of the elemental powder mixture was pressed at room temperature into
compact cylindrical pellet of 13mm diameter in a uniaxial press using a pressure of
1.77kN/mm2. The thickness of the pellet varies with different particle size used as seen
in Table 6 and is related to degree of packing of the particulates. The shape and size of
the reactant particles used can be seen in figure 45.
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Table 6. Combination of particle size mixed and their apparent green density

Element, particle size(µm) and
carbon source

Diameter of the
tablet pressed
in mm

Ti45, Al15 , Carbon fibre carbon fibre
(mean diameter 3.55µm and mean length
105µm)

13

2.07

29.07

Ti45, Al25 , Carbon fibre carbon fibre
(mean diameter 3.55µm and mean length
105µm)

13

2.12

28.47

Ti45, Al60, Carbon fibre carbon fibre
(mean diameter 3.55µm and mean length
105µm)

13

1.99

30.29

Ti25, Al15, Graphite ≤20µm

13

1.79

33.61

Ti25, Al25, Graphite ≤20µm

13

1.74

34.71

Ti25, Al60, Graphite ≤20µm

13

1.78

33.92

Ti45, Al15, Graphite ≤20µm

13

1.68

35.80

Ti45, Al25, Graphite ≤20µm

13

1.71

35.18

Ti45, Al60, Graphite ≤20µm

13

1.67

36.02

Ti25, Al15, Lamp black ≤30µm

13

1.99

30.24

Ti25, Al25, Lamp black ≤30µm

13

2.01

29.99

Ti25, Al60, Lamp black ≤30µm

13

1.97

30.59

Ti25, Al25(0.3 mol excess), Carbon fibre
carbon fibre (mean diameter 3.55µm and
mean length 105µm)

13

2.08

29.02

Ti25, Al25, Carbon fibre carbon fibre
(mean diameter 3.55µm and mean length
105µm)

13

2.14

28.12
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Mean
Green density in
thickness
g/cm3
mm

(a) Al 15µm particle size

(b) Al 25µm particle size

(c) Al 60µm particle size

(d) Ti 45µm particle size

(e) Ti 25µm particle size

(f) Lamp black ≤30µm particle size
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(g) Carbon fibre

(h) Graphite ≤ 20µm particle size

Figure 45. FESM images of the different Ti, Al, carbon particles used in this study

The compact cylindrical pellet was loaded into a custom built combustion rig
(construction and working explained in Chapter 4 section 4.11) and ignited using a
resistively heated ‘U’ shaped tungsten wire of 0.5mm diameter by passing 30A of
electric current in an argon atmosphere at a pressure of 2 bar. The phases formed were
analysed using XRD (Cu Kα target) and the microstructure of the elemental powder and
the green compact pellets were examined under a field emission scanning microscope
(FESM). The microstructure of the elemental powder and the green compact mixture
was examined to get a clear idea of the particle shape and how they are packed when
pressed into a pellet. The density and porosity was measured according to the BS
EN623-2:1993 standards (as discussed in Chapter 1, Section 1.53).
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4.24 Experimental Results
Table 6 shows the combination of different particle sizes of the elemental powders
mixed with different carbon source and their cold-pressed green density. This green
density was examined since it provides an insight into the packing density, as each
pellet was mixed under same conditions (temperature, pressure). The pellets were
subjected to SHS mode of combustion synthesis and the compounds detected from
XRD for the respective combination of particle sizes is provided in Table 7. The XRD
analysis can be seen in figures 46, 47 and 48.
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(i)

(ii)
Figure 46. XRD spectra (i) Ti 45 (ii) Ti 25, with different size of Al particle and graphite as
the carbon source
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Figure 46i, shows the phase analysis of products formed when 45µm Ti is
stochiometrically mixed with 15, 25, 60µm Al and graphite as the carbon source. Figure
46ii shows the phase analysis when 25µm Ti is stochiometrically mixed with 15, 25,
60µm Al and graphite as the carbon source. The XRD patterns are very similar in all the
case and consistanly form Ti2AlC with a small amount of TiC.
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(i)

(ii)
Figure 47. XRD spectra (i) Ti 45 (ii) Ti 25, with different size of Al particle and carbon
fibre as the carbon source
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Figure 47i shows the phase analysis of products formed when 45µm Ti, is
stochiometrically mixed with 15, 25, 60µm Al and carbon fibre as the carbon source.
Figure 47ii shows the phase analysis of products formed when 25µm Ti, is
stochiometrically mixed with 15, 25, 60µm Al and carbon fibre as the carbon source.
In this case we see that the products formed when 45µm Ti are Ti2AlC and also large
amount of TiC indicated by the higher intensity peaks seen at 37, 42 and 61o
(figure 47i) compared to the XRD pattern seen in figure 46. However, when 25µm Ti is
used irrespective of the Al particle size it forms Ti3Al which is an intermetallic product
formed during the formation of Ti2AlC [120] with TiC (figure 47ii). This clearly
indicates that the reaction was incomplete, hence failed to form the MAX-phase as
would be expected from chemical reaction 4.2.

Figure 48. XRD spectra of the compounds formed when 25µm Ti is stochiometrically
mixed with different size of Al particles and lamp black as the carbon source

Figure 48, is the crystallographic analysis of products formed when 25µm Ti is used
with 15, 25, 60µm Al and lamp black as the carbon source. With this elemental powder
combination it forms Ti2AlC and the XRD pattern is similar to the one seen in figure 46.
Reactant mixtures with 45µm Ti and lamp black was not used as it failed to form tablets
upon cold pressing due to the coarse nature of the powder.
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Table 7. Compounds formed by SHS from various combinations of elemental particle sizes
and carbon source

Ti particle size

Al particle size

Carbon source

Compounds

(µm)

(µm)

45

15

Carbon fibre

Ti2AlC, TiC

45

25

Carbon fibre

Ti2AlC, TiC

45

60

Carbon fibre

Ti2AlC, TiC

25

15

Graphite

Ti2AlC, TiC

25

25

Graphite

Ti2AlC, TiC

25

60

Graphite

Ti2AlC, TiC

45

15

Graphite

Ti2AlC, TiC

45

25

Graphite

Ti2AlC, TiC

45

60

Graphite

Ti2AlC, TiC

25

15

Lamp black

Ti2AlC, TiC

25

25

Lamp black

Ti2AlC, TiC

25

60

Lamp black

Ti2AlC, TiC

25

15

Carbon fibre

Ti3Al, TiC

25

25

Carbon fibre

Ti3Al, TiC

25

60

Carbon fibre

Ti3Al, TiC

formed from
SHS
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It can be observed that, irrespective of the particle size of both the Ti and Al, when
graphite and lamp black is used as the carbon source, the final products consistently
formed are Ti2AlC and TiC; this can be seen from examination of Table 7 and figures
46, 47 and 48. However, when carbon fibre is used the nature of the products formed is
more complex. As the particle size of the titanium decreases from 45µm to 25µm,
Ti2AlC does not form. Instead Ti3Al is formed (refer figure 47i and 47ii) which is an
intermediate compound formed during the formation of Ti2AlC; as described in figure
42. As the source of carbon is changed from carbon black, graphite to carbon fibre,
there is a decrease in green density of the sample (refer graph in figure 49) due to the
decrease in surface area of the carbon (when carbon fibre) particle. The outcome is an
increase in porosity of the green body, resulting is poor particle-particle contact within
the sample that leads to an incomplete reaction. In this case, only sufficient heat energy
to form Ti3Al is released from the reaction or this heat energy did not sustain long
enough for the formation of other intermediate compounds such as TiAl and TiC which
in turn reacts to form Ti2AlC. Examination of the green density in figure 49, the coldpressed pellets made with carbon fibre (black in colour bars in figure 49) has the lowest
green density compared to the reactant pellets formed using graphite and lamp black
with similar particle size of Ti and Al.
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38
36.02
35.80
35.18

Green Density in gm/cm3

36

34.71
33.92
33.61

34
32

30.24 30.59
29.99
29.02

30.29
30

29.07
28.47

28.12

28
26
24

Figure 49. Green density of the pellets pressed using various combinations of particle sizes
and carbon source

Figure 50, is the FESM images showing how the particles are packed when pressed into
pellets.
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(a) Ti 25µm, Al 15µm, Graphite

(b) Ti 25µm, Al 25µm, Graphite

(c) Ti 25µm, Al 60µm, Graphite

(d) Ti 45µm, Al 15µm, Graphite

(e) Ti 45µm, Al 25µm, Graphite

(f) Ti 45µm, Al 15µm, Carbon fibre
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(g) Ti 45µm, Al 25µm, Carbon fibre

(h) Ti 25µm, Al 25µm, Carbon fibre

(i) Ti 25µm, (0.3 mol excess) Al 25µm, Carbon fibre

(j) Ti 25µm, Al 25µm, Lamp black

Figure 50. FESM images showing how the particles are packed when pressed into pellets

It can be seen that the elemental particles are of different shape and size and hence
while pressed into pellets they tend to form different types of particle to particle surface
contact. For example, there will be a point contact in the case of spherical particle, line
contact in the case of elongated particles and multiple point contact when there is a
contrast between particle sizes. This greatly affects the packing density (figure 49),
which in turn affects the reaction process and thermal conductivity and cumulatively
affect the propagation of combustion wave.
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The formation mechanism in the case of pellets made with 25µm Ti, 15 & 25µm Al and
carbon fibre (figure 47ii) can be explained with the schematic representation in figure
51.
In the case of carbon fibre as a carbon source, due to the shape and size of the carbon
(figure 45g), there is a greater degree of metal (Ti) to metal (Al) contact as seen in the
particle arrangement representation in figure 51a. As a result the green pellet has a
metallic appearance (figure 54a) due to poor dispersion of carbon fibre particles. When
this pellet is heated, due to high metal (Ti) to metal (Al) contact, the thermal
conductivity is high. Hence as the combustion initiates, the propagating combustion
wave moves across the pellet rapidly as shown in figure 51b. This rapid propagation of
combustion wave and poor dispersion of carbon particles, doesn’t favour the completion
of the final reaction step .i.e. Ti3Al + TiC → Ti2AlC; rather only favour the completion
of initial reactions such as 3Ti + Al → Ti3Al and Ti + C → TiC. Hence the XRD of the
product formed by this composition identifies Ti3Al and TiC (figure 47ii).
Therefore, when there is a rapid heating, there is a sudden increase in temperature and
as explained by Pietzka et al. [33], it is very difficult to synthesise Ti2AlC at higher
temperature and hence the formation is more favourable during the cooling down stage
as TiC dissolves into Ti-Al matrix (Ti3Al in this case) resulting in the precipitation of
Ti2AlC [121]. However in this case, the cooling of the sample after the completion of
the combustion reaction is also rapid and does not provide enough time for the final
reaction between Ti3Al and TiC to form Ti2AlC (Ti3Al + TiC → Ti2AlC) . Hence there
is no sufficient temperature sustained for the precipitation reaction. Therefore the pellet
pressed with 25µm Ti, 15 & 25µm Al and carbon fibre (figure 47ii) does not form
Ti2AlC.
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particle

particle

Figure 51. Schematic representation of the combustion process showing the effect of
carbon fibre on the final product
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However, when lamp black or graphite is used as the carbon source, due to the particle
size and geometry (figure 45f and 45h), the carbon particles are in intimate contact with
the Ti and Al particles upon mixing as seen in the particle arrangement in the schematic
representation in figure 52a. As a result of this, the green pellets obtained after pressing
are black in colour (figure 54b and 54C) in contrary to the pellets obtained using carbon
fibre as carbon source which looks metallic (figure 54a).
Hence in this case, there is a poor metal (Ti) to metal contact (Al) as carbon particles are
located between the metal-metal substrate as seen in the particle arrangement in figure
52a and also in FESM images in figure 50a, b, c, d, e and j. This results in a poor
thermal conductivity, affecting the propagation of the combustion wave upon reaction.
To be more specific, it slows down the propagating combustion wave as represented in
figure 52b. The slow propagation of combustion wave ensures completion of all the
reaction mechanism which is:
3Ti + Al → Ti3Al
Ti + C → TiC
Ti3Al + TiC → 2Ti2AlC
Or
Ti + Al → TiAl
Ti + C → TiC
TiAl + TiC → Ti2AlC
leading to the formation of Ti2AlC MAX-phase ceramic upon cooling due to the
precipitation reaction [121].
Therefore a slow cooling down stage is required for the formation of Ti2AlC, which is
more likely to occur in the case of pellets made with graphite and lamp black as seen in
the schematic in figure 52a,b. The pellet continuing to be red hot even after the
completion of the reaction is the sign for slow cooling as seen in figure 53b.
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particle

particle

Pellet remain red hot
after the
propagation of
combustion wave
during which the
reaction Ti3Al + TiC
takes place upon
cooling to form
Ti2AlC

Figure 52. Schematic representation of the combustion process showing the effect of
carbon fibre on the final product formed
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(a)

(b)
Figure 53. a) Image showing the combustion reaction, (b) image showing the red hot
sample after the completion of the reaction
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(b)

(a)

(c)
Figure 54. Colour of the green pellets (13mm diameter and approx. 2mm thick) made
according to 2Ti/Al/C ratio with different carbon source. (a) Carbon fibre (metallic in
colour), (b) graphite (black in colour) and (c) lamp black (black in colour)
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To examine this theory .i.e. slow propagation of combustion wave associated with slow
cooling favours the formation of Ti2AlC, the Al content in the elemental reaction
mixture was increased in the pellet made with 25µm Ti, 25µm Al and carbon fibre. The
effect of diluents like Al and Ti on the combustion reaction was studied in section 3.14
and it was found that they decrease the exothermicity of the reaction. The addition of
excess aluminium also served to increase the green density due to the presence of the
ductile aluminium phase (see Table 6 and figure 49).
Figure 55 is the XRD showing the evolution of compounds when excess Al (y in
reaction 4.2a) is added in the basic elemental reaction 3.4.
2Ti + (1 + y) Al + C → Ti2AlC+ yAl

(4.2a)

Figure 55. XRD spectra showing the evolution of compounds when excess Al is added in reaction
4.2a
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As seen in figure 55, as the Al content is increased the exothermicity of the reaction
decreases, slowing down the propagating combustion wave. Here the y value in reaction
4.2a was increased from 0.1mole by 0.1 steps. And at 0.3 mole excess Al the final
product formed was Ti2AlC (figure 55c) and supports the theory that slow propagation
of combustion wave associated with slow cooling of the sample upon the completion of
the reaction favours the formation of Ti2AlC ceramic by SHS reaction.
Figure 56 shows the porosity (6-7 samples per batch) of Ti2AlC formed with different
combination of elemental particle sizes and carbon source. As you can see Ti2AlC
prepared with graphite as the carbon source is less porous compared to the other
samples which indirectly means the exothermicity of the reaction can be controlled by
the carbon source used. i.e. when carbon fibre is used more heat energy is required to
initiate the reaction which adds up to the combustion temperature and thus increasing
the adiabatic combustion temperature (refer graph in figure 30, section 3.13). The rise in
the final combustion temperature increases the porosity of the reacted pellets as seen in
figure 56.
69.62
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68.86
62.12
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Porosity in %
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44.98

41.79

40
29.97
30
20.91

22.53

20
10
0
Ti45, Al15, Ti45, Al25, Ti45, Al15, Ti45, Al25, Ti25, Al25, Ti25, Al15, Ti25, Al60, Ti25 Al25
CF
CF
Gr
Gr
Gr
Gr
Gr
with 0.3
excess Al,
CF

Figure 56. Porosity of the Ti2AlC samples formed by SHS process from different
combinations of particle sizes and carbon source
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This data is very useful as it is a direct correlation to the exothermicity of the reaction
and also helps in choosing particle size and carbon source for forming Ti2AlC with
desired porosity range which is a key factor in fabricating solid state electrodes.

4.25 Summary
It can be concluded that particle size of Al has no effect on the final products formed as
it melts at around 6600C irrespective of the particle size and is the enabler for the further
proceeding in the reaction. The particle size of Ti has no influence on the final product
formed. However, the shape and size of the particle has major influence on the packing
density and it was found that more porous the green sample the more likely it will not
form Ti2AlC and is more likely to form Ti3Al and TiC. It was observed that high metal
to metal contact in the reactant pellet can induce rapid propagation of combustion wave
which hinders the formation of Ti2AlC. It was demonstrated that by lowering the
combustion wave velocity and increasing the cooling time by addition of diluents such
as Al, in this case, it is possible to control the combustion wave and facilitate the
formation of Ti2AlC. It was also demonstrated that the exothermicity of the reaction can
be controlled even by fine tuning the carbon particle size.
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Chapter 5. Optimisation of pressureless sintering parameters
The previous chapter has examined the manufacture of Ti2AlC by SHS. Other
approaches to create porous conductive ceramics were discussed in Chapter 2, section
2.4 and 2.5 that include foam replication and freeze casting. Both of these processes
require the ceramic regions in the porous Ti2AlC green body to be sintered to a high
density to achieve strength and conductivity. Unwanted phases or degradation of the
Ti2AlC must also be prevented. This chapter therefore examines the sintering
parameters such as sintering temperature and dwell time.

5.1 Introduction
Pure Ti2AlC (“Maxthal 211 ceramic engineering material” from Kanthal) powder was
subjected to sintering under argon at various temperatures to study the evolution of
phases and microstructure of the sintered material with the change in temperature. In
addition the effect of temperature on the final density and level of porosity of the
sample was studied. This section of the chapter will describe the steps and the process
adopted to conduct the above stated studies. Since this research involves the fabrication
of macro and micro porous Ti2AlC ceramic, to tune the pore size for optimised strength
or for a potential application, it is important to know the exact sintering temperature of
this material to obtain dense Ti2AlC sample with high purity. Here the Ti2AlC powder
was subjected to five different sintering temperatures namely 1200, 1250, 1300, 1350
and 1400oC respectively and any changes in the phases present in the final sintered
body as well as the change in density at these temperatures was observed. Parameters
such as the weight of the sample and pressing force to produce the green sample were
kept constant for all sintering temperatures. Argon gas was used during pressureless
sintering to avoid oxidation of the material.
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5.2 Experiment setup
A mass of 0.8gm of the Ti2AlC was pressed at room temperature into a compact
cylindrical pellet of 13mm diameter in a uniaxial press using a pressure of 1.77kN/mm2
for three minutes to obtain the green sample. Samples were prepared in the similar
manner for all the sintering temperature conditions to be examined. In each test a
minimum of six samples were prepared and were placed on a Ti2AlC powder bed as
shown in figure 57 to shield the material from any oxidation due to any small amount of
oxygen in the argon protective gas.

Green sample

Ti2AlC bed
Figure 57. Samples placed in Ti2AlC bed to prevent oxidation during sintering

The temperature of the furnace was raised to experimental temperatures (1200, 1250,
1300, 1350 and 1400oC) at a rate of 150oC/hour and held at the elevated temperature for
three hours before the furnace was brought down to room temperature. After each batch
of ceramics was sintered X-ray diffraction (XRD) and scanning electron microscopy
(SEM) was performed to characterise the phase composition and microstructure of the
ceramics. The density and porosity was measured according to the BS EN623-2:1993
standards (as discussed in Chapter 1, Section 1.53).
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5.3 Results and discussion
Figure 58 is the XRD pattern of the ‘as-received’ Ti2AlC powder that was used for the
sintering study. This was done in order to ensure the phase composition of the starting
powder was Ti2AlC and provide a control over XRD pattern for easy identification of
Ti2AlC phase in the sintered body. The XRD in figure 58 shows that the main phase of
the starting powder material is clearly Ti2AlC.

Figure 58. XRD spectra of the initial Maxthal 211 Ti2AlC powder

Figure 59 shows the XRD of the ceramic sintered at 1200oC. At this temperature Ti2AlC
is the primary phase with low intensity peaks of other phases such as TiC as secondary
phase. The inclusion of TiC was negligible but the sample failed to form single phase of
Ti2AlC. XRD is a relatively sensitive technique for phase analysis and it requires
approximately 5% of the compound or the element to be identified.
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Figure 59. XRD spectra of the sample sintered at 1200oC in argon

Figure 60 shows the sample after sintering at a temperature of 1200°C. After a close
inspection it could be observed that the sample has two distinct layers. One side of the
sample is black and the other is grey in colour. When the electrical conductivity of the
sample was tested with a simple multi-meter, only the grey coloured layer was
conductive since it is Ti2AlC. The black layer is a dense TiC which is less conducting
compound [125]. Due to this reason it was decided to perform a series of sintering at
various temperatures until the sample had only the Ti2AlC phase.

TiC

Ti2AlC

Figure 60. Optical image of the different boundary formed in the sample after sintering
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On raising the sintering temperature to 1250oC there were no characteristic changes to
the sample compared to 1200oC (results not shown). However, increasing the sintering
temperature to 1300oC led to more diffusion of carbon resulting in the formation of
more TiC with respect to Ti2AlC (see figure 61). Two different coloured layers existed
in all the sintered samples. When the samples were subjected to a sintering temperature
of 1350oC under the same sintering condition, the intensity of the TiC peak reduced
considerably, figure 62, when compared to samples sintered at 1300oC (figure 61). In all
the above experimental studies the two common compounds in the sintered products
were TiC and Ti2AlC. From the figure 43, Chapter 4, section 4.22, it is clear that TiC is
one of the most stable phases and this is why, it is found as the secondary phase during
the formation of Ti2AlC.

Figure 61. XRD spectra of the sample sintered at 1300oC in argon
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Figure 62. XRD spectra of the sample sintered at 1350oC in argon

As the intensity of the TiC peak reduced at 1350oC, it was expected to disappear or
reduce at a higher sintering temperature. Therefore the next batch of samples was
sintered at 1400oC and, as expected for the XRD analysis, Figure 63 was similar to the
XRD pattern of the initial pure Ti2AlC powder, figure 58. This indicated that by
sintering at 1400oC it is possible to achieve sintered Ti2AlC with lower traces of TiC.

Figure 63. XRD spectra of the sample sintered at 1400oC in argon
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Nevertheless a study of the effect of sintering temperature of phases present is not
sufficient to establish an optimum condition to achieve bulk Ti2AlC. The final sintered
density of the ceramic plays an important role for some specific applications. For
example when the material is used as a structural membrane [1] then it should possess a
high density to withstand the load or force acted upon, for some applications it may be
desirable to have a porous surface. Therefore the samples (a minimum of six) were
characterised by the Archimedes density measurement to determine the bulk density,
solid density and the level of porosity which were defined in Chapter 1, section 1.53.
Figure 64 shows the change in bulk density of the samples with sintering temperature. It
is clear that as the sintering temperature is increased the density of the sample increases.
For many industrial and commercial purposes, such as those discussed in Chapter 2,
section 2.3, it is the high density (low porosity) that is required. In a porous green body
preform it is also important that the material is sintering to high density to achieve
sufficient mechanical strength e.g. to be handled or withstand a mechanical load.
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Figure 64. Variation in bulk density with sintering temperature

109

1450

Figure 65 is the change in solid density of the sample with the varying sintering
temperatures. It can be observed that the highest density recorded is 4.40g/cm3 at
1300oC. It should be noted that at 1300oC, the sintered samples were not pure MAXphase (refer to figure 61), and it also has the highest TiC (4.9g/cm3) [125] peaks and
this is the reason for high density. In the literature [35] it has been calculated that
Ti2AlC has a density of 4.11g/cm3. Here in this experimental study the sample produced
at 1400oC has density of 3.85g/cm3.
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Figure 65. Variation in solid density with sintering temperature
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From figure 66 it can be seen that with the increase in sintering temperature, the
percentage of porosity decreases. This indicates that change in temperature can be a
parameter to control the density of the sintered materials. To reduce the level of porosity
further applying and external pressure while sintering has been undertaken [36], for
example for hot-isostatic pressing or hot-pressing
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Figure 66. Variation in porosity with change in sintering temperature

Figure 67 is the SEM images showing the morphology of samples sintered at 1300oC
(figure 67a) and 1400oC (figure 67b). In figure 67a two distinctly shaped structures can
be identified. One is the spherical bright structure which is the TiC and elongated plate
like structure (identified in red) which is the Ti2AlC. When figure 67b is compared to
figure 67a, the elongated plate like structures have elongated further which indicates the
Ti2AlC grain growth with increasing temperature. It can also be observed that in figure
67a there are many pore like cavities and they are less in figure 67b thus indicating the
increase in density with increasing sintering temperature.
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TiC
Ti2AlC
TiC
Ti2AlC

(a)

(b)

Figure 67. (a) SEM image showing the crystal structure formed in the sample sintered at
1300oC. (b) SEM image showing the crystal structure formed in the sample sintered at
1400oC

5.4 Summary
This experiment in this chapter was conducted to optimise the sintering condition to
obtain Ti2AlC with an optimum density. This knowledge of sintering condition is
applied in the development and sintering of porous Ti2AlC ceramic which in explained
in the upcoming chapters. From this study it is possible to know the sintering condition
to obtain a relatively dense (85% density) pressureless sintered material for the basis of
a porous ceramic. Sintering at temperature of the order of 1300 – 1350oC leads to the
formation of TiC phase due to diffusion process during sintering which causes change
in phase composition. Based on these results a sintering temperature of 1400°C will be
used which produces a porous ceramic with ~15% porosity and a high percentage of
MAX-phase. Higher densities and lower porosities can be achieved by colloidal
processing techniques like slip casting and hot isostatic pressing and hot pressing
processing process helps in minimising strength degrading defects [5].
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Chapter 6. Fabrication of macro porous Ti2AlC ceramic by the
foam replication technique
6.1 Introduction
With the rapid development in manufacturing technology, porous ceramic materials
with desired design and structures are currently generating tremendous interest in the
research fraternity. The formation of porous ceramics is one such example of
technological innovation that was initially developed for filtration purposes and today
porous materials are used excessively. For example, porous ceramics for water
purification [78], high temperature metal filters [49], biomaterials [50] and much more.
Until the advent of new porous ceramic techniques the production was limited to
metallic and polymeric structures, since ceramics were inherently brittle. However in
present era the application of porous ceramics has increased especially where the
application environment demands for high temperatures, corrosion, wear etc.
The method used in this research is the ‘foam replication’ which was explained in detail
in Chapter 2, section 2.4. In this case, reticulated polyurethane foam of the required
shape, pore distribution and pore size was impregnated with a Ti2AlC slip, which was
later dried and pyrolysed, to remove the foam, before it is finally sintered to obtain the
Ti2AlC porous ceramic. The final structure formed is an exact replica of the foam
template used. Although similar methods have been widely used in the past to produce
porous ceramics, this is the first time where a porous conductive Ti2AlC ceramic has
been produced using foam replication method. Research on reticulated MAX-phase
ceramic shows a few studies conducted on development and application of Ti3AlC2 [79,
80] based ceramic an even less work has been undertaken on Ti2AlC based porous
ceramic. For example there is a report where porous Ti2AlC was prepared by sacrificial
template method where NaCl was used as the pore former [126] for controlling the
volume fraction of porosity and even the pore size. This method of generating pores,
using NaCl dates back to 1960 and was first reported by Polonsky [126] to fabricate
aluminium open foams. There is also a report on reticulated Ti3AlC2 ceramic from
Sun et al. [127] which was used as a substrate to deposit catalytic CeO2 for a gas
exhaust catalyst device.
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The simplicity of foam replication method derives from the ease of control of the pore
distribution and the pore size which directly depend on the structure of the template
foam used. As with many other manufacturing processes, this does have some
disadvantages. The porous ceramic obtained from this process often contains cracks on
the solid parts (‘struts’) after sintering, which compromises the mechanical strength.
The appearance of cracks is due to outgassing of the polymer during the decomposition
of the polyurethane foam at elevated sintering temperature [61]. However, in this work
an intermediate method to minimise this type defect is explored and has been reported
in the following sections.
The motivation to use this method was the need of a highly conductive, macro porous
and non-corrosive electrode for a microbial fuel cell. Details of the performance of these
ceramics in a microbial fuel cell will be described in Chapter 8. Both the material and
the foam replication process was adopted for this application due to the intrinsic
properties of the MAX-phase ceramics, as explained in Chapter 1, section 1.1 and 1.2,
its availability, and the simplicity of the process developed here. In this section the
process development and materials characterisation are reported.

6.2 Material development
6.21 Slip preparation
From this section onwards the systematic development of mechanically stable porous
Ti2AlC ceramic is explained. The slip is made up of the following compounds:
(i) Ti2AlC (“Maxthal 211 engineering ceramic material” from Kanthal),



Particle size distribution: 90% of the powder comprised of 20µm
particles, and the rest was a mixture of 2µm and 8µm particles.

(ii) Poly(ethylenglycol) average Mn 380-420 from Sigma Aldrich
(iii) Dispex GA40 from Ciba AG
(iv) Methyl cellulose from Sigma Aldrich
(v) Distilled water with a resistivity of 18.2MΩcm
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The use of the above chemicals was adopted from work of Hsu [128] for producing
highly porous hydroxyapatite/tricalcium phosphate (HA/TCP) bio-ceramic. However,
the precise chemical composition had to be fine-tuned for the present materials. Poly
(ethylenglycol) and Dispex GA40 act as the binders and anti-settling agent respectively,
which enhances the adhesive and flow character of the ceramic slip. Methyl cellulose
was used as the thickening agent to increase the viscosity of the slip without affecting
the solid loading (amount of ceramic content). Different compositions of these
compounds were tested in producing an appropriate Ti2AlC slip for foam replication
with each successive composition leading to better porous ceramic component. Table 8
shows the three different compositions prepared in this work.
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Table 8. Developing feasible composition of the slip

•

•

•

•

Composition 1
First mix solvents in
one container (has
to be cylindrical)
2mL
Poly(ethylenglycol)
average Mn 380420 from Sigma
Aldrich
75gms distilled
water with a
resistivity of
18.2MΩcm
1mL Dispex GA40
from Ciba AG

•

•

•

•

Composition 2
First mix solvents in
one container (has
to be cylindrical):
2mL
Poly(ethylenglycol)
average Mn 380420 from Sigma
Aldrich
70gms distilled
water with a
resistivity of
18.2MΩcm
1mL Dispex GA40
from Ciba AG

•

•

•

•

Composition 3
First mix solvents in
one container (has
to be cylindrical):
2mL
Poly(ethylenglycol)
average Mn 380420 from Sigma
Aldrich
60gms distilled
water with a
resistivity of
18.2MΩcm
1mL Dispex GA40
from Ciba AG

Followed by mixing the
following components in
the same container and in
the following order:
• 2gms Methyl
cellulose from
Sigma Aldrich
• 155gms Ti2AlC
powder (“Maxthal
211 ceramic
engineering
material” from
Kanthal)
64gms 5mm ceramic beads
were added to enhance
mixing

Followed by mixing the
following components in
the same container and in
the following order:
• 3gms Methyl
cellulose from
Sigma Aldrich
• 125gms Ti2AlC
powder (“Maxthal
211 ceramic
engineering
material” from
Kanthal)
64gms 5mm ceramic beads
were added to enhance
mixing

Followed by mixing the
following components in
the same container and in
the following order:
• 3gms Methyl
cellulose from
Sigma Aldrich
• 125gms Ti2AlC
powder (“Maxthal
211 ceramic
engineering
material” from
Kanthal)
64gms 5mm ceramic beads
were added to enhance
mixing

The container was
subjected to milling for 24
hours

The container was
subjected to milling for 24
hours

The container was
subjected to milling for 36
hours
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The starting composition i.e. Composition 1 in Table 8, was less viscous leading to poor
binding of the slip to the polyurethane foam. Hence each different composition
attempted to gradually increase the slip viscosity. Composition 3, Table 8 was
employed to produce a better mechanically stable porous ceramic as this slip had better
cohesive properties and a thick uniform coating was achieved throughout the foam. The
processing steps followed for coating technique is as shown in figure 68 and explained
in the next section.
6.22 Preparing porous ceramic using the foam replication technique

Preperation of slip

Impregnating
polyurethane foam

Drying

Sintering

Figure 68. Basic processing steps for producing porous ceramic foam
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In this work polyurethane foam (“Reticulated vitreous carbon foam” from Duocel) of 10
ppi (pores per inch) was cut into the desired shape as shown in the figure 69.

Figure 69. Foam cut into desired shape of the ceramic to be obtained

The foam was then impregnated into the prepared slip to ensure that the entire foam was
coated as shown in figure 70.

Figure 70. Foam immersed into the slip

Once the foam was impregnated care must be taken that excess slip is removed before
the slip dries. A squeezing technique (figure 71) was used to remove this excess slip.
Although most of the excess slip is eliminated at this stage, the pores in the foam are
still clogged or closed due to the slip (figure 72).
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Figure 71. Squeezing out the excess slip

Figure 72. Pores clogged after squeezing process

Further squeezing cannot unclog these pores and therefore compressed air is used over
the coated foam as shown in the figure 73. The air under high pressure serves three
purposes:
(i) it helps in opening the clogged pores,
(ii) uniform coating of the slip can be ensured,
(iii) it helps in partial drying of the slip as the air is considerably warm.

Figure 73. Using compressed air to unclog the pores and remove excess slip
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Figure 74 shows the impregnated foam which is now ready to be sintered. But before
the foams are sintered it must be dried at least of 24 hours under room temperature and
pressure.

Figure 74. Coated foam ready for sintering after drying

The impregnated foam is dried on a polyurethane foam (figure 75) to prevent the
clogging of the pores in contact with the surface. While drying, due to gravity some of
the slip starts flows downwards and this excess slip flows through the additional foam
beneath the impregnated foam, thus preventing clogging.

Coated foam

Non-coated foam
Figure 75. The coated foam placed on non-coated foam to prevent clogging of the pores
while drying

The dried foam is sintered based on the optimized sintering condition established in
Chapter 5 for dense Ti2AlC tablets as seen in figure 76.
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Figure 76. Optimised sintering condition to obtain dense Ti2AlC tablet

Composition 3 was later subjected for a viscosity study to fine tune the quality of the
slip in order to achieve high quality (thick and uniform) coat on polyurethane foams.
The viscosity study was conducted using a Bookfield DV-II+ Pro viscometer shown in
the figure 77 and is explained in the next section.

Figure 77. Brookfield DV-II+ Pro viscometer used in this study
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6.23 Viscosity study
For Composition 3, while keeping other chemical quantities in Table 8 constant, only
the amount of distilled water was varied to achieve an appropriate composition for a
porous Ti2AlC ceramic. The criteria to establish an optimum composition of slip are as
follows:
(i) uniform coating over the polyurethane foam,
(ii) easy removal of excess slip from the foam while coating,
(iii) faster drying (under 24 hours) to minimize the processing time,
(iv) minimum loss of slip during the drying process,
(v) sufficiently thick ceramic coat to achieve a sensible mechanical strength for
handling.
The viscosity reading was taken using the spindle 63 that was specific for this
instrument while keeping the RPM constant to 1.5 for all the trials. Each trial was
conducted for 5 minutes and the maximum viscosity was recorded in mPa.s
(millipascal-second) which is the SI unit of dynamic viscosity [129]. Table 9 below
provides the complete set of data on the viscosity were the quantity of distilled water is
varied in Composition 3 (Table 8).
Table 9. Viscosity reading for different quantity of distilled water
Quantity

Quantity

Milling

Dynamic

Spindle

Maximum

Quantity

Quantity

Quantity

Quantity

of water

of water

time

viscosity

RPM

spindle

of

of PEG

of

of

(g)

as wt%

(hours)

of the

in

torque

ceramic

as wt%

methyl

Dispex

(mPa.s)

(%)

in grams

of the

cellulose

as wt%

ceramic

as wt%

of the

of the

ceramic

ceramic

ceramic

60

48

24

332000

1.5

82.9
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2

2.4

1.2

65

52

24

146000

1.5

35

125

2

2.4

1.2

70

56

24

75184

1.5

20.8

125

2

2.4

1.2

75

60

24

51589

1.5

12.9

125

2

2.4

1.2
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6.23a Effect of slip viscosity on the foam impregnation
Table 10. Observation on impregnating the foam using various slip viscosity

Slip made with 48wt% of distilled water

•

From Table 9 it is evident that the slip is highly viscous and it is very difficult
to achieve a uniform coat (approx.1.13mm thick) over the foam as seen in
figure 78(a) and 78(b).

•

Due to higher coating thickness drying period is more and forms a big lump
of dried mass at the bottom.

•

Most of the inner pores are clogged as shown in figure 78(a) as excess slip
cannot be squeezed or blown out.

Slip made with 52wt% of distilled water

•

Although the slip is fairly viscous, it is possible to achieve uniform coating
(approx. 0.77mm thick) over the foam as seen in figure 79(a) and the excess
slip can be easily squeezed out.

•

The slip dries in 24hrs without clogging the inner pores of the foam as seen in
figure 79(b).

Slip made with 56wt% of distilled water

•

Due to increase in distilled water content the viscosity is lesser than the
previous compositions

•

A uniform thin layer of coating (approx. 0.57mm thick) is achieved, but is too
thin as seen in figure 80(a)

•

Easily dries and no clogging of the pores, see Figure 80(a) and 80(b).

Slip made with 60wt% of distilled water
•

Very low viscosity, as a result poor adhesion of slip on to the foam but ideal
as second coating slip (to be discussed in section 6.5).
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(a)

(b)

Figure 78. Image showing the quality of coating on polyurethane foam obtained with
48wt% of distilled water. (a) coated PU foam (25x25x25mm) prior to sintering (b) optical
image of coated foam prior to sintering

(a)

(b)

Figure 79. Image showing the quality of coating on the polyurethane foam 25x25x25mm
obtained with 52wt% of distilled water. (a) Coated PU foam (25x25x25mm) prior to
sintering (b) optical image of coated foam prior to sintering
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(a)

(b)

Figure 80. Image showing the quality of coating on the 25x25x25mm polyurethane foam
obtained with 56wt% of distilled water. (a) Coated PU foam (25x25x25mm) prior to
sintering (b) optical image of coated foam prior to sintering

From the above observations made in Table 10, it was decided that the slip with 52wt%
of distilled water will be used to produce a porous Ti2AlC ceramic. Figure 81 shows the
slip which resulted in a better porous ceramic with uniform coating and more open pore
channels as the clogged slip could be easily squeezed and blown out of the pores.

Figure 81. The latest slip developed for porous ceramic
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6.3 Results and discussion
In this section the observations made after sintering the coated porous ceramic template
are discussed. As discussed in section 6.21, the slip made with Composition 3 (Table 8),
with 52wt% of distilled water used to coat the polyurethane foam. The samples were
sintered using the temperature curve shown in figure 76.

Figure 82. Sample obtained from Composition 3, Table 5 (110x45x25mm)

When the sintered sample in figure 82 was closely observed, two colored regions are
visible. This clearly states the formation of two different phases and XRD analysis in
figure 83 indicates the presence of Ti2AlC and TiC. The same issue was encountered
during the sintering of dense Ti2AlC tablets in Chapter 5, section 5.3 (figure 60).
However the problem was overcome by optimizing the 1400oC sintering temperature.
Considering the relatively small size of the dense Ti2AlC tablet (13mm in diameter,
2mm thick) it would be thought that the porous Ti2AlC samples require a longer
sintering period. Hence the dwelling time was increased from 3 hours to 5 hours as seen
in figure 84.
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Figure 83. XRD spectra of the porous ceramic prepared using temperature curve in figure 76

Figure 84. Optimised sintering condition for porous ceramic

This small change in the heat treatment process resulted in a Ti2AlC porous ceramic
with a smaller amount of TiC as confirmed from the XRD analysis seen in figure 85 and
also by observing the single color of the sample in the figure 86.
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Figure 85. XRD spectra of the porous ceramic prepared using temperature curve in figure
84

Figure 86. Single phase Ti2AlC porous ceramic obtained after optimising sintering
condition (25x25x25mm)
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6.4 Structural analysis
The profile of the porous ceramic samples were analysed using a JEOL 6480LV SEM
equipped with an Oxford instrumentation IMLA X-act, X-ray detector.

(a)

(b)

Figure 87. (a) SEM of cracks formed along struts for samples prepared with 52wt%
distilled water. (b) Optical image of hollow region in struts of the porous ceramic prepared
with 52wt% of distilled water due to the decomposition of the foam during sintering

Figure 87 shows the SEM images of the struts in the sample prepared using
Composition 3 in Table 8 with 52wt% of distilled water. As we can see the struts
comprises of a number of defects in the form of cracks running all over the sample
(indicated by arrows in figure 87(a)). This problem has been reported in papers on foam
replication and the solution to overcome it, has been explained [61, 130, 131, 132]. As
explained previously, the cracks are formed due to outgassing of the polymer produced
during the uncontrolled decomposition of the polyurethane foam at elevated sintering
temperature. In addition since the foam is burnt out it leaves behind a hollow strut
throughout the sample as seen in the SEM image in figure 88.
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Figure 88. SEM of hollow region in struts of the porous ceramic due to the decomposition
of the foam during sintering

Therefore it is important that the decomposition of the polymer foam takes place in a
controlled manner. Therefore a polymer pyrolysis stage was introduced in the sintering
temperature curve as seen in figure 89. This temperature curve was used in controlling
the decomposition rate of the foam, so there is no sudden outgassing.

Figure 89. Optimised sintering condition introducing pyrolysis stage for minimising the
defects in porous ceramic
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(a)

(b)

Figure 90. (a) SEM and (b) optical image of sintered samples

Figure 90, shows the SEM image of the struts in the sample prepared from the
Composition 3 with 52wt% of water but with a pyrolysis stage in the heat treatment
process. Although there were defects in the region joined by struts, the strut itself had
comparatively less defects compared to the samples with no pyrolysis in figure 87(a).
Compression test was carried out to see any significant improvement in the mechanical
strength. The samples of 25x25x25 mm in dimension were prepared for the two
different sintering conditions as shown in figure 84 and 89. A minimum of six samples
were subjected to uniform, uniaxial compressive load as seen in figure 91 and the
maximum load at failure was recorded.
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Figure 91. Compression testing conducted on the porous Ti2AlC ceramic (sample
size:25x25x25mm)
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Maximum compressive strength in N/mm2
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0.15
0.10
0.05
0.00
Porous foam with no pyrolysis

Porous foam with pyrolysis

Figure 92. Compression test data conducted on porous foams

From figure 92, there is an increase in the compressive strength when pyrolysis stage
was introduced in the heat treatment cycle, however the strength is still low due to
defects throughout the sample. Therefore the next task was to further minimise the
defects and thereby increase the compressive strength.
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6.5 Coating of porous foams
In an attempt to reduce the number of defects it was decided to apply an additional
ceramic coating on the ceramic before they are heat treated/sintered. The basic
processing of impregnating foam, drying and sintering is described figure 68. To further
reduce the defects in the final ceramic foam an additional coating of ceramic was
applied to the foam before sintering or after sintering which will be now explained.
6.5a Coating of foams prior to sintering
Samples were prepared according to the processing route shown in figure 93 using a
slip of lower viscosity which is 51589mPa.s (refer Table 9).
Preperation of slip

Impregnating
polyurethane foam
(viscosity 146Pa.s)

Drying

Recoating the precoated
polyurethane foam
(viscosity 51.6Pa.s)

Drying

Sintering with pyrolysis

Figure 93. Processing steps to minimise defects in the porous ceramic foam by recoating
the coated foam prior to sintering

As explained in section 6.23, this is the slip made with 60wt% of distilled water which
is a modified composition of the Composition 3 in Table 8.
A lower viscous slip was preferred because at this stage of coating since excess slip
cannot be squeezed out of the foam as it will damage the layer of the initial coating.
Figure 94 and 95 shows the green sample obtained after coating of foam prior to
sintering.

134

Figure 94. Top view of the coated samples before sintering (sample size: 25x25x25mm)

Figure 95. Isomeric view of the coated samples before sintering (sample size:
25x25x25mm)

Figures 94 and 95 show there is a thick uneven coating (approx. 2.21mm thick) on the
coated samples prior to sintering. Therefore with this technique there is a reduction in
the open porous channels to some extent, approximately 40% from optical microscopy.
A further reduction in the slip viscosity reduces its adhesion property as discussed in
Table 10.
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(b)

(a)

Figure 96. (a) SEM image of defects formed on struts of sintered ceramic that was coated
sample prior to sintering (b) Optical micrograph of same ceramic

Figure 96 is an SEM image of the struts of the porous ceramic. Although it is not defect
free, when compared to the SEM images seen in figure 87(a) and 90(a) the defects are
reduced and the ceramic struts are thicker. The intersections formed by the struts
(indicated by arrows in figure 96(a)) are not damaged as seen in figure 87(a) for the
foam produced with a coating. The presence of cracks is due to the polyurethane foam
present in the sample while sintering and also due to the shrinkage during diffusion
process upon high temperature.
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Compression testing was conducted and the results show that coating of foam prior to
sintering is an effective approach to minimise the defect and improve the mechanical
properties. The compressive load at failure increased to an average of 6.34N/mm2 from
0.32N/mm2 as seen in the figure 97.

Maximum compressive strength in N/mm2

7.00

6.34

6.00

5.00

4.00

3.00

2.00

1.00
0.32
0.00
Porous foam with pyrolysis

Coated foam before sintering with pyrolysis

Figure 97. Compression test data conducted on porous foam with pyrolysis and coated
foam before sintering with pyrolysis
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6.5b Coating of foams after sintering
Since it is evident that many of the defects are formed during the decomposition of the
polyurethane foam, another mechanism to reduce the size and frequency of defects is to
re-coat the sintered ceramic foam after the polymeric foam has already been burnt out
and the ceramic has been sintered. In this method the Ti2AlC foam is simply used as the
template.
Samples were prepared according to the processing route in figure 98. Once the Ti2AlC
foams are sintered using the thermal cycle of figure 84, it was recoated with a low
viscosity slip (60wt% distilled water) of 51589 mPa.s viscosity.
Preperation of slip

Impregnating
polyurethane foam
(Viscocity 146Pa.s)

Drying

Sintering with pyrolysis

Recoating the sintererd
porous ceramic foam
(viscosity 51.6Pa.s)
Subjected to Vaccum for 5
minutes

Drying

Sintering

Figure 98. Processing steps to minimise defects in the porous ceramic foam by coating the
Ti2AlC foam
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After coating, the samples were subjected to vacuum of 1bar pressure for 5 minutes to
ensure that the recoated slip was absorbed into the cracks of the ceramic foam thus
minimising the cracks and to ensure any entrapped air bubbles are removed and ensure
pores are open. The samples are subsequently dried and re-sintered using temperature
profile of figure 84.
When figure 99 is closely observed, majority of the pores are open unlike in the samples
in figure 94 and 95. This is one of the advantages of re-coating the sample after
sintering. Therefore depending on the percentage of open pore channel needed, it is
possible to adopt the coating technique accordingly.

Figure 99. Sintered double coated sample
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(a)

(b)

Figure 100. SEM image of the coated foam after sintering sample. (a) Image showing
individual strut surface. (b) optical image showing various strut surfaces

Figure 100 is an SEM image of the coated foam after sintering. Clearly it can be
observed from the figure 100(a) that the surface of the strut is fairly smooth, compared
to the other samples seen in figure 87(a) and 96(a). Some inevitable defects in the form
of cracks are formed during the shrinkage of the sample during sintering process.
Compression testing was carried out to see how it compares with the porous ceramic
and coated foams before sintering.

Maximum compressive strength in N/mm2

7.00

6.34

6.00
5.00
4.00
2.95
3.00
2.00
1.00
0.32
0.00
Porous foam with pyrolysis Coated foam before sintering Coated foam after sintering
with pyrolysis
with pyrolysis

Figure 101. Summary of the compression test conducted

140

From the test result as seen in the figure 101, the coated foams after sintering had an
average maximum compressive strength at failure of 2.95N/mm2. The reason for the
low compressive strength compared to the coated before sintering sample is the fact
that, in the coated foam before sintering samples, some of the open pore channels are
filled with material. This offers more resistance to load compared to the coated foam
after sintering samples. Nevertheless samples prepared from both the coating techniques
are structurally stable and are good candidate for porous electrode due to the inherent
property of the Ti2AlC electrically conductive ceramic.

6.6 Summary
This study demonstrates that Ti2AlC ceramic can be used in fabricating macro porous
ceramic. It also exhibits different techniques of fabrication to improve the mechanical
strength of the porous ceramic component based on the application required. This is a
novel method of fabricating macro porous Ti2AlC and it is the first time macro porous
Ti2AlC has been fabricated using the foam replication technique. Both the advantages
and disadvantages of this method were examined in the study and to some extent the
mitigation of the formation of cracks has been stated in this study. Chapter 8 will
provide an example of the application of this porous ceramic in a microbial fuel cell and
its performance compared to other competitive porous electrode materials.
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Chapter 7. Fabrication of micro porous Ti2AlC MAX-phase
ceramic with graded porosity by freeze casting process
7.1 Introduction
The foam replication method, as explained in Chapter 6, is a useful technique to
produce macro porous ceramics (10 pores per inch between 3 - 5mm pore sizes) with
constant pore size and constant pore distribution. It is an appropriate technique when
interconnected open pore channels are required in the material. However, in some
applications such as batteries, substrates for catalyst supports, fuel-cells or even solidstate electrodes, as in the case of Li-ion batteries [133] there is a need for a high surfacearea contact with a surrounding electrolyte or produce the material in thinner sections.
For these applications a conductive ceramic material with open porosity is necessary but
with a high surface area; in this case a microstructure consisting of a large number of
micro-pores (less than 100µm) is beneficial. To produce such micro pores on the
surface as well as throughout the material, the freeze casting technique was examined
and will now be described. The basic principle involved in this process, the process of
pore formation and also controlling the pore size and orientation has been explained in
Chapter 2, section 2.5. In essence, freeze-casting involves the solidification of a sample
containing a solute, which is usually the ceramic material uniformly suspended in a
solvent which is a mixture of a freezing vehicle, dispersant and a binder. The sample
achieves its porous structure when the freezing vehicle solidifies under cooling,
resulting in the formation of a variety of microstructures depending on the freezing
solvent used; the reader is referred to Chapter 2, section 2.52. When the solidified
solvent sublimes, it leaves behind pores which are the exact replica of the frozen solvent
crystals.
The use of this technique dates back to 1908, when Bobertag et al. [134, 135] studied a
platinum sol through a cycle of freezing and de-freezing. They concluded that the final
microstructure is caused by the solvent ice crystals. In the same year Lottermoser
studied the effect of freezing and de-freezing in silica and ferric oxide hydrosol and
found the appearance of a honeycomb pore structure in the material [136]. The most
important development on this technique was made in 1950’s, when Maxwell and his
group at National Advisory Committee for Aeronautics (NACA) used this technique to
manufacture fully formed turbine blades [137]. They used this method to manufacture
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blades with a complex shape in a single step using a high solid loading (defined here as
the amount of ceramic material in the solute) slurry of TiC, Al2O3 and Mo metal powder
in a water solvent to produce a dense article of the dimensions of the mould. Using
radiography they found that a high solid loading resulted in a better quality cast but
resulted in the formation of pores, termed ‘air holes’ [138]. To reduce the formation of
the pores in the turbine blades a de-aeration stage was introduced, as seen in figure
102(b), to remove the air bubbles present in the slurry before the casting stage.

Figure 102. Processing steps followed by Maxwell for manufacturing turbine blades [138]
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However, the NACA researchers found that the pore formation was unavoidable with
this technique and later the potential of freeze casting to deliberately create porous
microstructures was employed to manufacture filters, electrodes, catalyst supports and
thermal insulation by NASA. Since then it has been a very important technique in
fabricating micro to macro-porous materials and it is studied extensively today [82, 83,
137, 139].
In this present chapter, the development of a graded porous Ti2AlC ceramic via freeze
casting is explored and this approach has yet to be examined for Ti2AlC ceramic. The
effect of solid loading on the mechanical strength and porosity is reported. In addition
the effect of heat transfer rate during solidification on the pore formation was studied
using two different mould materials with differing thermal conductivity, namely
aluminium and poly(vinyl) chloride (PVC). SEM was used to analyse the pore
microstructure.
ImageJ 1.44p software was used to analyse the pore size and its distribution over the
samples formed. ImageJ is a widely used java image processing software mainly used to
analyse particle size and area, cell counting, pore size and distribution of pores over an
area and also it can be used to examine whether the pores formed follow any particular
pattern using a Fourier transform function. In this chapter, image analysis was used to
analyse the size of the pores and its distribution over an area using the measure and
distribution functions available in this software. Using this software the threshold of the
image can be adjusted so that only the profile of the pore structure is highlighted for
further analysis. As an example, figure 103(a) is the original image which will be used
to analyse particles Ti. Figure 103(b) is the processed image of figure 103(a) with only
the particles highlighted for further analysis using the inbuilt functions (particle
distribution analysis) in the software. From this colour adjusted image, the size of the
pores or particle with different level of circularity can be calculated. This simple
technique has been used throughout the chapter for pore size and distribution analysis.
In addition to microstructural analysis the mechanical properties were tested using a
compression test and the apparent porosity was measured according to BS EN 6232:1993 standard (refer Chapter 1 section 1.53).
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(a)

(b)
Figure 103. (a) Original image used for analysis showing Ti particles. (b) the colour
threshold of the image is adjusted so that only the desired features in the image is
highlighted for the size and distribution analysis using imageJ application
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7.2 Material development
7.21 Material selection
The freeze casting slurry consisted of Ti2AlC MAX-phase ceramic from Kanthal,
Hallstahammar, (Sweden) as the solute. In terms of powder particle size 90% of the
powder had 20µm particles and remaining was mixture of 2µm and 8µm. The solvent
comprised of:
(i)

Camphene (C10H16, 95% purity, Aldrich) as the freezing vehicle.

(ii)

Texaphor 963 (Cognis, South Hampton, UK) with a density of 0.890.91g/cm3 at 20oC was used as the dispersant.

(iii)

Poly(ethylene glycol) (PEG) (Sigma-Aldrich, Mn 380-420) was used as the
binder.

The use of the above chemicals was adopted from Macchetta’s work on “Fabrication
and analysis of highly porous HA-TCP ceramic via novel freeze casting technique”
[139]. Camphene was used as the freezing vehicle to avoid the need for low temperature
and expensive freeze dryer equipment. Camphene is a monoterpene, which melts at 4550oC and remains solid below this temperature. Hence it solidifies at room temperature
and also readily volatises at room temperature since it sublimes at ambient temperature
and pressure and the gas released during this process is nontoxic and eco-friendly.
Macchetta [139] studied various binders including poly(vinyl alcohol) (PVA),
poly(vinyl pyrrolidone) (PVP) and poly(ethylene glycol) (PEG). PEG was selected in
this work as the binder, based on number of factors which include compatibility with
the dispersant and ceramic powder, burnout features, glass transition temperature and
cost. The binder is simply a long-chain polymer used to provide sufficient handling
strength to the green samples by helping to hold the ceramic particles together once the
camphene sublimes.
A dispersant was also used as the anti-settling agent to provide a homogeneous
suspended mixture of particles in the solution by avoiding agglomeration and settling of
the powder. Texaphor 963 was the dispersant used in this study which is a solution of
electro-neutral salt of poly carboxylic acid with amine derivative dissolved in higher
aromatics and has a density of 0.89-0.91g/cm3 at 20oC.
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7.22 Material preparation
The initial chemical composition of the mixture was adopted from Macchetta et al. [81]
who studied the freeze casting of HA/TCP (Hydroxyapatite/Tricalcium Phosphate)
scaffolds. In their work they used 10, 20, 30vol% of solid loading mixed into solvent
containing camphene. A quantity of dispersant equal to 6wt% of the ceramic powder
was added to maintain a low viscosity and facilitate dendrite formation during
solidification. Binder was not used in their work as the dispersant was sufficient to
induce satisfactory handling strength in the green sample. However in this study, there
was a need to alter the chemical composition. This is due to the higher density of the
Ti2AlC compared to the HA/TCP used by Macchetta; HA/TCP has a density between 23g/cm3 [140], whereas Ti2AlC has a density between 3.8-4.12g/cm3 [36]. In addition the
ceramic particle size of the Ti2AlC was a mixture containing 20, 8 and 2µm with 90%
of the particles with 20µm size which is different to that used by Macchetta with an
average of 6µm particle size.
7.22a: Slurry preparation
In order to produce the initial slurry camphene with a 1:2wt% ratio of camphene to
Ti2AlC powder was initially melted in a conical flask by immersing in a hot water bath
that was heated on a hot plate as seen in figure 104.

Figure 104. Set up used to prepare the ceramic slurry
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Camphene melts at 45-50oC and the temperature of the water bath was maintained at
60oC for further mixing procedure. Ti2AlC powder (50wt% to start with) was added to
the melted camphene at 60oC, followed by the addition of the dispersant equivalent to
3wt% of the solid loading. This slurry was mixed at constant temperature of 60oC for 30
minutes using a magnetic stirrer on a hot plate as shown in figure 105. The flask was
sealed with rubber cork to avoid loss of camphene during the process.

Figure 105. Slurry formed after 30 minutes of mixing

After 30 minutes of mixing at 60oC it was observed that the ceramic particle settled at
the bottom of the conical flask as seen in figure 106(a).

Ti2AlC powder

Camphene

Camphene/Ti2AlC

(a)

(b)

Figure 106. (a) Ceramic particle sediment after 30 minutes of mixing due to insufficient
amount of dispersant. (b) Homogenous slurry obtained after the dispersant was increased
with no sedimentation (conical flask tilted approx. 45oC in this image)
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The amount of dispersant was therefore increased from 3wt% to 5wt% of the solid
loading and the above procedure was repeated. After 30 minutes of mixing the slurry
obtained had no sedimentation and the ceramic particles were homogeneously
suspended (confirmed by visual inspection) as seen in figure 106 (b).
7.22b: Sample preparation
The hot camphene based slurry was poured into the moulds (refer Appendix 1, for the
design details of the mould) made of Al and PVC, as seen in figure 107, and left for 30
minutes to solidify. The solidification time was optimised by examining the freezing
specimen every five minutes until it completely solidified. Two different mould
materials were used to examine the effect of heat transfer rate on the pore formation
which is explained in detail in section 7.33.

Figure 107. Moulds used in this study. Aluminium mould on the left and PVC on the right
in this image (Total length of the mould 80mm with 15mm diameter)
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After 30 minutes of solidification, the sample was ejected out of the mould using a
wooden plunger as seen in figure 108.

Figure 108. Ejecting the sample from the mould after solidification

The samples were left to sublime for 24 hours at atmospheric temperature and pressure.
The samples prepared with this chemical composition was extremely friable after the
camphene sublimed and crumbled into powder when handled (figure 109(a)).
Hence it was understood that binder was required to maintain the structural integrity of
the green body after the sublimation of camphene. The above preparation procedure was
repeated with an additional PEG binder (5wt% of the solid loading). As seen in figure
109(b), the samples upon sublimation collapsed but were better than the samples from
the previous composition (figure 109(a)) with no binder. Further increase in binder to
10wt% of the solid loading led to the manufacture of structurally stable green samples
(figure 110).
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(a)

(b)

Figure 109. Collapsed sample due to insufficient binder (a) with no binder, (b) with 3wt%
binder

Figure 110. Stable green samples after sublimation of camphene (25mm long and 15mm in
diameter)

A summary of the final optimised chemical compositions is shown in Table 11.
Table 11. Optimised chemical composition to fabricate freeze casted Ti2AlC ceramic

Chemical Used

wt% required

Ceramic Ti2AlC to freezing vehicle

1:2 wt%

camphene ratio
Texaphor dispersant

5wt% of the ceramic content

PEG Binder

10wt% of the ceramic content
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7.3 Results and discussion
7.31 Optimisation of sintering condition
The freeze cast green samples were sintered in a tube furnace at 1400oC up to three
hours in argon atmosphere (figure 111) using optimised densification temperature for
dense Ti2AlC ceramic which was established is previous studies explained in Chapter 5.

Figure 111. Green samples being loaded into the tube furnace

Since the green sample consists of a different chemical composition in terms of
dispersant and binder compared to the pressed powder pellets in Chapter 5, controlled
burnout of these chemicals should be accommodated in the time - temperature curve.
The temperature curve in figure 112 was initially used to sinter the samples and
comprises of three ramping stages. In the 1st stage the temperature was raised to 160oC
at 40oC/hr followed by 1 hour of dwell at this temperature. This was to make sure the
camphene, binder and dispersant is removed and burnt out of the sample.

3 hrs dwell

Temperature in oC

1400
1200
1000
800

120 oC/hr cooling

600
120oC/hr

400
200

1 hr dwell

0

40oC/hr

0

5
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15

20

25

Sintering time in Hr

Figure 112. Initial temperature curve used to sinter the green
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In the second stage the temperature is raised to 1400oC at 120oC/hr and left at this
sintering temperature for 3 hours. The sample obtains its mechanical strength at this
temperature due to densification (sintering) process (refer chapter 5 on optimised
sintering condition). The 3rd stage involves cooling down to room temperature.
However the samples obtained from this sintering curve completely melted in the
alumina holder as seen in figure 113.

Figure 113. Green samples melted in the alumina holder upon sintering indicating the
presence of camphene

This was thought to be due to the presence of camphene in the green sample and was
confirmed by heating the green sample on a hot plate which melted at 40oC. As a result
the sublimation time prior to sintering was increased to 72 hours and sintering
temperature curve was slightly modified as seen in figure 114.
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Figure 114. Optimised temperature cure to sinter micro porous Ti2AlC ceramic by freeze
casting
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The optimised temperature curve consists of 4 ramping stages. In the 1st stage the
temperature is raised to 45oC at 40oC/hr heating rate and left for 2 hours of dwelling
period. This is to ensure controlled melting of camphene if any is still present after
sublimation. The 2nd stage involves raising the temperature to 160oC at 40oC/hr heating
rate and left for 1 hour of dwelling period. This is to ensure that dispersant and binder is
burnt-out in a controlled manner. This is followed by a densification stage and cooling
similar to the initial temperature curve in figure 112. Samples obtained after sintering
retained its shape and mechanically stable as seen in figure 115.

Figure 115. Samples obtained from the optimised sintering curve (25mm long and 15mm
in diameter)

7.32 Study on camphene dendrite formation
7.32a Pure camphene used in this study
It is important to understand the solidification behaviour of the camphene used as it
differs with the purity of camphene. Camphene used in this process is 95% pure and
begins to solidify at 40oC. Upon solidification it forms dendrite type of crystal structure
which is explained in detail in Chapter 2, Section 2.52. The direction of the dendrite
growth can be controlled by introducing a temperature gradient and grows parallel but
in opposite direction of the temperature gradient applied. The dendrite grows from a
cold region and proceeds towards hotter region with the dendritic arms branching
outwards [81, 141].
The solidification behaviour of the camphene was monitored using an optical
microscope. A small drop of molten camphene was placed on one end of a glass slide
and covered with a cover slip to avoid contamination of the heating stage used. The
camphene end of the glass slide was introduced into a programmable heating stage with
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the other end of the glass slide exposed to atmosphere at room temperature to create a
temperature gradient. The heating stage was programmed to raise the temperature to
50oC at 10oC/min to melt the camphene and cooled down to room temperature at
2.5oC/min. Figure 116 (a-f) shows the optical images of the dendrite structured formed
by pure camphene used in this study. As seen in figure 116(f), pure camphene tends to
form a dendritic structure upon solidification. The direction of solidification could be
controlled by introducing a temperature gradient and grows from cold to hot region as
seen in figure 116(c) and 116(d) showing highly oriented dendrite structure. The shape
and size of the dendrite are non-uniform as seen in figure 116(f), and this gives the
gradient porosity feature in the material. Figure 117, is the graph showing the size of the
dendrites formed versus its area. It is evident that size of the dendrites fall under 150µm
but majority of them are below 50µm with the total area below 500µm. The pore size
and the area was analysed using imageJ application explained in section 7.1, which is
commonly used in this application.
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(a)

(b)

Cold region

Cold region

Hot region

Hot region

(c)

(d)

(e)

(f)

Figure 116. Optical micrograph images of camphene solidification (a) molten camphene at
50oC, (b) initiation of the dendrite at 43oC, (c) , (d) propagation of the dendrite as a result
of temperature gradient, (e) highly oriented dendrite showing the primary dendrite and
secondary dendrite, (f) magnified dendrite structure at 35oC upon cooling
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Figure 117. Graph showing the area of the pure camphene dendrite versus size of the
dendrite formed upon solidification

7.32b Ti2AlC ceramic in camphene
This optical microscopy study was conducted to observe the solidification behaviour of
Ti2AlC ceramic in camphene. For this work a 1:8wt% ratio of camphene to ceramic
slurry was prepared with 5wt% and 10wt% equivalent of dispersant and binder
respectively. A low concentration of ceramic was used to make the slurry translucent so
that the light from the optical microscope can pass through the slide and provide a better
microscope image for further analysis. A drop of this slurry was sandwiched between
one end of the glass slide and cover slip. This end was introduced into the heating stage
and programmed to raise the temperature to 50oC at 10oC/min to melt the camphene and
the sample was then cooled down to room temperature at 2.5oC/min.
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As can be seen in figure 118, the upon solidification of the camphene there is no
dendrite formation structure as seen in figure 116(f) for pure camphene, but it is more
similar to a web structure enclosing the ceramic particles (observe the black in colour in
the figure 118a, b, c) between the solidified camphene structure. In addition this
solidified structure is finer at one end (left side of figure 118(a)) and fans out into larger
circular structures (right side of figure 118(b)). It was observed that fine solid camphene
dendrites were formed at the cooler end of the glass slide and a larger microstructure
towards the hotter end. From this study it was evident that the pore channels are not
likely to be dendritic in structure but will be more like an interconnected web (figure
118(c)) when the ceramic and other chemical aids are introduced. For high surface area
applications the formation of large number of interconnected pores is beneficial.
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(a)

(b)

(c)
Figure 118. Camphene dendrite formed in the slurry composed of ceramic (1/8th wt% of
the camphene), 5wt% dispersant and 10wt% binder. (a) solidification of the slurry, (b)
propagation of the dendrite pushing the ceramic particle, (c) final solidified camphene
structure formed in the slurry
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Figure 119. Graph showing the area of the camphene dendrite versus size of the dendrite
formed upon solidification when ceramic, binder and dispersant is used

Figure 119 shows a graph showing the size of the dendrites formed versus the area of
the dendrite when the ceramic and other chemical aids are introduced. It is evident that
size of the dendrites fall below 100µm but majority of them are below 50µm with the
total area below 500µm. This means that we can expect a pore size up to 100µm and an
average area of the pore below 500µm in the ceramic material. However the size and
area of the pores can vary with the percentage of solid loading and also the temperature
gradient introduced in the mould system. The next section will explain in detail on the
study conducted to observe, how the temperature gradient varies in the two mould
materials (aluminium and PVC) with solidification.
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7.33 Variation in temperature gradient with mould material
As discussed in Section 7.22, aluminium and PVC material were used in the
construction of the moulds for casting to understand how the temperature gradient
varied in both the moulds upon solidification and in turn affect the pore size and pore
formation. As seen in figure 120, the moulds were wired with K-type thermocouple at
three different internal sections. The thermocouple at internal lower section was in
direct contact with the slurry. The thermocouple at internal mid-section was slightly
above the slurry and the thermocouple at the mould opening was at room temperature.
This can be used to examine the temperature gradient developed from lower mould
section to the mould opening. All the six thermocouples (three in Al mould and three in
PVC mould) were connected to a data-logger and the change in temperatures across the
thermocouple end was monitored.
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Mould opening

Internal midsection

Internal lower
section

(a)

(b)
Figure 120. (a) Thermocouples connected to the internal mould slot, (b)both the moulds
ready with the thermocouple connections (mould length 80mm with 15mm internal
diameter)

Slurry of 50wt% solid loading and a composition based on the optimised values (see
Table 11) was prepared at 60oC. This slurry was poured into both the moulds connected
to the data-logger (figure 121) and the temperature variation over the solidification
period was monitored.
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Figure 121. Setup ready for solidification temperature monitoring
The temperature variation during solidification was monitored for 30 minutes as this is
the optimised solidification time determined in section 7.22b. From figure 122(a) and
122(d), it is clear that the aluminium mould has a higher heat transfer rate as the slurry
cooled down to room temperature within one minute. However, for the PVC mould it
took approximately 20minutes to cool down to room temperature (refer figure 122(d)).
The higher cooling rate of the aluminium mould has the potential to induce a higher
degree of super cooling. According to the free dendrite model framed by Divenuti
[104], a higher heat transfer rate results in finer pore structure and the region
experiencing lower cooling rate will have larger pores [105]. As a result, we can expect
finer pores throughout the samples cast in the aluminium mould as the slurry cools
down to room temperature within a minute (122(a), 122(b), 122(c)). For the samples
cooled in the PVC mould, we can expect larger pores in the region experiencing slower
cooling rates (i.e figure 122(d) towards the lower section of the mould), and finer pores
towards the opening of the mould as it experiences lower temperature (figure 122(f)) as
majority of the heat exchange takes place through the opening of the mould.
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Time (Hr)
(f)

(e)

(d)

(c)

(b)

(a)

Temperature oC
Figure 122. Graph showing temperature variation during solidification of the slurry in
both the moulds. (a) temperature reading at the lower section of Al mould as seen in fig
125a, (b) temperature reading at the mid-section of the Al mould as seen in fig 125a, (c)
temperature reading at the opening of the Al mould as seen in fig 125a, (d) temperature
reading at the lower section of PVC mould as seen in fig 125a, (e) temperature reading at
the mid-section of the PVC mould as seen in fig 125a, (c) temperature reading at the
opening of the PVC mould as seen in fig 125a
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(a)

(b)
Figure 123. Schematic representation of heat exchange in (a) aluminium mould and (b)
PVC mould with arrows representing the transfer of heat from the system
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It can be seen in figure 123(a), in aluminium mould, the heat from the slurry is
dissipated to the atmosphere from all the direction. Hence the sample experiences rapid
cooling as seen by the sudden drop of temperature in figure 122(a). However, in the
PVC mould, figure 123(b), majority of the heat from the slurry is dissipated to the
atmosphere through the mould opening since PVC is a good thermal insulator. Hence
there is a delay in solidification time; approximately 20 minutes to attain room
temperature as seen in figure 122(d). Therefore we can expect more gradient pores in
the samples casted in PVC mould than in the Al mould which is explained in the next
section.
7.34 Effect of solid loading on porosity, pore size and pore distribution
A study on effect of solid loading on the porosity of the final sintered sample was
conducted at 40wt%, 50wt%, 60wt% , 70wt% and 80wt% keeping all the other
chemical composition as same as the optimised composition (Table 11, Section 7.22).
Other conditions such as room temperature (18 – 22oC), solidification time (30 minutes)
and sublimation time (72 hours) were kept constant. Samples (dimensions shown in
figure 124) were prepared in both the aluminium and PVC moulds and the porosity and
compressive strength of the sintered material was examined. The samples were sintered
according to the optimised sintering temperature curve as seen in figure 114.

Figure 124. Dimension of the samples prepared for analysis

Samples cast with 40wt% solid loading failed to retain its shape after sintering, the
reason being lack of particle integrity due to insufficient ceramic particle throughout the
volume of the sample. This was overcome at further solid loadings mention above.
Samples with 80wt% solid loading were difficult to prepare as slurry was over saturated
due to suspended ceramic particles. Therefore the results discussed below are on the
samples freeze cast with 50, 60 and 70wt% solid loading in Al and PVC moulds.

166

7.34a Porosity measurement
Apparent porosity was measured according to BS EN 623-2:1993 standard discussed in
Chapter 1, section 1.53. A minimum of six samples were used for all the following
measurements.
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Figure 125. Porosity in % for various solid loadings prepared in Al (aluminium) mould
and PVC (poly vinyl chloride) mould

As seen in figure 125, the porosity percent is almost the same in all the samples.
However it can be observed that samples prepared in PVC mould are slightly more
porous than the samples prepared in the Al mould. The reason is due to the low cooling
rate associated with the PVC mould as discussed in section 7.33, results in pores with
larger pore size. Koch et al. [105] in his work on freeze casting alumina found that
larger pores were produced in the material region which experienced low cooling rate.
It would be expected that the porosity should decrease with an increase in solid loading.
We observe similar porosity for 50-70wt% solids loading because the solid loading was
measured in weight percent. When the solid loading of 50, 60 and 70wt% is converted
to volume percent (vol%), it relates to 55.6, 57.1 and 58.3vol% respectively. As stated
earlier weight (and volume) fractions cannot be produced outside the range since at
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lower solid loading the materials is not structurally stable on sublimation of camphene
and at high loading the slurry in not suitable. Hence there is only a small variation in the
volume of ceramic is possible. Therefore from this study it is possible to fabricate
gradient porous Ti2AlC ceramic with a porosity level of approximately 60%.
6.34b Effect on compressive strength
The sintered samples cast in aluminium and PVC moulds with 50, 60 and 70wt% of the
solid loading were subjected to uniform compressive load until the maximum failure
load. The cross-sectional area of the samples were measured individually and the
compressive strength was calculated for 6 -7 samples in each batch. The cross head with
the load cell was programmed to move at a constant speed of 2mm/minute. Figure 126
shows how sample was loaded into the testing machine.

Figure 126. Compression test set-up
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Figure 127. Compression test data conducted on samples casted in Al (aluminium) mould
and PVC (poly vinyl chloride) mould with varying solid loading

Figure 127, is the graph showing compressive strength with varying solid loading.
There is a small increase in compressive strength with an increase in solid loading. This
is due to the increase in the amount of ceramic material. However when the samples of
same solid loading but cast in different moulds are compared, the compressive strength
is almost the same, because they have similar apparent porosity percent. In addition
sample cast in PVC have slightly higher compressive strength when compared to the
samples casted in Al mould with the same solid loading. This is due to the directional
heat exchange during cooling process as explained in section 7.33 (refer figure 123(b))
which results in aligned pores, increasing the compressive strength.
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7.34c Effect of solid loading on pore size and pore distribution
Samples cast in aluminium and PVC moulds with 50, 60 and 70wt% solid loading were
sectioned as seen in figure 128. Section A-A is the longitudinal cross-section and
section B-B is the transverse cross-section of the sample. SEM was used to analyse the
pore morphology and later imageJ application was used to calculate the pore area and
pore size as explained in section 7.1. Samples were analysed across the cross-section
from top to bottom in the case of longitudinal section and left to right in the case of
transverse section and SEM images where taken along this direction as seen in figure
128.

1
2
3
4
1

2

3

Figure 128. Section view of the samples used for SEM analysis with arrow along the
section representing direction of scan and numbers representing region of scan
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(i) Image analysis of 50wt% solid loaded samples cast in Al mould
Longitudinal cross-section

(Region 1 of section A-A)

(Region 2 of section A-A)

(Region 3 of section A-A)

(Region 4 of section A-A)

Figure 129. SEM images of 50wt% solid loaded samples cast in Al mould scanned across
the longitudinal cross-section A-A
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Figure 129, is the SEM images of the sample cast in Al mould with 50wt% solid
loading, scanned along the longitudinal cross-section at regions 1, 2, 3 and 4 as seen in
figure 128 (stage was moved approx. 6mm for the consecutive scans). The sample has
many pore structures of different shape and size with no specific orientation or pattern
in pore formation as expected when camphene is used as a freezing agent.
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Figure 130. Graph showing the average pore size distribution in µm and number of
respective pores in 50wt% solid loaded sample cast in Al mould along the longitudinal
cross-section

Figure 130 shows the approximate estimate of the pore size and number of pores of that
size formed in the 50wt% solid loaded sample cast in Al mould along the longitudinal
cross-section respectively. As seen in the figure 130, it is evident that the pore sizes
range from 50 - 80µm with majority of the pore in the size of 55-56µm (refer graph in
figure 130).
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Transverse cross-section

(Region 1 of section B-B)

(Region 2 of section B-B)

(Region 3 of section B-B)
Figure 131. SEM images of 50wt% solid loaded samples cast in Al mould scanned across
the transverse cross-section B-B

Figure 131, is the SEM images of the sample cast in an Al mould with 50wt% solid
loading, scanned along the transverse cross-section at regions 1, 2, and 3 (stage was
moved approx. 4mm for the consecutive) scans as seen in figure 128. The images look
similar to the ones seen in figure 129. It should be noted that the pores seen in above
images can be the edge of the pores growing in longitudinal direction as seen in figure
129, as such there can be smaller pores along this plane when compared to the pore size
in longitudinal plane. Nevertheless, in this plane we do not observe any pattern in the
pore formation or directional growth of the camphene dendrite as camphene fails to
form dendritic structure which was also observed in the hot stage microscopy
observations in section 7.32.
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Figure 132. Graph showing the average pore size distribution in µm and number of
respective pores in 50wt% solid loaded sample cast in Al mould along the transverse
cross-section

Figure 132 shows the approximate estimate of the pore size and number of pores of that
size formed in the 50wt% solid loaded sample cast in an Al mould along the transverse
cross-section respectively. As seen in the figure 130, there is a large variation in the
pore size ranging from 27- 268µm and some of these pores are the edge of the pores
growing in longitudinal direction. The majority of the pores formed in this region are
between 27 – 86µm (refer graph in figure 132).
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(ii) Image analysis of 50wt% solid loaded samples cast in PVC mould
Longitudinal cross section

(Region 1 of section A-A)

(Region 2 of section A-A)

(Region 3 of section A-A)

(Region 4 of section A-A)

Figure 133. SEM images of 50wt% solid loaded samples cast in PVC mould scanned
across the longitudinal cross-section A-A

Figure 133, is the SEM images of the sample cast in PVC mould with 50wt% solid
loading, scanned along the longitudinal cross-section at regions 1, 2, 3 and 4 (stage was
moved approx. 6mm for the consecutive scans) as seen in figure 128. The pore
morphology looks very similar to the structures seen in figure 129 and 131, however the
pore size is slightly larger which is confirmed in the graph shown in figure 134. This is
due to the slow cooling effect which takes place in the PVC mould as explained in
section 7.33 and observed in figure 122(d). Again, in this sample the pores are not
oriented or distributed in any pattern.
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Figure 134. Graph showing the average pore size distribution in µm and number of
respective pores in 50wt% solid loaded sample cast in PVC mould along the longitudinal
cross-section

Figure 134 shows the approximate estimate of the pore size and number of pores of that
size formed in 50wt% solid loaded sample cast in PVC mould along the longitudinal
cross-section respectively. As seen in the figure 139, the pore size range from 63250µm which is bigger than the pores formed in Al mould along this cross-section
which ranges from 50 - 80µm (figure 130) with majority of the pore in the size of 63138µm (refer graph in figure 134). Larger pores are formed due to the slow cooling
upon solidification.
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Transverse cross-section

(Region 1 of section B-B)

(Region 2 of section B-B)

(Region 3 of section B-B)
Figure 135. SEM images of 50wt% solid loaded samples cast in PVC mould scanned
across the transverse cross-section B-B

Figure 135, is the SEM images of the sample cast in a PVC mould with 50wt% solid
loading, scanned along the transverse cross-section at regions 1, 2, and 3 (stage was
moved approx. 4mm for the consecutive scans) as seen in figure 128. The pore structure
looks similar to the ones seen in the above SEM images. In this cross-sectional plane,
some of the pores can be the edge of the pore formed along the longitudinal direction of
the sample so that there can be smaller pores along this plane when compared to the
pore size in longitudinal plane (figure 133).
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Figure 136. Graph showing the average pore size distribution in µm and number of
respective pores in 50wt% solid loaded sample cast in PVC mould along the transverse
cross-section

Figure 136 shows the approximate estimate of the pore size and number of pores of that
size formed in the 50wt% solid loaded sample cast in PVC mould along the transverse
cross-section respectively. The pore size distribution is between 180-330µm which is
large compared the pore formed in sample cast in an aluminium mould across the same
sectional plane as seen in the figure 132 which is between 27- 268µm due to slow
cooling upon solidification. The majority of the pores are of the size 100µm (refer
figure 136). Hence it is clear that the use of a thermally conductivity aluminium mould
enhances the growth of finer pores and the PVC mould enhances the growth of bigger
pores.
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(iii) Image analysis of 60wt%, 70wt% solid loaded samples cast in Al mould

25kv x150 100µm 50Pa
(a)

25kv x150 100µm 50Pa
(b)

25kv x150 100µm 50Pa
(c)

25kv x150 100µm 50Pa
(d)
Figure 137. SEM images of (a) 60wt% (b) 70wt% solid loaded samples cast in Al mould
scanned across the longitudinal cross-section A-A and (c) 60wt%, (d) 70wt% 70wt% solid
loaded samples cast in Al mould scanned across the transverse cross-section B-B
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Figure 137(a) and 137(b) is the SEM images of the 60wt% and 70wt% solid loaded
sample cast in an Al mould respectively scanned across the section A-A (refer figure
128). Figure 137(c) and 137(d) are the SEM images of the 60wt% and 70wt% solid
loaded sample cast in Al mould respectively scanned across the section B-B (refer
figure 128). Images scanned across region 1, 2, 3 and 4 (stage was moved approx. 6mm
for the consecutive scans) across the longitudinal plane of the sample (refer figure 128)
were stitched together to obtain the above images seen in figure 137(a) and 137(b).
Figure 137(c) and 137(d) are the images obtained by stitching the images taken in the
region 1, 2 and 3 (stage was moved approx. 4mm for the consecutive scans) across
section B-B (refer figure 128). As will the SEM images (figure 129, 131, 133 and 135)
the pore structure is similar with no signs of directional pore growth. The possible
changes in the pore size and distribution are explained below.

180

1800
1600
1400

1372

1430

1458

1539

1519
1224

1200

1102

1179

1000
Pore count
800

Pore size

600
400
200

93.06 81.31 97.96 82.17 135.03 123.39 93.9 131.24

0

(a)
2500
2257
1994
2000

1890

1834
1642

1545
1500

1146
1029

Pore count
Pore size

1000

500
159.14 140.48
82.19 66.77 73.94 100.69 77.74 90.89
0

(b)
Figure 138. Graph showing the average pore size distribution in µm and number of
respective pores in (a) 60wt% (b) 70wt% solid loaded sample cast in Al mould along the
longitudinal cross-section
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Figure 138(a) and 138(b) shows the pore size and number of pores of that size formed
in the 60wt% and 70wt% solid loaded sample cast in Al mould along the longitudinal
cross-section respectively. By comparing the data of this graph in figure 138(a), (b) with
figure 130 there is an increase in the average pore size (82 -130µm in 60wt% sample
cast in Al mould as seen in figure 138(a) and 82-140µm in 70wt% sample cast in an Al
mould as seen in figure 138(b) from 55-91µm in 50wt% solid loaded sample cast in Al
mould. The increase in average pore size with the increase in solid loading is due to the
fact as the solid loading increases it slightly delays the cooling process due to the
presence of increased ceramic content, thus giving time for pore growth.
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(b)
Figure 139. Graph showing the average pore size distribution in µm and number of
respective pores in (a) 60wt% (b) 70wt% solid loaded sample cast in Al mould along the
transverse cross-section
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Figure 139(a) and 139(b) shows the pore size and number of pores of that size formed
in the 60wt% and 70wt% solid loaded sample cast in Al mould along the transverse
cross-section respectively. It can be seen that the average pore size range between 29130µm in 60wt% solid loaded sample (139(a)) and for 70wt% solid loading it is
between 38-140.23µm (figure 139(b)). Across this sectional plane the pore size
increases with the increase in solid loading.
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(iv) Image analysis of 60wt%, 70wt% solid loaded samples cast in PVC mould

25kv x150 100µm 50Pa
(a)

25kv x150 100µm 50Pa
(b)

25kv x150 100µm 50Pa
(c)

25kv x150 100µm 50Pa
(d)
Figure 140. SEM images of (a) 60wt% (b) 70wt% solid loaded samples cast in PVC mould
scanned across the longitudinal cross-section A-A and (c) 60wt%, (d) 70wt% solid loaded
samples cast in PVC mould scanned across the transverse cross-section B-B
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Figure 140(a) and 140(b) is the SEM images of the 60wt% and 70wt% solid loaded
sample cast in a PVC mould respectively and scanned across the section A-A (stage was
moved approx. 6mm for the consecutive scans) refer figure 128. Figure 140(c) and
140(d) are the SEM images of the 60wt% and 70wt% solid loaded sample cast in PVC
mould respectively scanned across the section B-B (stage was moved approx. 4mm for
the consecutive scans) refer figure 128. Images scanned across region 1, 2, 3 and 4
across the longitudinal plane of the sample (refer figure 128) were stitched together to
obtain the above images seen in figure 140(a) and 140(b). Figure 140(c) and 140(d) are
the images obtained by stitching the images taken in the region 1, 2 and 3 across section
B-B (refer figure 128). As with the other SEM images (figure 134, 136, 138, 140 and
142) the pore structure is similar with no signs of directional pore growth. The possible
changes in the pore size and distribution are explained below.
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(b)
Figure 141. Graph showing the average pore size distribution in µm and number of
respective pores in (a) 60wt% (b) 70wt% solid loaded sample casted in PVC mould along
the longitudinal cross-section
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Figure 141(a) and 141(b) shows the approximate estimate of the pore size and number
of pores of that size formed in the 60wt% and 70wt% solid loaded sample cast in PVC
mould along the longitudinal cross-section respectively. Here the pore size in 60wt%
solid loaded sample range between 119-219µm (figure 145(a)) whereas in 70wt% solid
loaded sample the pore size is in between 119-204µm (figure 145(b)). There is no
significant difference in the pore size but has increased 82 -130µm in 60wt% sample
cast in Al mould as seen in figure 138(a) and 82-140µm in 70wt% sample cast in Al
mould as seen in figure 138(b) and also from 55-91µm in 50wt% solid loaded sample
cast in Al mould. Again this confirms that there is an increase in pore size with lower
cooling time.
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Figure 142. Graph showing the average pore size distribution in µm and number of
respective pores in (a) 60wt% (b) 70wt% solid loaded sample cast in PVC mould along the
transverse cross-section
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Figure 142(a) and 142(b) shows the pore size and number of pores of that size formed
in the 60wt% and 70wt% solid loaded sample cast in PVC mould along the transverse
cross-section respectively. It can be seen that the average pore size range between 98151µm in 60wt% (PVC mould) solid loaded sample (figure 142(a)) whereas the pore
size was 29-130µm in 60wt% (Al mould) solid loaded sample (figure 139(a)) and in
70wt% solid loading it’s between 150-305µm (figure 142(b)) and it was between 38140.23µm (figure 144b). From all the above graphs in section 7.34c, it is clear that there
is an increase in pore size with the increase in solid loading due to the delay in cooling
time upon solidification.
7.35 Summary
It can be concluded that it is possible to fabricate micro porous Ti2AlC MAX-phase
ceramic with the freeze casting process with pores in the range of 27-305µm. With
camphene as the freezing vehicle there was no directional growth or dendritic formation
of the pores; this is in contrast to previous work on a similar systems for HA/TCP
materials. This is likely to be due to the higher density (4.12g/cm3) of the Ti2AlC
material and also the particle size used, compared to HA/TCP (average 6µm particle
size and a density 2-3g/cm3) this hinders the propagation of camphene dendrites into the
slurry pushing away and enclosing the ceramic particle as explained in Chapter 2
section 2.5 figure 26. As a result it is not possible to obtain highly oriented pores when
this technique is used with Ti2AlC ceramic. Nevertheless the pore size can be controlled
by controlling the cooling rate upon solidification and it was observed that metallic
mould which has higher heat exchange rate induces finer pores in the ceramic material
and plastic mould with comparatively low heat exchange rate induce larger pores in the
ceramic material. In addition to tuning the heat transfer characteristics of the mould it is
also possible to increase the pore size with the increase in solid loading in the slurry.
Table 12, is a summary providing the range of pore sizes that can be achieved with this
technique varying the solid loading and mould material.
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Table 12. Range of pore sizes obtained with different solid loading, cast in Al and PVC
mould along both the cross-sections

Solid
loading
in wt%

Al mould

PVC mould

Longitudinal
cross-section
µm

Transverse
crosssection
µm

Porosity
%

Compressive
strength MPa

Longitudinal
cross-section
µm

Transverse
crosssection µm

Porosity
%

Compressive
strength MPa

50

55-56

27 – 86

53.23

8.02

63-138

180-330

61.48

9.48

60

82 -130

29-130

61.51

10.10

119-219

98-151

62.68

10.20

70

82-140

38-140.23

60.42`

14.91

119-204

150-305

60.49

18.35
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Chapter 8. Application of macro-porous Ti2AlC as a porous
electrode in a microbial fuel cell (MFC)
8.1 Introduction to Microbial Fuel Cells (MFCs)
The search for sustainable energy is an important challenge to meet the global energy
crisis. This has led to the rise of many research groups considering low cost
technologies for harvesting renewable energy. The Microbial Fuel Cell (MFC) is one
outcome of such research and is an attempt to harvest renewable energy from microorganisms [142-145]. MFCs are devices that use a specific type of micro-organism,
such as bacteria, to oxidise organic and inorganic matter and therefore generate an
electric current [146-149]. Figure 143 is a schematic of the basic working principle of a
MFC which shows a dual chamber MFC, the type of fuel cell used in this research
application.

Co2 + H+ + e-

Figure 143. Schematic representation of the working principle of a dual chamber MFC
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As seen in figure 143, the MFCs consist of an anaerobic anodic chamber which is
separated from a cathodic chamber by a selective membrane. This membrane only
allows the diffusion of protons (H+) and is termed as Proton Exchange Membrane
(PEM). In most MFCs, when the proton that reaches the cathode it combines with the
electron transferred from the anodic chamber and oxygen from air to form water. The
sustainable process of electron liberation by the microbes during metabolism and the
subsequent electron consumption at the cathode are the main characteristic feature of a
MFC. The other type is the single chambered MFC as seen in figure 144, where both
the anode and the cathode are integrated into a single chamber.

Figure 144. A typical single chamber MFC where both the anode and the cathode are
integrated in a single chamber [150]
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As an example if a micro-organism consumes sugar as a substrate under aerobic
condition (in the presence of oxygen) it will produce carbon dioxide. However in the
absence

of

oxygen,

(anaerobic

condition),

these

micro-organisms

produce

carbon dioxide, protons and electrons [151]. This is the basic reaction that takes place in
the anodic chamber in a dual chamber MFC:
C12H22O11 + 13H2O → 12CO2 + 48H+ + 48e- (typical reaction that takes place in
anodic chamber)
The protons generated move towards cathodic chamber through a proton selective
membrane and combine with oxygen to form water as seen in the following reaction:
2e- + H+ + c,O2 → H2O (typical reaction that takes place in cathodic chamber)
As seen in figure 143, in a dual chamber MFC, electrons are produced by bacteria at the
anode as a result of a metabolic redox reaction that oxidises organic matter in the anodic
chamber. These electrons are transferred to an anode which acts as the electron
acceptor; the electrons then flow from the anode to the cathode through a conductive
material to generate power. The electrons are transferred to the anode directly by
nanowires generated by the bacteria as seen in figure 145 or via an electron mediator or
shuttles [152, 153].

1µm
Figure 145. Transmission electron microscopy image of Geobacter bacteria (image
courtesy Dr. Derek Lovely, UMASS, Amherst) with blue coloured filament like structure
representing the nanowires to transfer electrons
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The MFC of interest for this work is a photo-microbial fuel cell (p-MFC) which is a
sub-set of the MFCs. In this type of MFC, the anodic chamber comprises of
photosynthetic micro-organism (algae or cyanobacteria) which releases electrons during
the photosynthetic and respiration process [154-156]. The main advantage of p-MFCs is
that the bacteria in a p-MFC do not need to be fed with organic matter because they are
able to photosynthesise carbohydrates which can be supplied or obtained by consuming
other bacteria in the medium in the presence of light [157]. This type of fuel cell was
proposed in the early 1930’s by Cohen, in order to enhance the generation of
bio-electrochemical current [158]. However this idea was demonstrated in the 1980’s by
Bennetto and co-workers. Figure 146, is a schematic, showing how the electrons are
generated by the cyanobacteria in the anodic chamber of a p-MFC.

Figure 146. Schematic representation of reactions that take place in the anodic chamber of
a p-MFC. (A) Reaction in the presence of light, (B) reaction in the dark [159]

As seen in figure 146, electrons and protons can be generated in the dark, by a
respiration process which involves the oxidation of carbohydrates such as glycogen
(step B in figure 146) [160]. There is a smaller degree of production of electrons in the
presence of light, by photosynthesis, which is restricted due to limited supply of oxygen
that is necessary in the reaction process (step A in figure 146).
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8.2 Electrode materials used as anode in p-MFC
The greatest advantage of MFCs is its simplicity in construction and the choice of
electrode material. Carbon based materials are the common anode material used [153].
Carbon felt or cloths (figure 147) are also used due to its high internal surface area
which facilitates the growth of bacteria on it [161, 162].

Figure 147. Carbon felt or cloth which is used as anode material (image courtesy
PHYCHEMi) [12x12inch]

Graphite felts and carbon paints are also used as an anode material but there are limited
studies showing which of these materials perform the best [163, 164]. There are some
studies [154] to improve the anode material by the addition of metallic nanoparticles
and even nano-tubes on the electrode material. For example gold and indium doped tin
oxide anodes have been examined [154]. The carbon based anode material have
achieved good performance (higher power density) in MFC applications, however when
they are used in p-MFCs, it has several drawbacks. One of them is the colour of the
carbon material itself since the use of a dense black material allows light to fall only on
the outer electrode surface and therefore limits the photosynthesis reaction (Path A
Figure 146). Thus most of the bacterial growth is concentrated on the electrode surface
so that the internal electrode surface area in not used [157]. To overcome this problem,
transparent glassy materials coated with a conductive coating of fluorine tin oxide
(FTO) was used as an electrode but these materials lacked a high internal surface area
[157].
196

There is one report on the use of TiO2 scaffolds (10mm in diameter and length) with
macro-pores (60 pores per inch) which was used as a substrate for culturing human
mesenchymal stem cells [165]. This led to the idea of using macro porous electrodes in
p-MFCs, where a healthy biofilm can grow throughout the 3-D matrices of the electrode
material and the biofilm can grow on the internal area of the electrode which has easy
access to nutrients as there is an easy continuous flow of the medium through the macro
electrode pores. Hence the University of Bath developed a porous TiO2 as the electrode
with a conductive coating of FTO (fluorine tin oxide) deposited on the electrode surface
using chemical vapour deposition (CVD) technique [157]. This material was promising
as an anode initially with a power output of 3.4µWcm-2 but its performance deteriorated
as the FTO coating eroded with time. Coating the porous ceramic with FTO was also an
additional complex stage in the manufacturing process.
As a result of this work the fabrication of macro porous conductive Ti2AlC ceramic was
undertaken since the Ti2AlC MAX-phase ceramic is inherently a good conductor of
electricity as seen in figure 148. This would remove the need to coat the materials with
a conductor such as FTO and enable high performance over long periods (months or
years).
Requirements were as follows:
(i) Sufficient mechanical strength to be handled and attach an electrode (no
mechanical load in service) – using information obtained from Chapter 6; This
material has a maximum compressive strength of 0.32MPa, which is sufficient
for handling
(ii) High porosity for flow of nutrients through the electrode to sustain algae – use
of 10ppi foam (3 mm – 5mm typically)
(iii) High electrical conductivity (high Ti2AlC content) by optimising sintering
condition to maximise Ti2AlC content and density of struts (Chapter 5)
(iv) Bio-compatibility and long term stability (tested over a year); to be assessed in
a p-MFC cell.
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Figure 148. Electrical conductivity of dense Ti2AlC ceramic [167]

The Ti2AlC ceramics were prepared and had a bulk electrical resistivity of 9.11Ωcm as
measured by a four point probe. This is a much lower resistance than, TiO2 which has a
bulk resistance of 1012Ωcm [170]. With such a low resistance, the development of the
macro porous Ti2AlC ceramic has the potential to replace TiO2 electrode with an
additional FTO coating. The procedure and methods developed to fabricate macroporous Ti2AlC ceramics was explained in detail in Chapter 6.
For the manufacture of macro-porous Ti2AlC for the p-MFC the following chemicals
were used in the preparation of slip to be coated on the polyurethane foam:
(i) Ti2AlC (“Maxthal 211 engineering ceramic material” from Kanthal),



Particle size distribution: 90% of the powder comprised of 20µm
particles, and the rest was a mixture of 2µm and 8µm particles.

(ii) Poly(ethylenglycol) average Mn 380-420 from Sigma Aldrich,
(iii) Dispex GA40 from Ciba AG,
(iv) Methyl cellulose from Sigma Aldrich,
(v) Distilled water with a resistivity of 18.2MΩcm.
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The slip was prepared with the optimised composition of the above chemicals explained
in detail in Chapter 6, section 6.21 (see Table 8, Composition 3). This pores size was
selected since it is necessary that the nutrients flow through the pores of the electrode
providing growing environment for the algae.
After the impregnated foam was dried for 24 hours, it was sintered with the optimised
heat treatment process as seen in figure 149 to burnout the polyurethane foam and to
strengthen the ceramic material as seen in figure 150 which also shows the electrical
connectivity to the porous material.

Figure 149. Optimised sintering condition for porous ceramic
(refer Chapter 6, section 6.3)
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Figure 150. Sintered porous single coated Ti2AlC ceramic electrode with uniform pore
distribution with approx. 5mm pore size

8.3 Macro porous Ti2AlC used as anode material in a p-MFC
This work on MFCs was in collaboration with Mr Kenneth Schneider from Department
of Chemistry, University of Bath [168], whose PhD research topic was improving the
efficiency of a self-sustaining p-MFC using porous anode electrodes. My part in this
chapter was the fabrication of a tailored macro porous Ti2AlC based on the required
surface area and electrode geometry.
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(a)

(b)
Figure 151. Set-up of a dual-chamber p-MFC used by the researcher. (a) The anodic
chamber, (b) the air cathodic chamber [168]
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Figure 151, is the set-up of a dual-chamber p-MFC used by the researcher in his study.
A dual chamber MFC is a fuel cell with two separate anode chamber and cathode
chamber which is separated by a proton exchange membrane (PEM) (refer to figure
143).
The dual-chamber p-MFC used in this research was a mixed culture of green algae and
cyanobacteria, also known as the blue-green algae which was grown in BG-11 medium,
which was used to support the growth of blue-green algae and green algae. A bioreactor was used to support the growth of the bacteria and the medium was pumped into
the anodic chamber using a peristaltic pump. Green algae and cyanobacteria are the
most common bacteria found in the water bodies and produce oxygen as a by-product of
photosynthesis. Cyanobacteria are considered to be important in achieving an oxidising
atmosphere on earth, which caused the dramatic changes to the life form on earth by
enhancing biodiversity and killing the oxygen intolerant organism [169].
The macro porous Ti2AlC ceramic with 10 pores per inch (ppi) (figure 151(b)) was used
as the anode in the anodic chambers seen in figure 152(a). Platinum foil was used as the
cathode in the air cathode flow cell. The system is called an ‘air cathode cell’ as these
cambers were aerated to supply oxygen to support the cathodic reaction. The anode and
the cathode chambers were separated by Nafion perfluorinated membrane 115 from
Sigma Aldrich as the proton exchange medium. No artificial electron mediators or
electron shuttles like thionine, methyl blue, neutral red or bold basal [157] were used
since the bacteria directly injects the electrons into the anode via naturally produced
mediators or nano-wires as shown in figure 145. Another reason for not using the
artificial mediator is because they are toxic to environment and it would therefore not be
a sustainable energy technology.
Polarisation curves were measured under constant flow condition and using a low
monochromatic light as the source of light for the photosynthesis process (12 Wm-2 at
625nm).
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8.4 Observation and results
8.41 Microscopic Observation

Figure 152. Figure showing the bio-film grown on the Ti2AlC electrode [electrode size:
25x25x25mm][168]

Figure 152, shows the growth of thin bio-film on the Ti2AlC electrode material after an
incubation of the culture for three months in the anodic chamber. This indicates that the
macro-porous Ti2AlC as an anode material is biocompatible and a potential material for
MFC application. Confocal microscopy was used to observe the bio-film grown on the
electrode material. From the confocal micrographs in figure 153, it is possible to
observe healthy colonies of green algae and cyanobacteria (blue-green algae) grown on
Ti2AlC macro porous electrode.
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(a)

(b)
Figure 153. Confocal micrographs of the bio-film grown on Ti2AlC. (a) Thin healthy mat
of bio-film (225x225µm), (b) Bio-film grown on a single strut of the Ti2AlC electrode
material (450x450µm)
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8.42 Polarisation and Power Curves
The polarisation curve, showing the cell voltage against the current density, is the most
common way of representing the efficiency of a MFC and indicates the performance of
the MFCs (Figure 154(a)). In addition, the power curve dictates the performance of the
MFCs, showing the voltage against the power density from the power equation P = IV,
where P is the power of cell in Watt, I is the current in amps and V is the voltage in
volts (Figure 154(b)). Six samples were tested at a time with specific load resistance.
Hence there are six separate chambers in figure 151(b).
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Power (µW/m2)

(a)

(b)
Figure 154. a) Polarisation curve of mixed culture p-MFC with 10ppi Ti2AlC electrode and
Pt foil as cathode under a light of 625nm, (b) Power curve of mixed culture p-MFC with
10ppi Ti2AlC electrode and Pt foil as cathode under a light of 625nm [168]
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Figure 154(a) and 154(b) are the polarisation curves and power curves of the p-MFC
with Ti2AlC as the anode and Pt foil as the cathode with range of resistors varied
between 1kΩ to 80kΩ. The figure represents the current and power generated from day
30 i.e. after the growth of bio-film until almost 10 months (310 days). It can be
observed that initially at day 30 the current produced is 1.6µA with a power density up
to 6µW/m2 which increases to 1.8µA with a power density of 4.5µW/m2 after 83 days.
This shows the increase in the growth of bio-film area with time. As the number of days
proceed the current and power generation deteriorated with the expiration of the biofilm after 153 days in figure 154(a) and 154(b). However, it can be seen that the current
is approximately 1.25µA at day 301 and was 0.25µA at day 153. This shows that the
bio-film is re-growing thus showing the possibility of self-sustainable nature of the
system and that the Ti2AlC macro-porous electrode has the potential to operate of a long
term p-MFC anode material.

Figure 155. Power output from the p-MFC in the presence of light and in dark [163]
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Figure 155, shows the power density generated from a mixed culture of green algae and
cyanobacteria, using Ti2AlC as anode and Pt foil as cathode. The pink bar represents the
duration of the presence of light on the system. As seen in figure 155, higher power is
generated in the dark during the respiration process when the food is metabolised as
explained in figure 146. With the depletion of the bio-film with time the power output
minimises.
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8.43 Comparison of 10ppi Ti2AlC electrode with 10ppi reticulated carbon foam
electrode
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Figure 156. Power curves of p-MFC when different anode electrode material is used [163]

Mr Kenneth Schneider from Dept. of Chemistry, University of bath, conducted a study
on the performance of the 10ppi Ti2AlC electrode (figure 151(a)) with the most
commonly used activated carbon foam (FM 10) from Chemviron Carbon with Pt foil as
the cathode material. This type of carbon foam is an extensively used anode material in
this research field and most of the outstanding results on MFCs were based on this type
of carbon foam in the past [161, 162]. As seen in figure 156, the carbon foam for the
same applied resistance for a period of 24 days produced a power output of 1.2µW/m2,
whereas the 10ppi porous Ti2AlC produced a power output of almost 68µW/m2 which is
58 times better than the carbon foam. This proves that there is a higher population
density of green algae and cyanobacteria grown on Ti2AlC than on activated carbon
foam which is the most competitive electrode material sold in the market and Ti2AlC is
more biocompatible than carbon foams. This high performance coupled with the long
terms results demonstrated that the macro-porous Ti2AlC is a highly promising anode
material for p-MFC applications.
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8.5 Summary
A macro-porous Ti2AlC ceramic was successfully fabricated for the electrode
application purpose in p-MFC. Based on the requirement of the electrode’s
multifunctional properties such as the need to be conductive while at the same time
being sufficiently porous to facilitate the flow of medium through it, a 10 pores per inch
porous Ti2AlC single coated electrode was developed for this application. The foam was
also sufficiently strong to be handled and connected to the dual chamber MFC. This
electrode has a compressive strength of 0.32N/mm2, which was increased from
0.21N/mm2 by optimising the heat treatment process (refer Chapter 6, section 6.4).
Studies conducted over a period of 1 year by Mr. Kenneth Schneider [168] on this
electrode material showed that this material has a potential to be used as anode electrode
material to replace the activated carbon foam which is most commonly used anode
electrode material. A power density of up to 68µW/m2 was produced using Ti2AlC
electrode whereas research in the past using porous TiO2 with FTO coating and carbon
foam shows a power density of 3.4 [157] and 1.2µW/m2 respectively. More research
work has to be carried out in order to optimise the design for achieving self-sustaining
recognition.
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Chapter 9: Conclusion and ideas for future work
9.1 Introduction
This chapter is intended to summarise the outcome of the research study carried out in
this PhD. In addition suggestions on possible future work on some of the above chapters
which can be useful for augmenting this research have been reported in this chapter.

9.2 SHS to produce Ti2AlC ceramics
9.21 Thermodynamic study of the reaction
A mathematical thermodynamic model to predict the maximum combustion temperature
under adiabatic condition Tad, has been formulated and the predicted Tad of the
elemental reaction 3.1 of 2368K (Chapter 3, section 3.13). This was in close agreement
with the experimental values of 2073-2110K [26, 115]. This is a complete model
incorporating phase changes of all the elements and compounds in the system with the
only assumption of no heat loss to the surroundings during the actual reaction. The
results also incorporate high temperature thermal analysis of the Ti2AlC ceramic where
limited data has been reported in the literature.
9.22 Thermal explosion
The thermal explosion mode of combustion synthesis was carried out to observe the
effect of particle size on the ignition temperature. It can be concluded that the particle
size of the elements used in the reaction has no significant effect on the ignition
temperature as long as the reaction is sufficiently exothermic to undergo the combustion
synthesis process. Generally the reaction, irrespective of the particle size, initiated at a
temperature near the melting point of aluminium, which is 660oC. An important
observation made from this study is that even though the reaction mixture is highly
exothermic, to initiate the reaction process there should be a sudden rise in the
activation temperature to initiate the reaction. Slow and controlled rate of heating is less
likely to initiate the reaction (refer Chapter 3, section 3.23).
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9.23 Effect of particle size on the formation mechanism of Ti2AlC by SHS
Aluminium and titanium with a range of particle sizes (refer Chapter 4, section 4.2 for
information on size) were mixed according to stoichiometric ratio of 2Ti:1Al:1C and
their influence in the phase formation of final product were studied. It can be concluded
that the particle size of Al and Ti has no influence on the formation mechanism but the
shape of the particles strongly influence the formation mechanism. It was found that as
the green body sample is made more porous the less likely it will form Ti2AlC, resulting
in incomplete reaction due to a lower degree of particle to particle contact. By ensuring
a high green density and all the elements in the reaction mixture take part in the
reaction, the desired product can be achieved. Increasing the particle to particle contact
could also be achieved by introducing additional liquid phase into the reaction, which
has been demonstrated in the study (refer chapter 4, section 4.24). By using additional
liquid phase, the exothermicity of the reaction decreases and as a result it slows down
the combustion wave velocity, facilitating the formation of Ti2AlC.
In this part of the study, a variety of carbon sources were used to see its effect on the
final product. Graphite, lamp black and carbon fibres were used as the carbon source. It
was concluded that for the formation of Ti2AlC using SHS, a carbon source with high
surface area is required. As the reaction mechanism mainly depends on the formation of
TiC, which in turn reacts with the intermediate compounds like Ti3Al, TiAl to form
Ti2AlC upon the cooling process.
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9.24 Suggestion for future work for SHS
Many attempts were made to record the reaction temperature during the SHS process.
Type B (Platinum and Rhodium) and Type C (Tungsten and Rhenium) thermocouples
for high temperature recording were used for this purpose during the PhD. However,
due to the high temperature generated during the reaction, the thermocouples +ve and –
ve terminal bonding consistently broke at elevated temperature. Effort has to be made
increase the thermal shock resistance of these bonding so that this thermocouple can
withstand sudden rise in temperature. For this type of measurement the tip of the
thermocouple should be spot welded over some distance (figure 157(b)), rather than at
the tip of the thermocouple as seen in the figure 157(a). By doing so, even though the
tip of the thermocouple in contact with the green sample breaks upon the reaction, the
circuit is still closed and reading can be taken without any interruption. If this technique
works then the actual temperature reading can be used to assess the %error compared to
the thermodynamic model.

Figure 157. Possible change to be made in thermocouple bonding. (a) Existing spot welded
bond. (b) Proposed type of spot welded bond
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Another important characterisation will be the study of the combustion wave velocity.
Combustion wave velocity of the reaction directly relates to the exothermicity of the
reaction. The more exothermic the reaction is, quicker will be the propagation velocity
of the combustion wave. Some attempts were made using high speed camera to record
the SHS reaction, but due to the exposure of high intensity light emitted from the
reaction, the image obtained are over saturated with light and it is very difficult to
identify the end point of the reaction. Techniques such as using a thin UV film over the
camera lens could possibly overcome this problem and helps in calculating the
combustion wave velocity. Acquiring this data can help in understanding the effect of
particle size on the combustion wave velocity which in turn will augment the
information on the formation mechanism of Ti2AlC.

9.3 Optimisation of sintering temperature for dense Ti2AlC
As the second part of the research was associated with the fabrication of macro and
micro porous Ti2AlC ceramic, it was essential to optimise the sintering temperature to
obtain dense and pure Ti2AlC after sintering. Dense Ti2AlC tablets were cold pressed at
1.77kN/mm2 for this study and sintering was carried at 1200, 1250, 1300, 1350 and
14000C and the evolution of compounds were studied along with density measurements
(refer Chapter 5, section 5.3). It was found that to obtain high purity Ti2AlC pellets a
sintering temperature of 14000C for a period of three hours is required and it had a
density of 3.85g/cm3, which is very close the density of 4.11g/cm3 reported in the
literature [9]. From this study the sintering characteristics of Ti2AlC was well
established and it was used as a benchmark to set the sintering temperature for
fabricating macro and micro porous Ti2AlC ceramics with a dense solid structure.

9.4 Fabrication of macro porous Ti2AlC ceramics
As Ti2AlC ceramics are relatively new, only handful of applications have been
examined using this material (refer Chapter 2, section 2.3). The motivation for
fabricating macro porous Ti2AlC ceramic was a need of highly conductive and highly
porous electrode for applications such as a photo-microbial fuel cell (p-MFCs)
application (refer Chapter 8). This material has an electrical conductivity of 3x106Ω-1m1

[9]. To meet the requirement of the application, there was a need to fabricate a macro

porous structure of desired shape, pore size and pore distribution using foam replication
technique (refer Chapter 6). A systematic technique was developed to produce
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structurally stable interconnected macro porous ceramic (pore size up to 5mm).
Different coating techniques were adapted to reduce the defects on the struts on the
structure in the ceramic and with these techniques it was possible to minimise the cracks
formed and increase the compressive strength from 0.32 to 6.34N/mm2. Sintering
conditions were optimised further to enhance the compressive strength of the porous
structure which shows the importance of heat treatment. Based on the level of
interconnected pores required, techniques such as coating of the foam before sintering
and coating of the foam after sintering were examined. This Ti2AlC macro porous
structure is first of its kind and has a potential of being a good candidate as a substrate
with qualities such as high electrical conductivity, chemical inertness and oxidation
resistant features.
This porous ceramic has been used as a porous electrode in a p-MFC, and has delivered
excellent results compared to other electrodes mainly vitreous reticulated carbon foam,
which are generally used in this application. The researcher [168] was able to grow a
healthy layer of bio-film on this material and harvest energy up to 68µW/m2 whereas
with carbon foam as the electrode only up to 1.2µW/m2 of energy was harvested. The
difference in the energy output clearly shows how good this material can be for
electrode application.
9.41 Suggestion for future Work
A major part of the fabrication technique has been optimised for this material. The only
future work can be using this material in various applications such as a high temperature
filter, mainly to filter molten Al as the material has a decomposition temperature of
1550oC which was analysed using DTA technique (figure 29). In addition due to the
high surface area of the structure, it can be used in high temperature chemical support
for gas absorption, catalyst support for various chemical reactions and also as
membrane supports for various sensor applications. Its electrical conductivity could also
allow for it to be used as an electrode in a corrosive environment.
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9.5 Fabrication of graded micro porous Ti2AlC ceramic
While the foam replication technique is used to produce uniform pore size macro porous
ceramic, freezing casting can be used to produce a ceramic with graded structure with
porosity in the micron level. This is the first time micro porous Ti2AlC ceramic was
fabricated using freeze casting with camphene as the freezing vehicle (refer Chapter 7).
Using this technique, it was possible to control the evolution of pore size by controlling
the cooling rate of the slurry, which was demonstrated in this research using two
different mould materials with different heat exchange rate (Al and PVC mould). Pore
sizes ranging from 27-305µm was observed in the samples fabricated using this
technique. However this technique failed to induce directional growth of the pores in
this ceramic system. The reason is possibly that the size of the ceramic particles is
bigger than the camphene dendrite formed during cooling stage. As a result the
dendrites fail to grow upon solidification thus forming gradient pores with no pattern.
Various solid loaded slurries (50, 60 and 70wt %) were prepared to study the effect of
solid loading on the density, compressive strength and also pore size. There was no
significant change in the density or the compressive strength in the samples cast in both
the moulds. However the solid loading affected the growth of pore size in samples cast
in both the moulds. Samples cast in an aluminium mould had a finer pore size and
structure due to rapid cooling with pore size slightly increasing with increased solid
loading. Samples cast in PVC had a larger pore size and structure due to slow rate of
cooling with increasing pore size as the solid loading was increased (refer Chapter 7,
section 7.33). The motivation to fabricate gradient micro porous Ti2AlC ceramic was
the need of an electrode material, which has a high surface-area contact with a
surrounding electrolyte to be used in a micro redox battery for sensing application.
Hence this technique was chosen to produce such micro pores on the surface as well as
throughout the material (refer Table 12, for information of pore size that can be
achieved with this technique).
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9.51 Suggestion for future work
As mentioned above, this technique failed to exhibit directional growth of pores due to
the geometry and density of the ceramic particle used. It cannot be concluded that the
freeze casting technique cannot produce directional growth of pores in Ti2AlC ceramic
system without further research. It can be useful to prepare samples with different
particle of homogenous size and see whether this favours the growth of camphene
dendrite in the ceramic system. For this purpose various sizes of sieve can be used to
separate particles of specific size to conduct this study, which can help in optimisation
of particle size to facilitate dendrite growth and in turn induce directional growth of the
pores in this ceramic system. Other freezing solutions can be examined other than
camphene, for example water has been used to induce lamellar channels in the material
[98] and tert-butyl alcohol [102] has been used to induce a prismatic channel in the
material.
CT scanning can be used to study the evolution of pores at various time intervals upon
the solidification of the slurry. These results from this study can be coupled with a
mathematical model to understand the kinetics of camphene growth in this ceramic
system. The model can help in better understanding of other parameter, which directly
influences the growth of camphene dendrite thus providing more information on how to
induce directional growth of pores in this ceramic system.
The micro porous samples obtained from this fabrication technique could be studied as
an electrode material and study the performance and compare with other competing
electrode materials.
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9.6 Fabrication of micron sized Ti2AlC conductive fibres
Effort has been made to extrude this ceramic material into 500 and 800µm fibres as seen
in figure 158 with the help from Dr. Frank Clemens and Mr. Tony Luiola of EMPASwiss Federal Laboratory for Material Science and Technology. They successfully
extruded Ti2AlC ceramic mixed with polyethylene oxide binder (50:50vol %), into thin
fibres of diameter 500 (figure 158(a)) and 800µm (figure 158(b)) at 105 and 95oC
respectively.

(a)

(b)

Figure 158. (a) Ti2AlC micro fibre of diameter 500µm of different length. (b) Ti2AlC micro
fibre of diameter 800µm of different length

As seen in the figure 158, it is possible to extrude Ti2AlC fibre. However further effort
has to be made to extrude straight fibres, so that the intrinsic properties of the material is
isotropic throughout the length of the fibre. The fibres seen in the figure 158 are green
fibres and hence there is a need to optimise the sintering condition for these fibres and
establish mechanical and electrical properties of these Ti2AlC fibres.
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11. Appendices
Appendix 1. Design details of mould used for freeze casting

Figure 159. Design details in mm for the base plate of the mould

Figure 160. Design details in mm for the half upper mould body
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