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Introduction

1.1 Background

Ceramic materials are attractive for many applications in a wide range of fields
ranging from aerospace, automotive, chemical, mechanical to medical because of
their desirable properties [1]. For instance, zirconia and silicon carbide are used in
crucial components for the automotive and aerospace industries because of their low
thermal conductivity and high strength at high temperatures. Alumina and silicon
nitride can be found in wear resistant parts and cutting tools because they exhibit
high hardness and have a low friction. Hip and tooth implants can be made from

alumina and zirconia because they bond well to tissues and are chemically inert [1].

In general, their desirable properties originate from the strong covalent and ionic
bonds existing between their constituent atoms. However, these same strong and
directional bonds are responsible for their inherent brittleness [2]. Due to this, a flaw
the size of human hair can degrade the strength of a ceramic product by a factor 10
or even 100, whereas metallic products are generally more tolerant to the presence of
micro-cracks [3]. Hence, a major goal of current research into ceramic materials is
not to overcome this inherent brittleness but to modify its structure and
composition such that the product is much less sensitive to initial defects or to

defects which inevitably form during use.

Over the years, researchers have employed mechanical toughening of the ceramic
matrix as a means of overcoming this damage sensitivity by turning the monolithic
material into a composite. Ceramic Matrix Composites (CMC’s) are key enabling
technologies for efficient gas turbines for aerospace and maritime propulsion as well
as land-based electric power generation and industrial processing applications [4].
General Electric global research indicated that CMC’s will replace certain metal
components in the hot section of the engine which reduces fuel consumption and
subsequent emissions [5]. These composites are designed by adding discrete
inclusions (particles, fibres or films) of metals [6], ceramics [7] or intermetallics [2] to
the ceramic matrix in such fractions that the desirable properties of the ceramics are
preserved and not overridden by those of the foreign entities. In general, the
inclusions interact with a crack in such a way that the rate of crack propagation is

reduced, leading to ceramic composites with an increased resistance to fracture [8].


http://www.geglobalresearch.com/innovation/ceramic-matrix-composites-improve-engine-efficiency
http://www.geglobalresearch.com/innovation/ceramic-matrix-composites-improve-engine-efficiency
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The resulting increase in reliability will expand their current range of applications

and make them competitive options for other emerging engineering applications.

Nonetheless, one clear drawback with this method is that reinforcement simply
delays the time and/or increases the load for fracture to occur. Once a crack is
initiated it always will have an increased probability to propagate leading to failure of
the entire component or device. It might be argued that such failure can be
prevented by frequent examination and replacement of weak and/or damaged parts,
but, this could be infeasible or would be time and capital intensive anyway. Hence
another method, explored in this thesis, focusses on exploring new approaches in
which any micro-damage formed is autonomously ‘removed’ before it grows to
catastrophic dimensions; i.e. the ceramic material becomes selfhealing. As self-healing
is the result of an intentional modification of the material, such materials are called
‘engineered selfhealing’ materials. Such healing is realized by filling and closing up of
any surface cracks without external intervention in order to restore a particular
property (e.g., electrical conductivity, strength) and extend the lifetime of the
component. Engineered self-healing materials have a much longer history, but the
topic came to light with the landmark paper by White et al. in [9] who reported on

the ability of a structural polymeric thermoset polymer to heal autonomously.

Catalyst and microencapsulated healing agents were incorporated in the polymeric
matrix prior to its consolidation leading to a starting microstructure as shown in
Figure 1.1(a). When a crack forms in the matrix capsules in the wake of the crack
are ruptured and the liquid healing agent flows into the gap as a result of capillary
forces Figure 1.1(b). When it comes into contact with the catalytic particles also
incorporated in the matrix it polymerizes and chemically bonds the opposing crack
faces Figure 1.1(c). So, in a self-healing material, the crack is not only filled, but a

desirable property or function is also restored.
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Figure 1.1: Self-healing of a polymeric material [9].

This approach of damage management has lately been named ‘extrinsic selfhealing’ as
healing is only made possible by the inclusion of discrete ‘foreign’ entities (in this
case the encapsulated healing agents and the catalytic particles) to a non-self-healing
matrix material. The other type of healing is termed ‘intrinsic selfhealing’ and as the
name suggests, in such materials the healing is due to physicochemical reactions
linked to the (modified) matrix material itself. Over the years, self-healing has been

developed and demonstrated for nearly all material types, i.e., metals [10], concrete

[11], asphalt [12] and ceramics [13, 14].

In the currently known self-healing ceramics, micro-crack healing is achieved by an
oxidative reaction at high temperatures and therefore requires (at least) the
combined presence of a material which can be oxidized, oxygen and a high enough
temperature. Based on this approach both intrinsic and extrinsic self-healing (high
temperature) ceramics have been developed. The MAX phase ceramics (where M is a
transition metal, A is an A group element, and X is either carbon or nitrogen)
undergo intrinsic self-healing by selective oxidation of the A element autonomously
[15] thereby locally filling any gap. Oxidic ceramics on the other hand, are already in

their oxidized state and further oxidation is not possible. Hence for such ceramics
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healing can only be realized with the help of an external agent leading to an extrinsic

self-healing approach [14, 16-18].

In extrinsic self-healing for ceramic oxides, discrete healing particles (i.e., granular
particles, fibers or whiskers) are added to the inert ceramic matrix before synthesis
and in principle, they remain dormant during material use, until the moment of
intersection by a neighboring crack. A local chemical (oxidative) reaction is then
triggered at crack-particle interface leading to an expanding reaction product, which,
if the reaction is to lead to self-healing behaviour, i.e. recovery of the mechanical
strength, should also bond well to the neighbouring cracked matrix material as
depicted in 1.2.

healing agent
sacrificial particle \

\
ol ) O o O\ j©
O O O (@) ‘OO
a , a
OO o . Y X o
matrix — O D ‘ O W) Q

Oxidation reaction

Figure 1.2: Schematic of extrinsic-self-healing of ceramic oxides [19].

1.2 Literature analysis and identification of remaining
scientific questions

In recent years, the autonomous healing of oxidic ceramics as a result of high-
temperature oxidation of second-phase inclusions has been studied by various
researchers. A short analysis of the relevant literature leading to the identification of
the remaining key scientific questions to be addressed in this thesis is presented
here. More detailed literature reviews are presented at the beginnings of each of the

following chapters.
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When analysing the literature in the field of extrinsic self-healing ceramics, it
becomes clear that the very great majority of the publications is rather descriptive in
nature and reports the synthesis, testing and characterization of the materials in the
initial, damaged and healed state as a function of the selected parameter(s), be it the
chemical nature of the healing particle, the size of the healing particle, the type of

initial damage or the temperature and time of the oxidative healing treatment.

The selection of the healing particle is generally made on sensible but unquantified
physicochemical considerations mainly related to the tendency of the healing particle
to form a well-defined oxidic reaction product, leading to the selection of either
metallic or non-oxidic ceramics [17, 20-22]. In the selection process, other
considerations such as the properties of the healing particle in its initial and reacted

state do not seem to play any role.

The selection of the size of the healing particle is generally based on
micromechanical and process engineering considerations which suggest that a
smaller particle size will lead to higher mechanical strength values and that the
healing particle should have a size not too different from the particle size used for
the matrix material respectively [23, 24]. The implication of the choice of the size of
the healing particle on the achievable degree of healing given the volume of the crack
to be filled is invariably ignored, although an analytical study for liquid-based

extrinsic healing systems has shown that the dependence is very strong [25].

The selection of the healing temperature seems to be generally based on an
experience driven ‘trial and error’ basis and led to the selection of temperatures at
which oxidation reactions take place at a rate such that the healing reaction can in
principle be completed in less than 200 h. It is very clear that in the current
literature the healing conditions are dictated by the selection of the healing particle
[18, 22, 26]. The inverse approach, i.e. the prospective healing temperature in the
intended application, is used as the selection criterion for the healing particle, have

never been reported yet.

The nature of the crack filling process in the case of a solid-state oxidation reaction
triggered at the intersected healing particle has been totally ignored. While in the

case of liquid healing particles, the uniform spreading of the healing product over
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the crack surface due to surface tension effects is very obvious, it is by no means clear
how a local solid state oxidation reaction would lead to a complete and
homogeneous filling of the crack. The only example of a detailed in-situ study of the
crack filling process at high temperatures is the work by Sloof et al. [27], but that
study concerned an intrinsic self-healing ceramic, Ti,AlC, where the supply of the
atoms involved in the healing reaction can take place everywhere along the crack

surfaces.

Finally, all studies on self-healing high-temperature ceramics used typical laboratory
experimental conditions, i.e. the atmosphere is (purified but otherwise unmodified)
air flowing over the sample surface at a very low rate and the sample is kept at
complete ‘rest’ at all times, i.e. the sample is not exposed to any vibration or stress
state during the healing reaction. These conditions are very different from those
encountered in the intended application, the hot section of a jet turbine. In the jet
engine, the partial pressure of oxygen is very low and the structure is exposed to

severe high-frequency vibrations.

Given the above analysis, the research as reported in this thesis aims to address the
following questions, all related to self-healing high temperature extrinsic oxidic

ceramic composites:

. Can we define objective selection criteria to select the best materials as
healing agents?
II.  What effect does the size of a healing particle have on the self-healing
process and the degree of healing?
III.  Can we tune healing temperature by changing the particle size?
IV.  How does crack filling evolve or progress and which parameters are
paramount in crack healing
V.  Can we use an intrinsic healing material as the healing agent in an extrinsic
healing system?
VI.  Can self-healing be realized under realistic engineering conditions such as a

low pO, level and the presence of mechanical vibrations?
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1.3 Outline of thesis

The chapters can be grouped into two sets: Chapters 2 to 4 focus on formulating
and elaborating a concept-driven design of extrinsic self-healing ceramic composites
while chapters 5 to 7 are concerned with testing the self-healing behaviour of novel
healing systems as a function of temperature and time not only under laboratory
conditions (chapters 5 and 6) but also under conditions resembling those in a jet-

turbine engine (chapter 7) application conditions.

Chapter 2 presents an unbiased multi-criteria selection procedure to determine
which materials could serve as effective healing agents for the healing of alumina at
high temperatures. The selection process is based on an analysis of the requested
characteristics of the oxide to fill the crack as well as those of the healing agent prior
to being activated. Application of all selection criteria and taking alumina as the

matrix material yields a list of (known but also unexplored) candidate materials.

In Chapter 3, the effect of particle size on the kinetics of self-crack-healing is
investigated using TiC powder. Different sizes of TiC powder ranging from nano-
meter to sub-millimeter are studied. The Kissinger analysis for non-isothermal
oxidation is employed in determining the energy needed to activate the particles and
the active temperature window available for healing due to increase/ decrease in

surface area.

Chapter 4 addresses three different issues; first, the capability of metallic Ti particles
to heal surface cracks in Al;O; is assessed at different temperatures and times. It
follows from chapter 2, which predicts Ti as a viable healing agent. Secondly, the
evolution of crack filling is explored as the formed healing agent is in the solid state.
The ability of TiO, to ‘spread’ into, fill the gap and bond with the crack faces is
investigated. Finally, the parameters which influence the filling up of a crack is
analyzed and presented in a simple model which is used to predict the degree of

filling a unit area of crack.

Chapter 5 reports the use of TiC as a healing particle in alumina-based composites.
As for chapter 4, the choice of TiC also follows from chapter 2. Crack healing was

studied as a function of temperature and time for Alumina samples containing 15 or
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30 vol. % of TiC. Composites were made by spark plasma sintering and damage was
introduced by Vicker’s indentations. Strength tests were performed on a 4 point

bending stage with self-aligning capability.

In Chapter 6, the ability of intrinsically healing Ti,AIC MAX phase ceramic particles
to heal indentation induced cracks in Alumina is explored. Healing is studied as a
function of temperature and time in an Al,O; matrix containing 20 vol. % Ti,AlC

particles.

In Chapter 7, healing of one extrinsic and two intrinsic self-healing ceramics under
quasi-realistic jet engine combustion chamber conditions is presented. For the
extrinsic material, Al;O; containing 20 vol. % of TiC is used while the Ti,AIC and
CrAlC systems are selected as the most relevant intrinsic healing materials. This
chapter assesses self-healing under real-life conditions and the results are compared

with healing experiments under quasi-static gas flow laboratory conditions.
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alumina at high temperatures
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Chapter 2

To date, the research aimed at creating a high-temperature alumina (AL0,) grade capable
of autonomously repairing crack damage focussed on the use of SiC particles which turns
to SiO, as the healing agent. The present work presents an unbiased selection procedure to
determine other attractive substances and phases which could serve as an effective
healing agent for healing at high temperatures. The selection process is based on an
analysis of the requested characteristics of the oxide to fill the crack (melting point,
adhesion to the alumina matrix and thermal mismatch) as well as those of the healing
agent prior to being activated (melting point, volume expansion upon oxidation and
thermal mismatch). Application of all selection criteria resulted in identifying granular Ti,
Cr, Zr, Nb, Hf, TiC, TiN, Cr;C,, Cr,N, ZrN, NbC and NbN as promising agents for autonomous

healing of alumina when used in air at high temperatures.
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Selection of healing agents

2.1 Introduction

Alumina (AL,O;) is an attractive ceramic for engineering applications operating at
elevated or high temperatures because of its good thermal and chemical resistance. It
also maintains a high strength and hardness at high temperatures [1]. These
desirable properties are due to the strong covalent and ionic bonds existing between
its atoms [2]. However, the same strong and directional bonds are the origin of its
inherent brittleness [3]. One way to minimise the consequences of the inherent
brittleness for real life applications is to delay the time to fracture by reinforcing the
matrix with metallic or ceramics inclusions (particles or whiskers), which reduce the
maximum local tensile strength for a given external load [4, 5]. Another way is to
modify the material by the inclusion of discrete healing ‘particles’, which upon the
occurrence of a non-catastrophic crack initiate a chemical reaction leading to crack
filling and restoration of its load bearing capability, a concept known as ‘extrinsic

self-healing’ [6].

The concept of extrinsic ‘self-engineered-healing’ was first demonstrated for concrete
[7] but only became widely known since its application to brittle polymer matrices
[8]. The concept is based on the inclusion of discrete entities (granular particles,
fibres or vascular networks) containing a healing agent in an otherwise inert matrix
material. The healing particles remain dormant in the matrix but become active
when intersected by a (micro- or meso-) crack in the matrix. Upon intersection of
the healing particle a chemical reaction is triggered which leads to local filling of the
crack and adhesion between the reaction product and the crack faces in such a
manner that the load bearing capabilities of the material is restored. The concept of
extrinsic healing, i.e. making use of discrete ‘foreign’ particles in an otherwise
unreactive matrix material, has since been applied to other material classes such as
concrete [9, 10], asphalt [11, 12], metals [13] and ceramics [14-16]. The alternative
approach, intrinsic self-healing, in which the healing action is due to a controlled
reaction or decomposition of the matrix itself has been demonstrated for polymers
(17, 18], metals [19, 20], and MAX phase ceramics [16, 21]. However, this approach
cannot be used for alumina or other oxidic materials as the material is already in its
lowest energetic state. Hence healing in alumina or other oxidic ceramics can only be

achieved via extrinsic self-healing routes [22-25].
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To date the research into self-healing alumina has concentrated on the use of SiC as
the healing particle [24, 26-31]. The choice for SiC is based on the fact that a) SiC is
relatively stable up to 2270 °C; b) will decompose into SiO, which has a specific
volume 113 % larger than its parent phase when exposed to air at higher
temperatures and c) the reaction products SiO, bonds well to the alumina matrix
[25]. Other materials such as Al, Al,C; or AIN will fail as healing particles
respectively due to too low a melting point [32], early decomposition due to
hydrophobicity [33], or too low a relative volume expansion (RVE of 22%) leading to

incomplete crack filling and modest strength recovery [34].

It is unlikely that a random or quasi-systematic exploration of the phases potentially
functioning as healing agents for the autonomous repair or (micro-) cracked alumina
will lead to optimal results. Hence, the present work presents a unbiased selection
procedure to determine attractive substances and phases which could serve as
effective healing agens to autonomously heal alumina (Al,O3) when exposed to air at
temperatures in excess of 1500 K. The scope of this study comprises the oxides of
the following transition metals; Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo,
Hf, Ta and W. A stepwise selection process is presented which is based on an
analysis of the requested characteristics of the oxide to fill the crack (melting point,
adhesion to the alumina matrix and thermal mismatch) as well as the characteristics
of the healing agent prior to being activated (melting point, volume expansion upon
oxidation and thermal mismatch). Here, the analysis is applied for an alumina
matrix but the concept can easily be expanded for other high temperature stable
oxidic ceramics. The approach presented here conceptually mimics the approach
used to determine MAX phase materials with attractive yet unexplored high

temperature self-healing characteristics [21].

2.2 Properties of the healing agent after its healing reaction

2.2.1 Melting point of the oxide formed

A crucial requirement for any product filling a crack in a self-healing alumina matrix
is that it is in the solid state as liquids have no (tensile) load bearing capability.
Arbitrarily setting the use temperature of the alumina composite at 1500 K, we

should first evaluate the stability of the above mentioned transition metal and other
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appropriate oxides. In Figure 2.1, the Gibb’s free energy of formation (4°G) of the
oxides as a function of their melting temperature (T,) is presented. Oxides that melt
or evaporate below the operational limit of 1500 K are excluded. For example, V,0s
melts at 943 K while MoO; becomes volatile at 1074 K and both are therefore
expelled. Having a melting temperature of about 44 K above the set temperature

limit Cu,O is also not attractive and is therefore also not considered further.

All remaining oxides are possible options and are moved up to the next selection
step. These oxides can be divided into 3 groups. The first group comprises very stable
oxides with a Gibbs free energy of formation less than -400 k] per mol O,, viz. :
Nb,Os, Ta,Os, MnO, SiO,, TiO,, ZrO,, HfO, and Y,0;. The second group
encompass moderate stable oxides with a Gibbs free energy of formation between -
400 to -200 kJ per mol O,, which are: WOs3, FeO and Cr,O;s. Finally, the less stable
oxides corresponding with Gibbs free energy of formation of more than -200 kJ per
mol O,, namely: ZnO, NiO and CoO.
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Figure 2.1: Representation of the healing oxides by the Gibb’s free energy
of formation (4°Gy) and melting point (T,,).
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2.2.2 Adhesion between the healing oxide and the alumina
matrix

The second criterion applied to the oxides passing the first screening test considers
the adhesion of the healing oxide to the alumina matrix. A strong adhesion between
the oxide and matrix is a key requisite because it is a ‘condicio sine qua non’ for
strength recovery for the healed ceramic. The energy required to separate the healing
oxide from the matrix should be comparable or preferably larger than the cohesive

energy of the matrix. This adhesion energy is known as the work of adhesion and is

defined as [35]:

surf surf interface
Wad = _(7/Alu mina T yOxide) + 7 Alumina (2.1)

The work of adhesion can be estimated using the macroscopic atom model [36], the

surf

surface energy of Alumina (¥,;,,ming) @a0d the oxide (y;;llg;) are estimated from the

surface enthalpy of each element which constitutes the interface weighted by the

. . interface
molar surface density. The interface energy (yAlumif;La

) is determined by the
interaction energies of the atoms on either side of the interface. This interaction
energy is further estimated from enthalpy of solutions using a semi-empirical

macroscopic atom model [37].

The evaluated works of adhesion are graphically presented in Figure 2.2, it shows
that all oxides have sufficiently high surface and interaction energy and hence will
adhere strongly to alumina. The cohesive energy of alumina, which equals 4.0 J/m?,
is taken as the lower limit for the adhesion between the alumina matrix and the
healing oxide. Separating ZnO from Alumina will require 3.9 J/m?, which is slightly
lower than the set limit, nonetheless, the adhesion is considered strong enough.
Hence, all the oxides considered here are moved up to the next selection stage. The
oxides that promise the strongest adherence to alumina are: WOj3, Ta,Os, Nb,Os,
ZrO,, HfO, and TiO,.
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Figure 2.2: Work of adhesion between alumina (Al,O3) and the various
healing oxides.

2.2.3 Thermal mismatch stress in the healing oxide

Residual stresses may be generated upon cooling down an autonomously healed
alumina from its operational temperature (1500 K) to room temperature (300 K)
because of a mismatch between the coefficient of thermal expansion (CTE) of the
alumina matrix and that of the oxide of the healing agent. Such stresses may affect
the mechanical properties and even impair the integrity of the composite, i.e.
alumina matrix and healed crack. The magnitude of the residual stresses depend on
the coefficient of thermal expansion and the elastic modulus of the matrix and
healing oxide [38]. To estimate the residual stresses generated in the healed material
upon cooling a thin film approach is employed [39]. In the very simplified model it
is assumed that the mismatch strain is fully accommodated by the oxide layer

covering the fracture surfaces in the crack gap. A rotational symmetric bi-axial state
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of stress (plane stress) is considered in the healing oxide. Then the thermal stress

generated in the healing oxide (o OX) is obtained from:

O = (0t — 01, JAT 2.2)
1-v

[0

Where Eqx and Vi are the elastic modulus and poison’s ratios of the oxide, &, and

@, are the CTE of the oxide and matrix respectively, and AT is the change in

temperature.
4
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Figure 2.3: Thermal mismatch stress in the healing oxide in alumina when
cooled from 1500 K to 300 K as a function of the healing oxide melting
points. Oxides represented with a green symbol are further considered,

those in red are discarded.

The maximum allowable stress depends on the nature of the stress field (tensile or
compressive) and the room temperature strength of the healing oxide. The
compressive and tensile strength of alumina is used as an estimation of the limit for
the allowable thermal stresses generated in the formed oxides. The strength of
alumina ranges from -3 GPa under compression to + 1 GPa under tensile loading.
[40]. The stress calculated according Eq. (2.2) to for the healing oxides can be
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directly compared with the aforementioned strength values and the result is shown
in Figure 2.3.

It is evident that in FeO, WO;, MnO, NiO or CoO tensile stresses greater than 1
GPa are generated, which over time could be detrimental to the mechanical stability
of the composite and hence these compounds are considered not suitable. On the
other hand in Nb,O; and Ta,Os the greatest compressive stresses are generated, yet
they are suitable since these compressive stresses are less than the limit of -3 GPa.
The healing oxides that meet the requirement are: TiO,, ZrO,, ZnO, HfO,, Y,0;
Nb;Os, Cr;O5 and Ta,Os. Although SiO, induces tensile stresses larger than 1 GPa,
it is still considered a viable healing oxide because before crystallization SiO, is
amorphous with fluidity and thereby relaxing part of the thermal stress [41], hence it
is moved up to the next selection stage.

2.3 Properties of the healing agent prior to the healing
reaction

2.3.1 Melting point

With the oxides potentially suitable to heal cracks in alumina being identified, the
properties of the elements and compounds (carbides and nitrides) from which the
oxides are formed will be considered; see Table 2.1. The elements and compounds
to be used as healing particles should be able to withstand the very high sintering
temperatures. Alumina composites can be sintered to very high densities at 1700 K
by spark plasma sintering [42,43] or by hot pressing [44]. Therefore a suitable particle
should have a substantially higher melting point or decomposition temperature. Of
all the materials presented in Table 2.1, Zn and Si are omitted having melting
temperatures of 692 and 1687 K, respectively. Melting points for ZnC, Zn;N, and
YN are not available, so they are not further considered. The melting points of
suitable materials are presented as a function of thermal stresses generated upon

sintering in Section 2.3.3.
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Table 2.1: Evaluated elements, carbides and nitrides as healing particles
forming healing oxides.

Healing

TiO, Cr,0; ZnO Y,0; ZrO, Nb,Os HfO, Ta,0s SiO,

oxide
Element Ti Cr Zn Y Zr Nb Hf Ta Si

Carbide TiC | CrC, | ZnC | YC, | ZrC NbC HfC | TaC SiC
Nitride TiN | Cr,N | ZnsN, | YN ZrN | NbN | HfN | TaN | SisNg

2.3.2 Volume expansion

In order to fill a crack gap with the healing agent, it is required that an adequate
volume expansion occurs upon oxidation of the healing particles such that the oxide
formed can fill the new free volume within the material created by the crack. This

volume expansion can be estimated by considering the oxidation reaction:

MX, +(m+ p)O, — MO, , +nXO, , (2.3)

where MX, is a carbide or nitride, and MO,,, and XO,, the oxidation products. The
oxidation product of carbon (CO or CQO,) and nitrogen (NO,) will be volatile and
thus does not contribute to filling of the crack gap. Hence,

v/
RVE = (& —1]*100 (2.4)

MX

where V is the molar volume of the healing particle MX, and the healing oxide
MO, ,, respectively.

To ensure that fractured surfaces are completely bridged with the healing oxide a
limit of + 50 % is set as the minimally required increase in specific volume. Then
based on a simple model for crack gap filling [34] the volume fraction of healing
particles (with size between 1 to 10 pm) necessary to fill a crack of about 1 pm in

width is less than 30 %. All healing materials passing the previous selection steps
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exhibit a positive volume expansion upon oxidation see Figure 2.4, with the
exception of YC,. Those with the highest volume expansion (RVE > 100 %) are: Cr,
Nb, Ta, NbC, NbN, and SiC. Next are those which expand appreciably with a net
volume gain above 50% but less than 100 %, they are: Ti, Zr, Hf, TiC, Cr;C,, TaC,
TiN, Cr;N, ZrN, TaN and Si;N,. Lastly, those elements or phases having a positive
RVE may not be able to fully fill the cracks (however dependent on the volume
fraction and size of the healing particles and the dimensions of the crack to be filled)
and therefore are not further considered: Y, ZrC, HfC, and HfN.
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Figure 2.4: Relative volume expansion upon oxidation of viable healing
particles.

2.3.3 Thermal mismatch stresses

The last criterion to be discussed is the stress generated in the alumina matrix upon
cooling after sintering due to the difference in thermal expansion between the
alumina matrix and healing particle which may lead to local fracture. To determine
the magnitude of these stresses a 3-D spherical inclusion model is used to estimate

the radial and tangential thermal stress in the matrix at the interface with the healing

particle [45] denoted as O, and Oy, respectively. Assuming that the healing particle
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has a quasi- spherical shape and that both the matrix and the particle are elastically

isotropic the stresses equals:

AaAT
o, = (2.5)
1+0™ N 1-20°
2E" E?
Ioz
—_Zr 2.6
o, > (2.6)

where Ac is the difference between the CTE of the particle and matrix, and AT is
the change in temperature. E and v are the Young’s modulus and Poisson ratio of
the matrix (m) and particle (p), respectively. The value of stresses due to cooling from
the assumed sintering temperature (1700 K) to room temperature (about 300 K) is

calculated for the different healing particles passing all imposed selection criteria.
Since a tri-axial state of principle stresses (i.e. 0; =0, =0, and 0; =0,) exist in the

matrix near the interface with the particle the von Misses yield criterion [46] is

adopted, hence: o, = 5 o,.
For large particle contraction (i.e., ap > ap), the interface will be under compression.
Then, the criterion for fracture is defined by the compressive strength of alumina (-3
GPa). While for large matrix contraction (i.e., om > o) the interface will be under

tension then the criterion for fracture is given by the tensile strength of alumina (+1

GPa).

The estimated Von Misses stresses in the alumina matrix due to the thermal
mismatch with the healing particles as a function of their melting temperatures are
presented in Figure 2.5. According to the set criteria and definitions, SiC, Si;N,, Ta,
TaN and TaC are not suitable. However it should be noted that the limits of this
criterion are rather stringent and for instance the effect of large tensile stresses as
defined here would only be detrimental over really long cycles. In particular, the fact
that SiC is a healing agent with demonstrated healing ability for an alumina matrix
suggests that the maximum tolerable stress level is possibly set at too low a value. The
materials which satisfy the final and all previous selection criteria and therefore are

potentially optimally suitable materials to heal alumina are: Ti, Zr, NbN, TiN, TiC,
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Cr and Cr;C,. Hf, Nb, and NbC are also considered suitable since they lie very close
to the tensile limit. We anticipate that their identification via this un-biased analysis
will lead to dedicated experimental research confirming their suitability as healing

agent.
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Figure 2.5: Thermal mismatch stress in alumina matrix according to von
Misses yield criterion due to difference in thermal expansion between the
matrix and healing particle when cooling from sintering temperature of
1700 K to room temperature (300 K) vs melting point (T,) of the healing
particles.

24 Conclusions

Viable healing particles composed of transition metals and their carbides and
nitrides were selected to repair crack damage in alumina ceramic components used
in high temperature applications. The healing is based oxidation of the particle by
filling the crack gap with the transition metal oxide. The healing particle and oxide
should be stable at 1700 and 1500 K, respectively. Volume expansion should occur
upon oxidation preferably 50 % or more. Thermal stresses should not exceed -3.0
and 1.0 GPa. The promising oxides selected were TiO,, ZrO,, ZnO, HfO,, Nb,Os,
Cr,05 and Y,0;. Ultimately, application of all selection criteria resulted in as Ti, Cr,
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Zr, Nb, Hf, TiC, TiN, Cr;C,, Cr;,N , ZrN, NbC and NbN promising materials for
efficient healing. However, further oxidation studies and extensive crack healing tests

are required to fully evaluate their self-healing capabilities.
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The effect of particle size on the oxidation kinetics of TiC powders is studied. Different sizes
of TiC powder ranging from nanometer to sub-millimetre sizes are investigated. The
samples are heated at different heating rates from room temperature up to 1200 °C in dry
synthetic air. The Kissinger method for analysis of non-isothermal oxidation is used to
estimate the activation energy for oxidation of the powders and to identify the active
temperature window for efficient self-healing. The master curve plotting method is used to
identify the model which best describes the oxidation of TiC powders and the Senum &
Yang method is used to approximate the value for the Arrhenius constant. The oxidation
of TiC proceeds via the formation of oxycarbides, anatase and then finally the most stable
form: rutile. The activation energy is found to be a strong function of the particle size for
particle sizes between 50 nm and 11 um and becomes constant at larger particle sizes. The
data demonstrate how the minimal healing temperature for oxide ceramics containing TiC
as healing particles can be tailored between 400 and 1000 °C by selecting the right average

TiC particle size.
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3.1 Introduction

Embedded Titanium carbide (TiC) particles are being considered as a potential
healing agent to autonomously repair crack damage in oxide ceramics used in high
temperature applications [1]. For such (extrinsic) self-healing ceramics, microscopic
cracks in the material will also intersect the sacrificial healing particle and allow
atmospheric oxygen to reach it. The local supply of oxygen via the open cracks to
the intersected TiC particles will cause them to oxidize, leading to the formation of
TiO, which both fills the crack and adheres strongly to the faces of the crack [2].
Hence, the so-called healing reaction leads to a partial or complete recovery of the
mechanical properties of the material and an extension of the life time of the
component. To be a successful strategy, it is important that the oxidation reaction
takes place at the prevailing conditions (in particular the right temperature) and with
the right kinetics. A general analysis of the required properties of the healing

particles leading to autonomous self-healing at high temperature can be found in [2].

However, the cited analysis did not specify the minimal temperature window
required to trigger the healing reaction. Of course, the required minimal
temperature to trigger the healing reaction depends primarily on the chemical
stability of the healing material in an oxygen containing environment. This
dependence has already been demonstrated (but apparently not been appreciated) in
the combined first-generation studies on self-healing of ALO; or Si;N, filled with
SiC or Ni particles [3-7] . In these studies the crack healing ability was studied as a
function of both temperature (from 900 to 1400 °C) and time (between 1 to 300 h)

and widely different values were obtained for different particle sizes.

While the optimal healing temperature has been shown to vary significantly with the
chemical composition of the healing particle and to a lesser degree of that of the
matrix material, very few studies, with the exception of [8], performed a systematic
study on the effect of particle size on the healing kinetics given a fixed composition
for both the particle and the matrix. In their study, Nakao and Abe [8] measured
the strength recovered by high temperature oxidation of alumina containing 18 vol.
% SiC particles of size 270, 30 and 10 nm. They reported that reducing the size of
SiC reduced the oxidation/healing temperature from 1200 to 950 °C, due to the

faster oxidation kinetics at lower particle sizes.
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Recently, the ability of 2 nm sized TiC particles to heal surface cracks in alumina has
been studied by Yoshioka et al. [1]. Healing of two different composites containing
15 and 30 vol. % of TiC was studied as a function of temperature ranging from 400
to 800 °C in air and a fixed time of 1 h. Full strength was obtained for a composite
containing 30 vol. % of TiC upon annealing in air at 800 °C for 1 hr. Also, in-situ
healing of these alumina composites was demonstrated [9]. Surface cracks were
healed when the material was exposed in a combustion chamber with a high velocity

exhaust gas mixture at approx. 1000 °C and a low oxygen partial pressure.

The oxidation behaviour of bulk TiC has already been investigated as a function of
temperature (from 600 to 1200 °C) and oxygen partial pressure (13 Pa to 100 kPa)
(10, 11]. The observable trend in these studies is that oxidation proceeds
parabolically from 600 to 800 °C and switches to linear kinetics at higher
temperatures and higher oxygen partial pressures. Four steps were identified during
the transformation of TiC powders to TiO, [12, 13]. The first step involves the
substitution of atomic oxygen for the carbon present at the interstitial vacancies of
the TiC lattice leading to the formation of the oxycarbides/titanium suboxide layer.
In the next step, the titanium suboxides oxidise into amorphous titanium dioxide
and further crystallize to anatase. In third stage, the crystallization of anatase
continues and the resulting volume expansion leads to the cracking of the oxide
layers, and this provides fast short circuit diffusion paths oxidation. In the fourth
and final step, anatase is formed continuously and rather rapidly transformed into
rutile. The rate determining step is the diffusion of oxygen through the already

formed oxide layers.

With TiC having been identified as a potential healing agent for alumina [2], the
current work focusses on the determination of the effect of TiC particle size on its
oxidation kinetics in order to explore the possibility to lower the minimal healing
temperature of alumina containing TiC to temperatures below 1000 °C. To this aim,
differential thermal and thermogravimetric analyses are performed for TiC powders
of different particle sizes over the temperature range from room temperature to 1200
°C. The kinetic triplet, i.e., the activation energy, the reaction model and the
Arrhenius constant are determined for all powders and such information, in
principle, allows the prediction of the optimal healing temperature for any inert

ceramic containing TiC particles as the discrete, extrinsic healing agent.
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3.2 Analysis of reactions

In solid-gas reactions the solid phase is usually a granular medium through which
the gaseous reactant circulate and react at the solid interface [14]. Due to the
reactions occurring at a microscopic level, the solid material undergoes chemical and
structural change as the reaction proceeds. Several reaction models are used in
describing gas-solid reactions [15]. The unreacted shrinking core model is commonly
used. In this model the reaction product forms a solid layer that allows diffusion of
reactant gas toward the interface between the product layer and unreacted core. A
continuous reaction leads to the advancing of a reaction front, or equivalently, a
shrinking core. The entire reaction kinetics involves three steps; transport and
dissolution of the gas reactant at the solid surface, diffusion of the gas reactant
through the product layer towards the unreacted core, and finally, chemical

reaction of the gas with the solid reactant at the product-core interface [16].

Thermal analysis is employed to study the heterogeneous reactions. In
(simultaneous) differential thermal analysis (DTA) the heat flow and in
thermogravimetric analysis (TGA), the mass change is measured while the material is
heated at a constant heating rate [17]. From the measured data the kinetic triplet
which describes the conversion of a material (&) as a function of temperature (T)
and time (1), is derived. The kinetic triplet parameters are the activation energy E,,
the Arrhenius or frequency constant A and the reaction model f() [18]. For non-

isothermal experiments the rate of transformation of any material is given by:

da da dt
== (3.1)
dT dt dT
where the fraction converted at any time is given by:
o= m-m, (3.2)
m, —m,

in which my, m, and m. denote the mass at time t is 0, t and o (i.e. after full
conversion), respectively. dT/dt is the heating rate denoted as 3, and da/dt is the
isothermal conversion rate and expressed as:

9o _ pe iy (@) (3.3)
dt
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Combining Egs. (3.1) and (3.3) leads to the non-isothermal conversion rate:

da A %
e ﬂe f(a) 3.4

Integration results in the non-isothermal transformation rate law given by:

Af =
9(06)=Eje RTdT (3.5)
0

This temperature integral has no analytical solution [17, 19], but is usually
approximated by a series expansion or converted in an approximate form that can be
integrated. A frequently used approximation is that by Senum and Yang [20].
Consider x=E,/RT, then:

X

= - E.te
—3!7&( (3.6)

o'—.—i

© e_x
with p(X) = J.?dX , Eq. (3.6) is approximated with the fourth rational of
X

Senum and Yang [20], i.e.:

—X 3 2
e ( X3 +18x% + 86X + 96 ) 5.7)

X) =
P(X) x | x* +20x% +120x% + 240x +120

Successively, the activation energy, the reaction model and finally the Arrhenius
constant will be determined from non-isothermal experimental data. In the above
analysis, the kinetic parameters are considered to be independent of temperature

and fraction converted.
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3.2.1 Activation energy

Regardless of the reaction order the activation energy of the conversion reaction E,
can be obtained directly from non-isothermal TGA or DTA data using the so-called
Kissinger method [21, 22]. If the temperature rises during the reaction, the reaction
rate will rise to a maximum value, but return to zero as the reactant is exhausted.
The maximum rate is associated with either a maximum mass change or heat
evolution, which occurs at the peak temperature. Then, the governing equation for

the determination of the activation energy reads:

B |, Ei

In| £ |+ =2 = (3.8)
> :

T RT,

Where Tp is the peak temperature, corresponding to the temperature at which the

reaction rate is at maximum. Then, the highest heat flux or mass change rate is

recorded. R is the gas constant and C is a constant. Thus, the activation energy (Ea)

is obtained by plotting In(,B/TpZ) versus 1/T, for a series of measurements at

different heating rates £.

3.2.2 Reaction model

The reaction model mathematically describes the conversion process of a material as
a result of an occurring chemical or physical reaction. Different models have been
derived for solid state reactions [18], which comprises nucleation, geometrical
contraction, diffusion and reaction-order models. To determine the appropriate
model to analyse the experimental data the so-called ‘master curve plotting’ method
is used. This method is based on the concept of generalized time & [23], which is

defined by Eq. (3.9) for isothermal or non-isothermal reactions respectively as:

-Ea

; % 17 &
0=[efdt or 0=—[e"dT (3.9)
0 ﬂo
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6 denotes the reaction time taken to attain a particular fraction converted at infinite
temperature. Now, Egs. (3.3) and (3.5) can be rewritten in terms of generalized time

respectively as:

(;—Z: Af (o) (3.10)
9(x)=A0 (3.11)

As a reference point for the master-curve plotting analysis generally the level & = 0.5

is chosen and using Eq. (3.10) it can be derived that:

de/d0  f(a)

(dajdo) _ 1(05) G-12)

a=05

From the experimentally determined conversion rate, with respect to the generalized

time, as a function of fraction converted, f («)/ f (0.5)versus « can be obtained,

da do E do do E
L _Zeaxp| =A | or == pB—exp| =~ 3.13
do p[RT) a0 Par p(RTj G52

since:

By comparing the experimental result with theoretical reaction models [23], the
reaction model that best fits the measured data can be determined. From this, the
key reaction mechanisms can be determined and this knowledge can be used to

optimise the material performance.

3.2.3 Arrhenius constant

The last of the kinetic triplet, i.e., the pre-exponential factor (A) can be evaluated
from Eq. (3.11), once the reaction model is determined; cf. Section 2.2. The
generalized time @ for non-isothermal reactions Eq. (3.9) resembles Eq. (3.6) and

hence can be written as:
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9:% p(x) (3.14)

while p(X) is approximated using Eq. (3.7).

3.2.4 Experimental procedure

The five TiC powders used in this study are all commercially available and their
main features are summarized in Table 3.1. The first and second powders, having an
average particle size of 140 and 48 pm, respectively, were obtained by sieving a TiC
powder with a broad size distribution (Goodfellow, UK; product number
T1546030). The third TiC powder with an average particle size of 5 pm was supplied
by Alfa Aeaser, Germany (product number TiC 40178). The fourth TiC powder
with an average particle size of 0.8 pm was supplied by American Elements, USA
(product number TI-C-03M-NP.80ONS). Finally, the fifth TiC powder with an
average particle size of 50 nm was supplied by Chempur, Germany (product number

CFF-NP059).

The purity of the powders studied was determined with X-ray fluorescence
spectroscopy (XRF) using an Axios Max WD-XRF instrument (PANanalytical, The
Netherlands) and the data were evaluated with SuperQ5.0i/Omnian software. The
size distribution of the TiC particles was determined by laser diffraction using the
Microtrac 3500 (Microtrac Inc. USA) equipped with a tri-laser diode detection
system. The particle morphology of each TiC powder was recorded with scanning
electron microscopy (SEM) using a JSM 6500F (JEOL, Japan). The instrument used
was equipped with an energy dispersive spectrometer (EDS; Ultra Dry 30 mm®
detector, Thermo Fisher Scientific, USA) for X-ray microanalysis (XMA).

The oxidation kinetics of the TiC powders was studied non-isothermally using
simultaneous thermogravimetric (TG) and differential thermal analysis (DTA) using
a high performance symmetrical double furnace balance (TAG 16/18, Setaram,
France). 20 £ 1 mg of the powder was put into a 100 uL Al,Os crucible and placed
onto a TG-DTA rod with an S-type thermocouple. A similar rod but without
crucibles was placed as a counter weight on the other side of the balance to aid

automatic correction of buoyancy effects. Then, the dual furnaces were heated up
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from room temperature to 1200 °C with various heating rates (between 1-10
°C/min). In each measurement, both furnaces were purged with dry synthetic air (N,
+ 20 vol. % O, and H,O < 10 ppm) at a total flow rate of 50 sccm. The evolved gas
at the sample location was collected and analysed with an Omnistar GSD 301 system
having a quadrupole mass spectrometer (QMS 200 M3 from Pfeiffer Omnistar,

Germany) in order to observe the evolution of CO,.

Table 3.1: Size and composition of TiC powders with ds, as the average
particle size and D, and Dgg as the particle size at 10 and 90 % cut-off
respectively in the size distribution.

Main impurities

(wt %0)
1 140 | 100-150 | 9975 [—C 050
) 48 0-50 | 9975 (00
3 5 2-15 | o817 (o0
4 0.8 06-1 | 908 o2
5 005 | 004007 | 99.966 o0

The thermal analysis system used was equipped with Calisto acquisition and
processing software (v1.43 DB v1.44, Setaram, France) which records both the
furnace and the sample temperature. For accurate results the temperature measured
by the thermocouples at the sample position is used for the analysis as this represents
the true sample temperature. Prior to admitting the gases to the furnaces, each
gas, i.e. Ar, N,, and O, (all with 5N vol. % purity), was filtered to remove
any residual hydrocarbons, moisture and oxygen (for N, and Ar). The
Accosorb (< 10 ppb hydrocarbons), Hydrosorb (<10 ppb H,O) and Oxysorb (< 5 ppb
O,) filters (Messer Griesheim, Germany) were used. The flow of each gas was
regulated and monitored with LabView (version 12, National Instruments, USA)

using calibrated mass flow controllers (Bronkhorst, The Netherlands).

The oxidation products and lattice parameter were identified and measured by X-ray

diffraction using a Bruker D8 Advance diffractometer (Bruker, Germany) equipped

42



Effect of particle size on healing

with a graphite monochromator. Diffractograms were recorded with Co Ka
radiation in the 26 range of 10 to 130° and a step size of 0.034°. The data were
processed with the Diffrac EVA 4.1 Bruker software.

3.3 Results

3.3.1 TiC powder oxidation

Oxidation of the 5 ym powder was studied first by heating from room temperature
to 1200 °C at 5 °C/min in air, the heat flow and the conversion curves are presented
in Figure 3.1. Transformation starts just before 400 °C and ends around 900 °C via
two exothermic peaks at about 470 and 710 °C. Therefore, to fully describe the
oxidation of TiC, two separate experiments are performed on the same powder
under the same conditions till the end of each peak (i.e. till 530 and 900 °C) and the

oxidation products analysed.
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Figure 3.1: Heat flow and mass gained signals for the 5 um powder
oxidized at 5 °C/min in dry synthetic air.

XRD confirms that part of the TiC powder is converted into anatase and rutile in
the ratio of about 3:2 in the first peak and the remaining TiC, oxycarbide and

anatase are converted into rutile in the second peak. The morphology of the 5 pm
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TiC powder at different stages of non-isothermal oxidation with a heating rate of 5

°C/min in dry synthetic air is shown in Figure 3.2.

Figure 3.2: SEM images of TiC powder with an average particle size of 5
um after non-isothermal oxidation in synthetic dry air with a heating rate of
5 °C/min; cf. Figure 3.1(a) the raw powder, (b) oxidized up to 530 °C
(formation of anatase) and (c) oxidised up to 1200 °C (fully transformed
into rutile).

The starting TiC particles are irregularly shaped with sharp edges; see Figure 3.2(a).
After oxidation up to 530 °C some Anatase was formed at the surfaces; see Figure
3.2 (b). Finally, after full transformation into rutile the particles became more

rounded at the edges as can be seen in Figure 3.2(c).
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As the experiment in Figure 3.1 proceeded, the gases evolved were collected and
analyzed. CO, was the only gas detected and the recorded pressure is presented in
Figure 3.3. It is noticeable that the removal of C via CO; release and the precipation
of TiO, occurs simultaneously as the heat flow peaks in Figure 3.1 and the CO,
signal in Figure 3.3 closely overlap at the same temperatures.
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Figure 3.3: Evolution of CO, during oxidation of TiC powder with average
particle size of 5 um in dry synthetic air recorded with 5 °C/min, insert
confirms the release of CO, during oxycarbide formation.

A zoom in at about 320 °C of Figure 3.3, shows a small peak (insert of Figure 3.3)
which is not immediatley identified in the heat flow signal in Figure 3.1. Hence, the
mass change signal in Figure 3.1 is further differentiated in Figure 3.4, then, a kink

coinciding with the peak at 320 °C in Figure 3.3 is identified.

Another experiment using a fresh sample was run under the same conditions until
360 °C to determine the reaction occurring around 320 °C. No oxide was identified
by XRD after controlled cooling of the reaction product obtained although the
sample weight had increased and CO, had been released. The combination of
observations shows that the low temperature peak is due to the substitution of
atomic oxygen at carbon sites of the TiC lattice [12], leading to the formation of
TiC,0,., which is evidenced by the reduction in the lattice parameter of TiC [24]. In
this specific case, the lattice parameter of the starting material reduced from 4.3275

+ 0.0001 to 4.3260 + 0.00005 A after heating up to 360 °C. This oxycarbide phase
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exists throughout the oxidation process [12, 25], and thus may act as a precursor for

the formation of anatase and rutile.
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Figure 3.4: Differentiated mass gain signal (dAm/dt)of 5 um TiC powder
recorded with 5 °C/min when oxidizing in dry synthetic air.

The oxidation of the 5 pm powder can be summarized as follows. A first oxycarbide
formation stage takes place over the interval from about 300 to 360 °C. A second
oxidation stage which leads to the formation of both rutile and anatase sets in after
the first reaction and peaks around 470 °C and ends just before 530 °C; see Figure
3.1 (this stage is hereafter referred to as the anatase formation stage). Although a
single peak in the heat flow signal characterizes this step, the mass change signal
clearly shows two consecutive stages. The first of these two stages start from 430 to
470 °C, this proceeds relatively fast showing a very steep conversion versus
temperature curve. The second stage which proceeds at a relatively slower rate
continues from 470 °C and ends at about 520 °C. A last oxidation stage starts from
530 °C and ends at around 960 °C, where the remaining TiC, oxycarbide and
anatase are converted into rutile. A similar reaction scheme was observed and
reported earlier by [12] when studying the oxidation behaviour of TiC powder at

various oxygen partial pressures. However, in that study the second stage was split up
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into the formation of anatase and rutile, in addition, it was mentioned that these

two stages may overlap and cannot be clearly distinguished from each other.

To continue, the other powders were all heated at 5 °C/min in air in separate
experiments. The results are presented in Figure 3.5. As observed for the 5 pm

powder, multiple peaks are identified for the different particle sizes. The stages of

oxidation were resolved by running separate experiments up to each identified peak

in the heat flow or the differentiated mass change signal, then the products were
analysed by XRD and/or XMA.
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Figure 3.5: Heat flow and mass change in terms of converted fraction TiC
(in %) as a function of temperature recorded at 5 °C.min in dry synthetic
air of TiC powders with average size of: (a)140 um, (b) 48 pum, (c) 0.8 um

and (d) 0.05 pm.

For the coarsest powders having an average particle size of 140 and 48 pm only the

peaks pertaining to the formation of anatase and rutile can be identified in the heat

flow and mass change signals (see Figure 3.5(a) and (b), respectively). The stage of
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oxy-carbide formation appears to be overshadowed. For both powders, the peak
occurring between 400 to 600 °C corresponds to the formation of anatase. The
formation of rutile sets in at 800 °C and ends at 1195 °C for the 140 pm powder
and for the 48 pm powder it starts from 700 °C and ends around 1050 °C. It is
noteworthy that the transformation into rutile of both coarse powders occurs via
multiple steps while the mass gain signal for this range reflects a single peak event

(i.e. a non-changing slope).

For the 0.8 pym TiC powder all 3 stages observed for the 5 pm powder can be
identified in the heat flow signal. The formation of the oxycarbide can be seen in
Figure 3.5(c) peaking at about 310 °C, as well as in the differentiated mass gain
signals shown in Figure 3.6. Anatase is formed in the sharp peak around 420 °C

followed immediately by conversion into rutile which also occurs via two peaks.

é 100
2 80
[

=

g 60
8 40
=

e 20
[$]
s 0
w

] ) 404

= Oxycarbide

2

5 Ho0.2

[a]

2]

- 0.0

| 1 1 1 1 1 | |

120 240 360 480 600 720 840 960 1080 1200

Temperature (°C)

Figure 3.6: Differentiated mass gain signal (dAm/dt)of 0.8 um TiC powder
recorded with 5 °C/min in dry synthetic air.

For the nano-powder the mechanism somewhat reverses to that of the coarser
powders as no trace of the oxycarbide formation can be detected. A peak
corresponding with the formation of anatase can be identified at 400 °C and two
peaks associated with the formation of rutile can be identified at about 430 and 550
°C, respectively in Figure 3.5(d). The various stages of oxidation, as identified for the

different particle sizes, are summarized as a function of temperature in Figure 3.7.
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Depending on the particle size some stages may overlap or is overshadowed and

hence not always clearly resolved in the mass gain and heat flow signals as a function

of temperature.
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Figure 3.7: Chart showing the various stages of oxidation in dry synthetic
air of TiC particles with different average particle sizes.

3.3.2 Effect of heating rate on oxidation

As the heating rate is increased, the amount of TiC transformed into anatase is
reduced. For example, for the 140 pm powder the amount of TiC transformed
decreases from 4 to 1 % as heating rate is increased from 1 to 10 °C/min. Similarly,
there was a decrease of about 5 to 1.5 % and 40 to 15 % for the 48 and 5 pm

powders respectively, during the same stage, see Figure 3.8.
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Figure 3.8: Heat flow and mass change in terms of converted fraction TiC
(in %) as a function of temperature recorded at different heating rates in
dry synthetic air of TiC powders with average particle size of: (a,b)140 um,
(c,d) 48 um, (e,f) 5 pm, (g,h) 0.8 um and (i,j) 0.05 um.
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For the same amount of powder, the surface area exposed to oxygen increases when
the TiC particle size is reduced. Then, the conversion of TiC into TiO, is enhanced.
This is evident from the heat flow signal recorded with the same heating rate, which
increases for smaller particles. For example, the formation of rutile when oxidizing 5
pm TiC powder at 10 °C/min corresponds with about 45 puV of heat evolved, while
under the same conditions 140 pm TiC powder results in about 28 pV of heat
evolved; cf. Figure 3.8 (a and e). Since the oxidation of TiC powder is faster when
the particle size is smaller, the final temperature for full conversion of TiC powder
into TiO, (rutile) during non-isothermal oxidation (at the same heating rate)

decreases with particle size; see Figure 3.8.

A final observable trend is that the stages of oxidation are well separated from each
other (in both the heat flow and the fraction converted signals) at larger particle
sizes. However, as the particle size is reduced, these stages become indistinguishable

in the fraction converted plots especially for the 50 nm powder.

3.3.3 Evaluation of the activation energy

The activation energy for oxidation of the different TiC powders is determined using
Eq. (3.8). As more than one peak occurs during the transformation reaction, the
peak temperature (T,) is defined as the highest point in the differented mass gain
signal. The results for the various TiC powders are presented in Figure 3.9. With
decreasing particle size the lines for the maximum conversion of TiC into TiO, shifts
to lower temperatures, and this defines the temperature window where a particle is
activated. The slope of these lines corresponds to the activation energy of the

reaction and the figure clearly shows it decreases with decreasing particle size.

The values of the activation energy E, as a function of the TiC particle size are
presented in Table 3.2. It is observed that E, significantly decreases with decrease in
particle size for sub-micron and nano-sized particles and is more or less constant for
particle sizes > 5 pm. The activation energies determined here are comparable to
those determined in other studies (e.g. [11, 25] ), i.e. 192 and 245 kJ/mol. The
(non-significant) difference may arise from the size of the TiC particles and the

limited temperature window of the isothermal experiments used in the analysis.
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Figure 3.9: Kissinger plot for estimating the activation energies size for
the oxidation of TiC powder with different particles sizes in dry synthetic
air; see Eq. (8).

Effects of particle size on the activation energy have been reported for other
materials as well [26, 27]. It can be conceived that when the surface to volume ratio
increases the activation energy decreases, since the atoms at the surface have fewer

bonds and neighbouring atoms and thus need less energy to transfer into oxide [28].

Table 3.2: Activation energies as determined for oxidation of TiC powders
with different particle sizes.

Size (um) Ea (kJ/mol)

140 263 +42
48 262 +23
5 244 + 24
0.8 172 £ 27
0.05 122 £ 24
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Ebulk

Hence, the reduction of the bulk activation energy, EJ*", can be related to the

surface energy o according to [29]:

6oV,

E,=E - (3.15)
in which V,, is the molar volume and d the particle size. For TiC the surface energy
equals 2.73 J/m?*[30] and the molar volume 12.18 cm’/mol [31]. From Figure 3.10,
the observed reduction in the activation energy for submicron or nano-sized particles
is due to surface defects (like: dislocations, grain boundaries, steps and kinks,
roughness, etc.), of which their number increases with surface area (i.e. with d?) [32].

These surface defects promote the nucleation and growth of the oxide.

350
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Figure 3.10: Activation energy as a function of particle size for the
oxidation of TiC powder in dry synthetic air. The calculated values pertain
to the effect of surface to volume ratio; see Eq. (15).

Hence, the activation energy as a function of particle size is presented in Figure 3.10
and the relationship can be best described with Eq. (3.16).
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E, =263+ 120263 (3.16)

(i) )

Where E, is the Activation energy in KJ/mol and d is the particle size in nm.

3.3.4 Reaction model for TiC oxidation

Out of the many reaction models [18], the non-isothermal plots of the rate of
conversion with temperature pre-empts that the oxidation of TiC may be either an
Avrami-Erofeyev, diffusion, or an order reaction model. Hence, the experimental
data are compared with the Avrami-Erofeyev (A3), 3D diffusion-Jander (D3),
Ginstling-Brounshtein (D4) and the third order (F3) reaction models using the
master curve plotting method [23]; see Section 2.2. To ascertain the validity of the
identified model, master plots are made for all the powders at different heating rates,
see Figure 3.11.

It is seen that for different heating rates the experimental data closely resembles the
F3 (third order reaction model) more than any other model. The integral and the
differential form of the third order reaction model are respectively defined as:

g(a) = (1/2)[(1—05)‘2 —1] (3.17)

f(x)=1-a)® (3.18)
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Figure 3.11: Master plots of theoretical models and experimental data of TiC
powders with average size of: (2)140 um, (b) 48 um, (c)5 um, (d) 0.8 um and (e)
0.05 pm.

The rate determining step in the oxidation of TiC is the diffusion of oxygen from

the gaseous phase through the formed oxide layers and the opposite diffusion of

titanium and carbon from the material into the scale.
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3.3.5 The Arrhenius pre-exponential factor

The last of the kinetic triplet, i.e., the pre-exponential factor (A) is evaluated from
the integral form of the kinetic rate equation given in Eq. (3.10) combined with Eq.
(3.16). The generalized time Eq. (3.8) is determined at every temperature from 25 to
1200 °C using Eq. (3.13), the applied heating rate and the estimated E,. A linear
fitting of Eq. (3.10) is made for the range of o pertaining to the third oxidation stage
(i.e. transformation into rutile) to find the constant A. The calculated pre-
exponential factors see Table 3.3, are relatively constant with the same order of
magnitude. However is significantly decreases for the nano-metre sized particles
[33,34]. As the particle size decreases, the partial molar surface enthalpy and the
partial molar surface entropy increases, leading to the decrease of the apparent
activation energy and the pre-exponential factor [29, 35]. There is no simple
explanation for the high value of the Arrhenius parameter for the 5 um particle,

other than undetected impurities or structural defects.

Table 3.3: The evaluated pre-exponential factors (a) for TiC powders
oxidized in dry synthetic air.

140 3.3 x10
48 5 x10™
5 100 x10™°
0.8 8.3 x10™

0.05 1 x10°

Finally, the conversion « of TiC into TiO, by oxidation in air can be expressed as a

function of temperature and time for each particle size by:

a=1-[(2A0+1)¥?] (3.19)

with @ calculated using Eq. (3.14). It can be seen in Figure 3.12, that at higher
temperatures the calculated results fit well with the experimental results with a slight
deviation at lower temperatures. This deviation is associated with initial stages of

oxidation which corresponds to the formation of the oxycarbides and/or anatase.
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Figure 3.12: comparing the fraction converted (¢«) for the experimental data
and the calculated results of TiC powders in dry synthetic air.

34 Conclusions

Oxidation of TiC was found to proceed via the formation of oxycarbides — anatase
/ rutile — rutile and closely follows a third order reaction path. The temperature

window for activation of the oxidative decomposition of the TiC healing particles
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i.e. for triggering the self-healing reaction drops from 1000 to 400 °C as particle size
decreases from 140 um to 50 nm. As the change in optimal healing temperature
does not depend on the chemical composition of the matrix material as such, the
present study shows in a generic manner that extrinsic self-healing in oxide ceramic
matrices can be tailored to a specific temperature range by tuning the size of the
healing particle. Further, the activation energy required for oxidation decreases
significantly for particles ranging between 10 um to 50 nm. Above 10 pm particle

size the activation energy for the thermal oxidation of TiC becomes constant.
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Chapter 4

This work explores the possibility of using embedded micron-sized Ti particles to heal
surface cracks in alumina and to unravel the evolution of the crack filling process in case
of pure solid-state oxidation reactions. The oxidation kinetics of the Ti particles is studied
and the results are applied in a simple model for crack-gap filling. An activation energy of
136 kj/molis determined for the oxidation of the Ti particles having an average particle
size of 10 um. The almost fully dense alumina composite containing 10 vol. % Ti has an

"2, Crack healing in air is studied at 700,

indentation fracture resistance of 4.5 + 0.5 MPa m
800 and 900 °C for 0.5, 1, and 4 h and the strength recovered is measured by 4-point
bending. The optimum healing condition for full strength recovery is 800 °C for 1 h or 900
°C for 15 min. Crack filling is observed to proceed in three steps i.e., local bonding at the
site of an intersected Ti particle, lateral spreading of the oxide and global filling of the
crack. It is discovered that, although significant strength recovery can be attained by local
bonding of the intersected particles, full crack filling is required to prevent crack initiation

from the damaged region upon reloading. The experimental results observed are in good

agreement with the predictions of a simple discrete crack filling/healing model.
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On the use of Ti as healing particles

4.1 Introduction

In recent years, material scientists have turned to the concept of ‘damage management’
rather than ‘damage prevention’ when re-designing engineering materials to make
them more reliable for various applications [1]. This concept, also known as self-
healing is based on the notion that the formation of damage is not problematic as
long as it is autonomously and timely healed or repaired in-situ as this would ensure

the continued safe operation of the component or part.

In the original field-defining studies on self-healing materials, polymeric matrices
were healed by incorporating capsules containing a liquid healing agent and a
catalyst within the matrix [2]. As a crack propagates through the matrix, the
microcapsules are ruptured and the catalyst particles are exposed, the healing agent
flows into the crack and polymerizes once it gets into contact with one of the catalyst
particles. The structural integrity across the crack plane is re-instated by the (solid)
polymerized healing agent [3]. This type of healing is now categorized as extrinsic
healing because healing is achieved by the addition of discrete foreign entities (i.e.,
the healing agent and the catalyst) to the (polymeric) matrix. It is also classified as
autonomous healing as no additional trigger such as the supply of heat [4] is
necessary to initiate the polymerization reaction leading to healing, i.e. the healing
conditions in particular the temperature are the same as those during cracking (with

the exception of the load responsible for the cracking having been removed).

In later years, ceramic oxides composites such as Al,O;, ZrO, and mullite filled with
discrete solid healing particles prone to undergo oxidative expansive decomposition
have also been studied as promising autonomous self-healing systems for high
temperature applications [5-10]. Although the initial damage is generally introduced
at room temperature, healing is realized by exposure to the intended use conditions,
i.e. an oxygen-containing atmosphere heated to a suitably high temperature [4, 11].
At such high temperatures, an oxidation reaction is initiated and the crack is filled
with the reaction products. In case the oxide adheres well to the crack faces and the
degree of filling is high enough, the load-bearing capacity of the composite is

restored.
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In an earlier study [12], 6 physical and chemical criteria were used to identify suitable
healing particles to be used in the creation of high-temperature self-healing alumina
composites. Experimentally the approach has been found to work well for alumina
composites containing either 15 or 20 vol. % TiC [13] or SiC [8, 10] particles, in
agreement with the predictions of the selection model. Although that selection study
did identify the alumina-Ti as a potentially attractive self-healing system such
composite material have not been made and tested yet. Cracks in alumina
containing Ti healing particles should under the same conditions (temperature and
time) heal faster than composites containing TiC as the oxidation of Ti leads to a
larger volume expansion for an equal amount of Ti atoms [12]. And while not so
relevant for the self-healing behaviour, the inclusion of ductile metallic particles in a
brittle ceramic matrix may be beneficial from a mechanical properties perspective
[14]. In addition, dilute Al,O;-Ti composites retain their low coefficient of thermal
expansion (CTE) and have a relatively high strength to weight ratio [15].

This work, therefore, investigates the high-temperature healing behaviour of an
Al O; composite containing 10 vol. % Ti particles with an average size of 10 um. The
activation energy for and the temperature window available for self-healing are
studied through thermal analysis of the oxidation kinetics of the Ti particles.
Another very important and unique aspect of this work is the determination of the
evolution of the crack filling and the semi-quantitative description of how the solid-
state formation of TiO; leads to re-bonding of the cracked surfaces and restores the
load-bearing capacity of the composite. For Al,O; self-healing composites containing
SiC, the healing agent formed (i.e., SiO,) is amorphous during the early stages of the
high-temperature oxidation process [16, 17] and the amorphous character generates
a viscous behaviour leading to liquid-like spreading of the reaction product into the
crack. The ability of solid TiO; to ‘spread’ into the crack gap and filling it as well as
bond with the crack faces is of equal interest but has not been documented yet.
Finally, the experimental observations on crack healing are compared to a simple
model to predict the filling fraction as a function of time, temperature and original

structure of the Al,O;-Ti composite.

66



On the use of Ti as healing particles

4.2 Crack gap filling model

Consider a ceramic composite with randomly distributed spherical healing particles;
see Figure 4.1. When fracture occurs, a planar crack of uniform width w is assumed
to intersect the dispersed particles and at the appropriate temperature the intersected

Ti particles oxidize into an oxide. The specific volume increase ¢ per particle due to

oxidation is given by:
Vv
p=—""—" (4.1)

Where Vo and V, are the molar volumes of the oxide (healing oxide) and the
particle (healing particle) respectively. Now consider a representative unit volume V,
of the self-healing composite containing evenly distributed spherical particles (each
of diameter d) which is crossed by a plane a of area A, as Figure 4.1 (the particles
intersected by the plane are marked with a cross).

e o 6
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Figure 4.1: A representative unit volume of a ceramic matrix composite
containing randomly distributed spherical healing particles with plane ‘a’
intersecting the volume element.

If p is the probability that a planar crack crosses a healing particle, then:

p=dvi,with A, =V, 73 implies p:\% (4.2)
u u
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This implies that the number of healing particles n, exposed to the crack is:

zd?

V,
n, = pN_ Wwith N/ =%, and vV, =

p

(4.3)

N, is the total number of spherical capsules present inside the unit volume element

and @ is the volume fraction of healing particles added to V,, then:

d 6¢V, 6¢V>°

= = 4.4
P VY 2d® 7d? *9

Next, the volume of oxide filling the crack is:
Vi =a, gV, =agpdv (4.5)

where @, is the fraction of the particle converted into the oxide. The volume of the

gap with a width w to be filled is defined as:
V, =wA, =wV,° (4.6)

Let w be the fraction of the crack gap filled, i.e.:

y=—- “.7)

Eq. (4.7) can be rewritten in terms of Eqs (4.5) and (4.6) as:

_ a,dpd
w

v (4.8)
A first order estimate of the early stages of crack filling can be made if all parameters
in Eq. (4.8) are known. The volume expansion ¢, the volume fraction healing
particles @ and their size O are input parameters and are known up front, while the
crack gap width w, on the other hand, can be chosen or measured once the damage
is introduced into the material. Please note that in this simple model the filling

fraction can be larger than 1 for small crack widths as the oxidation continues even

68



On the use of Ti as healing particles

when the crack is fully filled. The conversion of the healing particle into the healing

oxide represented by ¢, depends on (absolute) temperature and time:

a, =a,(T,t) (4.9)

which is related to the oxidation of the healing particles.

4.2.1 Oxidation kinetics of the healing particles

The rate of a solid-state isothermal reaction can be expressed by the following

general equation:
] f(a) (4.10)

where « is the fraction converted at any time t. In case of an oxidation reaction it
can be defined as: & = (m —m, )/(mw — mo), in which my, m, and m. denote the

mass at time t is 0, t and o, f{a) is a differential form of the reaction model, E, is the
activation energy, A is the pre-exponential (frequency) factor of the Arrhenius
relation, and T the absolute temperature [18]. Separating variables and integrating
Eq. (4.10) gives the integral form of the isothermal rate law:

g(a) =kt (4.11)

where g(a) = j:% (4.12)

Ea
and k = Ae[FJ 4.13)

g(«) is the integral reaction model and k is the rate constant. There are several

reaction models which are classified based on the shape of their isothermal curves
[19]. When the appropriate model for the reaction is identified, the conventional
isothermal model-fitting method can be employed to determine the activation

energy E, and frequency factor A. This method involves two fits: the first determines

69



Chapter 4

the rate constant k of the reaction at each temperature according to Eq. (4.11) and
the second determines the Arrhenius constant A and the E, from Eq. (4.13). Then,

an expression for & can be written.

4.2.2 Reaction model

To determine the appropriate model to analyze the experimental data the so-called
‘master curve plotting’ method is employed. This method is based on the concept of

generalized time @[18], which is defined for an isothermal reaction as:

(4.14)

6 denotes the reaction time taken to attain a particular fraction converted at infinite
temperature. Now, Egs (4.10) and (4.14) can be rewritten in terms of generalized

time respectively as:

3—3: Af (a) (4.15)
g(a)=A9 (4.16)

As a reference point for the master-curve plotting analysis generally, the level a=0.5

is chosen and using Eq. (4.15) it can be derived that:

da/dd  f(a)
(da/dg) .~ f(0.5)

(4.17)
a=05

From the experimentally determined conversion rate, with respect to the generalized

time, as a function of fraction converted, f («)/ f (0.5)versus & can be obtained,

since:
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da da E
da do E _ A
_ A R —=/f—exp| =2 .
do dt EXPERTJ © dé ﬂdT p[RTJ (*+18)

Therefore, Eq. (4.17) becomes:

da/dd _ da/dtexp(E,/RT) (4.19)

(de/d@) . (de/dt),, exp(E,/RT)

For the experimental kinetic data under isothermal conditions, the exponential
terms in Eq. (4.19) cancel out since T, = Tys. By comparing the experimental result
with theoretical reaction models [18], the reaction model that best fits the measured

data can be determined.

4.2.3 Activation energy and Arrhenius constant

The activation energy is evaluated from the slope of the plot of In k vs 1/T using the
Arrhenius relation defined by Eq. (4.13) and the intercept gives the Arrhenius
constant A. First, the rate constants are evaluated at each temperature from the

linear relation between the integral form of the identified reaction model and time,
given by Eq. (4.11).

4.3 Experimental procedure

The starting materials were commercially available alumina powder (AKP-50,
Sumitomo Chemical Co., Ltd, Tokyo, Japan) with an average particle size of 0.2 pm
and Ti powder (PN: TI-M-02M-MP.05UMS, American elements, USA) with an
average particle size of 10 pm. The purity of the alumina and Ti powder is 99.99 %
and 99.45 %, respectively. The size distribution of the powders was measured by
laser diffraction using a Microtrac 3500 (Microtrac Inc., USA). The particle size of

the Ti powder was found to range from 4 to 15 um with an average size of 10 pm.
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The phase purity and composition of the Ti powder was analyzed by X-ray
diffraction (XRD) using a Bruker D8 Advance diffractometer (Bruker, Germany)
with a graphite monochromator and Co Ko radiation. The diffractograms were
processed with the accompanying software Diffrac. EVA 4.1 from Bruker. The shape
of the Ti particles and the microstructure of the composite were observed with
scanning electron microscopy (SEM) using a JSM 6500FD (JEOL, Japan). After
healing the extent of filling was observed with SEM and the reaction products were
analyzed by X-ray microanalysis (XMA) using the energy dispersive spectrometer
(EDS) attached to the scanning electron microscope. This EDS is an Ultra Dry
detector (30 mm?) operated with Noran System Seven software package

(ThermoFisher, USA) for data acquisition and analysis.

The oxidation kinetics of the Ti particles was studied isothermally over the
temperature range from 600 to 850 °C (with increments of 50 °C) by
thermogravimetric analysis (TGA) using the Setsys Evolution 16 simultaneous
thermal analyzer (Setaram, France). 201 mg of the Ti powder was put into an
AL, O; crucible (100 pL) and the furnace was heated up from room temperature at 5
°C/min under pure N, (with H,O < 10 ppm) supplied at 50 sccm, when the desired
temperature was reached the flow of N, was reduced by 20 vol. % and replaced by
O, thereby generating synthetic air in the furnace. The mass change curves were

corrected using blank measurements under similar conditions.

A composite of Al,Os; containing 10 vol. % of Ti was prepared by first mixing the
powders. To avoid agglomeration of the Ti particles an alkali-free organic
polyelectrolyte Dolapix CE64 (Zschimmer & Schwarz, Germany) was added as a
surfactant [20]. This aided in the homogenous distribution of the healing particles;
see Figure 4.2a. in the absence of the polyelectrolyte, the Ti particles remained stuck

to each other as shown in Figure 4.2b.

The powders were mixed using distilled water as the liquid media. The mass
fractions as used for mixing were 50 % of powders, 45 % of distilled water and 5 %
of the surfactant. Mixing was done using zirconia balls (of diameters 5 and 10 mm)
in a planetary ball mill PM 100 (Retsch, Germany), the powder to ball mass ratio was
2:1. The suspension was mixed for 6 h at 150 rpm with an on-and-off period of
20:10 min. The slurry was left to dry overnight at 90 °C for 16 h. Then the cake was
ground and passed through 200, 120 and 50 um sieves before sintering in a spark
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plasma sintering (SPS) furnace. The evenly mixed powder was packed into a 40 mm
graphite mold and heated at 20 °C/min up to 1400 °C and held for 10 min. in
argon under 50 MPa for SPS in an HPD 25 SD furnace (FCT Systeme, Germany).
After sintering the system was cooled naturally after lifting up the pistons. The
density of the composite was measured by the Archimedes method using an
analytical balance (Mettler Toledo AG-204, Switzerland) according to ASTM B 311-
93.

100 pm

Figure 4.2: Microstructure of the Al,O3-Ti composite showing the distribution of Ti
(white phase) in alumina produced with (a) and without (b) adding the surfactant
Dolapix.

To study the strength recovery, the sintered composite discs were machined to 3.0 x
4.0 x 26.0 mm rectangular bars with beveled edges. The surfaces of the bars were
polished to a mirror finish with 1 ym diamond suspension. Cracks were introduced
at the centre of the bar by means of Vickers’ indentation using a Zwick/Z2.5
hardness tester (Zwick, Germany) operated in force controlled mode of 5 N/s with a
maximum load of 20 N held for 20 s at load. The cracks formed were parallel and

perpendicular to the long axis of the sample.

The indentation fracture resistance of the composite was measured by making
several indents at 10, 20, 50 and 100 N. The indent size 2a and the crack length 2c
defined respectively as the average of the diagonals of the imprint made by the
indent and the average of the horizontal and vertical cracks formed in addition to
the indent size was measured at the various loads. The length of cracks generated was

then used in calculating the composite’s fracture toughness. Annealing of the
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cracked samples to induce partial or full filling of the indentation cracks was carried
out in a Carbolite TZF 17/600 furnace (Carbolite Gero, UK) at 700, 800 and 900
°C for 0.5, 1, and 4 h filled with natural air. The strength recovered was measured by
4-point bending tests which were performed at room temperature on a self-aligning
stage [13]. This stage has a 20/10 mm span with hardened steel rollers 2 mm
diameter. The stage was mounted to an Instron 5500R (Instron Corporation, USA)
material testing frame with a 10 kN load cell. The cross-head was displaced at a
velocity of 0.5 mm/min and the bar specimen was placed so that its centre coincides

with the middle of the spans.

4.4 Results

4.4.1 Kinetics of Ti oxidation

The oxidation kinetics of the Ti particles between 600 and 850 °C was determined
from the mass gain measured (cf. Section 4.2.1) and the results are presented in
Figure 4.3. The oxidation kinetics of the collection of Ti particles between 600 to
900 °C is diffusion controlled as mentioned in [21], and the rate is mainly governed

by dissolution of oxygen in the metal.
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Figure 4.3: Fraction of Ti powder converted to TiO, «,in dry synthetic air
as a function of time for different annealing temperatures.
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The oxidation rate decreases with time due to the increasing thickness of the oxide
shell which acts as a strong diffusion barrier, see Figure 4.3.. At the applied
temperatures, according to the XRD data only rutile (TiO,) formed. Other phases
such as; Ti,O, TiO and Ti;O5 only form at higher temperatures and low oxygen
partial pressure levels [21]. From Figure 4.3 and [19], it is clear that the oxidation of
Ti follows a deceleratory model and the master plotting method, see Figure 4.4

confirms that the reaction best conforms to a D3 diffusion model.
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Figure 4.4: Master plot of theoretical models and experimental data of Ti
oxidation.

The integral form of the D3 diffusion model is given by:

g(a)=(1—(1—a)1/3) (4.20)

Although Ginstling-Brounshtein [22] have shown that this equation is invalid for
higher conversion fractions or longer reaction times, it can be used as a first order
approximation for lower conversion fractions yielding with Eq. (4.11):

a:1—(1—\/ﬁ)3 (4.21)

A linear fitting of the fraction converted at each temperature according to Eq. (4.11),
using the D3 model yielded the various k values presented in Table 4.1
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Table 4.1: Rate constant k values found from linear fitting of Eq. (4.11) at
different temperatures.

T (°C) k(s

600 0.0058
650 0.0162
700 0.0313
750 0.0722
800 0.2212
850 0.2968

The activation energy is determined from the slope of the plot in Figure 4.5. It is
evaluated to be 137 + 9 kJ/mol. The lower value in comparison to that of bulk Ti
(213 kJ/mol [23]) may be due to the much larger density of surface defects of the
particles. This difference in activation energy cannot be explained by the variation of
surface bonding states due to surface curvature constraints, since the particles are of

micron rather than nano size [24].
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Figure 4.5: Arrhenius plot of In k vs 1/T to determine the activation energy
for oxidation of 10 um sized Ti powder.
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4.4.2 Mechanical properties of the Al,0;-Ti composite

The sintered samples were very dense with densities between 97.7 - 99.2 % of the
calculated theoretical density. A cross-sectional view of the indented surface shows
that the 20 N load generated cracks had a half-penny shaped geometry of about 20
pm in radius, see Figure 4.6 . This is a common morphology for Vickers indentation
induced cracks [25] and hence the indentation fracture resistance of the composite
was evaluated according to [26].

Figure 4.6: Cross section of indented surface: (a) Marks the imprint of the
indent and (b) The half-penny crack.

For composite materials containing well dispersed particles, cracks propagate
through either the matrix, along the interface or through the particles, depending on
which path is energetically most favourable. The lower modulus of Ti (110 GPa [27])

with respect to A,O;(380 - 410 GPa [28]) leads to the crack being attracted to the Ti
particles [29], rendering it the preferred crack path as shown in Figure 4.7.

The indentation fracture resistance of the composite is evaluated by making several
cracks by Vickers indentation at different loads (i.e., at 10, 20, 50 and 100 N). From
the indent size 2a and crack length 2c, the indentation fracture resistance of Al,O;
containing 10 vol. % of Ti particles of average size 10 pm is evaluated to be 4.5 + 0.5

MPa m"?. This compares well with the fracture toughness as measured for Al,O;
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composites containing either 20 vol. % TiC [13] or 20 vol. % Ti,AlC [30], 4.3+ 0.1
MPa m"?and 4.9 + 0.5 MPa m"? respectively.

Figure 4.7: Crack particle interaction showing cracks running through the
softer Ti phase. Grey area is alumina and the white patches are Ti
particles.

4.4.3 Evolution of crack filling

To proof that Ti particles embedded in Al,O; can heal surface cracks, a crack of
length 2c about 100 pm was made and healed at 800 for 4 h.

10 pm

Figure 4.8: Grey area is Al,03 and white area is TiO,. (a) All cracks are
fully filled with TiO, indicated by arrows. (b) Surface oxide removed to
show full filling of a crack of about 50 pum in length. Arrows indicate a fully
filled crack without Ti particles on the crack path.
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After healing, the cracks emerging from the corners of the Vickers indent were
observed using SEM to be fully covered with a light coloured material confirmed by
X-ray microanalysis to be TiO,; see Figure 4.8a. After removal of the surface oxides
by gentle polishing, the whole length of the crack was found to be filled with TiO,
even though Ti particles were not identified everywhere along the length of the
crack; see Figure 4.8b.

The evolution of the crack-gap filling process was investigated by annealing a sample
with several indents at a fixed temperature of 700 °C for different times and
observing the extent of filling after every annealing exposure. The healing
temperature was selected at 700 °C as the kinetics at this temperature is relatively
slow. The microscopic images for two different areas taken after 1, 2, 4 and 6 h of
exposure are presented in Figure 4.9 and 4.10. From the observations it is

concluded that the crack filling proceeds in 3 successive steps:

In the first step, ‘hairy’ oxides grow on crack-intersected particles. These hairy oxides
on opposite sides of the crack grow into each other (i.e., intertwine) leading to the
local bonding of the healing particle, see Figure 4.9 b and c. This step is hereafter

referred to as the local bonding step.

In the second step, the oxides from the intersected particles grow laterally into the
crack, see Figure 4.10b, and c, but can still be clearly connected to the particle from
which they stem. This second step is called the lateral spreading step. Finally, there
are areas along the crack with no intersected particles, yet oxides are seen filling and
sprouting out of the cracks; see Figure 4.9 and 4.10d and e. This results from
oxidation of particles that are exposed in the depth of the crack. This step is called
the global filling step. Local bonding and lateral spreading are thought to occur
consecutively; however, global filling occurs simultaneously with steps 1 and 2,
provided enough oxygen reaches the intersected Ti particles further below the

surface.
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Figure 4.9: Evolution of crack-gap filling of the Al,O3 containing 10 vol. %
of Ti by oxidation in air at 700 °C for different times. (a) Starting material,
(b) Annealed after 1 h, (c) 2 h, (c) 4 h, and (e) 6 h.
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Figure 4.10: Evolution of crack-gap of crack-gap filling of another area of the same
sample as in Figure 4.9. (a) Starting material, (b) Annealed after 1 h, (c) 2 h,
(c)4 h,and (e) 6 h.
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The spreading or flowing mechanism was studied in more detail by SEM recordings of
cross-sections of a sample fractured after healing and by the stepwise planar removal

of material from a partially healed sample.

For the cross-sectional analysis, the sample was healed at 800 °C for 30 min. and
fractured. The crack was not fully filled and so acted as a crack initiator causing the
sample to break into 2 equal halves along the path of the indent. A cross section of
the fractured surface showing the semi-circular crack front and the imprint of the

indent is shown in Figure 4.11.

See Fig 12afora  mprint of indent See Fig 12b for a
zoom in of this area zoom in of this area

Figure 4.11: Side view of a partially healed indentation induced crack after sample
fracturing (see text).

A zoom-in of two areas on the crack plane of Figure 4.11, is presented in Figure
4.12. Three different phases associated with the matrix (darker grey), healing particle
(white) and healing oxide (lighter grey), respectively, can be distinguished in both
micrographs.
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Figure 4.12: SEM images of two different areas of the crack plane of a sample
oxidized at 800 °C for 30 min. showing the matrix, healing particle and the healing
oxide that has spread onto the crack plane.

Next, X-ray mapping of Figure 4.12b is performed to affirm the presence of TiO,
(healing oxide) on the crack surface and the results are presented below in Figure
4.13. In Figure 4.13b, oxygen is identified over the whole surface except for the Ti
particles (in white). Ti is identified and mapped in blue over a larger area in Figure
4.13¢, (in the bigger ellipse) an area larger than where only Ti was detected in Figure
4.13b. The overlap of Ti and O within the larger ellipse indicates the presence of
TiO, on the crack surface. This is a clear evidence of crack filling by a particle in the
plane of the crack. With time TiO, continues to form from such particles in the
crack plane, the oxides spreads over the crack surface and fill the crack outwards
contributing to global filling as depicted in Figure 4.9 and 4.10 (d and e).
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Ti inner core

TiO, layer on
crack surface
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Figure 4.13: (a) SEM image of a crack plane after annealing at 800 °C for 30 min.
in air, (b) O ka X-ray map and (c) Ti ke X-ray map of the same area.

Next, looking at the stepwise planar removal of material (parallel to the original
sample surface) of an untested but partially healed sample which was annealed at
800 °C for 1 h to observe crack filling as a function of the depth of the crack. The
results from two different cracks are presented in Figure 4.14 and 4.15. A crack
about 40 um long that is fully filled with lots of surface oxides is presented in Figure
4.14a. The surface oxides are removed in Figure 4.14b to clearly show the fully filled
crack intersection with the original sample surface. Ti particles, which directly
contribute to crack filling (by local bonding and lateral spreading), are observed
along the crack path at point M, N and O. However, at point P no Ti particle is
identified, although the crack in this area is fully filled.
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Figure 4.14: SEM images after annealing at 800 °C for 1 h in air. (a) Fully filled
crack with surface oxides. (b) Crack filling after removal of surface oxides. (c) After
removal of about 3 um thick material, particles at point M diminish, while that at N
and O disappear, new particle which contributes to healing is identified at point P.

About 3 pm of surface material was removed by gentle polishing and the new surface
observations are given in Figure 4.14c. At this depth, part of the particle at point M
still remains and the crack is filled in this area. In contrast, the particles at points N
and O are no longer present, yet, the crack at these areas is still fully filled. A new

particle is now intersected by the crack at point P.
Evidence presented in Figure 4.12 suggests that global filling takes place 3 ym from

the surface at point P, the oxide formed from this particle spread into the crack

outwards to the surface as in Figure 4.14b. Particles at point N and O may have also
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spread downwards into the crack and/or there may still be a particle buried deep in
the crack which fills the crack upward.

Ve B
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10 um

Particle exposed to the crack about 3 um deep
in the crack which contributes to global healing

Figure 4.15: SEM images after annealing at 800 °C for 1 h in air. (a) Filled
crack with surface oxides. (b) Crack not fully filled after removal of
surface oxides. (c) Particle exposed to the crack 3 um in the depth of the
crack which oxidizes and spreads into the crack contributing to global
filling.

Similarly, Figure 4.15a shows a partially filled crack with surface oxides. After
removal of the surface oxides in Figure 4.15b, the area in the ellipse is not filled,
although, oxides can be seen in the crack. After removal of about 3 pm thick
material in Figure 4.15¢, the crack in the ellipse is filled with oxides from a particle

exposed to the crack at this depth. This clearly illustrates global filling by a particle
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buried in the depth of the crack, which given enough time would have continued to

fill the whole crack.

Figure 4.9 and 4.10 have clearly illustrated the local bonding and lateral spreading
stages of crack filling, while Figure 4.12 to 4.15 prove the concept of global filling as
particles identified along the crack path in the depth of the material significantly

contribute to crack filling closer to the surface.

4.4.4 Strength-recovery

The pre-cracked samples were healed at 700, 800 and 900 °C for 0.25, 0.50, 1, 2 and

4 h, and the results of the post-healing fracture strength measurements are presented

in Figure 4.16.
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Figure 4.16: Room temperature flexural strength values of the Al,O5-Ti
composites before, after indentation damage and after healing at the
indicated temperature-time combinations.

The original and the non-healed strength values are also included; each value
plotted is the average of 8 samples tested per condition. The strength of the intact
specimen was 335 + 23 MPa and after indentation at 20 N a crack of length ¢ of 35
um was generated which decreased the initial strength by 32 % to 228 + 22 MPa. In
the reference Al,O;-TiC composite [13] a bending strength decrease of about 50 %
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has been reported for indentation at 20 N, confirming that the current AL, O;-Ti
composite is relatively ductile as expected.

As shown in Figure 4.16, the flexural strength was fully recovered after healing at
700 °C for 4 h, 800 °C for 1 h and at 900 °C for 30 min. with average flexural
strengths of 331, 350 and 360 MPa, respectively. The average bending strength
values after extensive healing were found to be slightly higher than that of the
original samples. This may have resulted from the filling of surrounding pores left
behind after sintering. The period for the first set of healing experiments was
reduced by half to find an optimum healing condition (lowest temperature and
shortest time) at which full strength can be recovered. At 800 and 900 °C for 30 and
15 min., respectively, full strength was recovered at 329 and 347 MPa, respectively.
However, at 700 °C for 2 h only 88 % of the initial strength was recovered. The
optimum healing condition for the studied composite is 800 °C for 1 h or 900 °C

for 15 min.

Further analysis of the failure behaviour of samples after healing revealed that all
samples kept at 800 °C for 1 h and at 900 °C for 15 and 30 min. broke at positions
not connected with those of the (healed) indentation induced cracks. For those three
conditions, the cracks observed were fully filled. For conditions at which the cracks
were recorded to be been only partially filled (such as after healing at 800 °C for 30
min.), it was observed that the crack plane was not fully covered with the healing
oxide, see Figure 4.12, however, local bonding and lateral spreading had occurred.
The (room temperature) failure load was higher than after the indentation, but
sample failure still took place at the sample centre (where the indent was made).
Similarly, after healing at 700 °C for 2 h, cracks were partially filled with oxides from
local bonding and lateral spreading with most of the samples failing along the centre.
At this condition, Figure 4.9¢ and 10c clearly depicts that there was no global filling.

Finally, although cracks were not fully filled after 4 h at 700 °C, substantial global
filling had taken place (see, Figure 4.9d and 4.10d) leading to only 20 % of the
samples breaking along the centre. It can therefore be concluded that local bonding,
which leads to bridging of the crack, significantly increases the residual strength,

however, global filling is vital in obtaining a strong healed zone.

88



On the use of Ti as healing particles

4.4.5 Application of the crack-gap filling model

An estimate of the filling fraction ¥ (i.e. the ratio of volume of oxide formed during
healing with respect to the initial crack volume, cf. Eq. (4.8), can be obtained from
the oxidation kinetics of the healing particles, see Eq. (4.21). However, as the surface
area created when a particle is intersected by the crack is relatively small, more time
is required for an embedded healing particle to fully transform than for a set of free
particles as measured by thermogravimetric analysis; cf. Section 4.4.1. Therefore, the
conversion of the healing particle into the healing oxide in Eq. (4.4.1) is modified to

reflect the increased time required for the transformation of an embedded healing
particle Eq. (4.9). Thus:

a,=a(Tt-f,) (4.22)

e area correction factor Tp is determine comparin e area of the intersecte
Th tion factor fa is det d by paring th f the int ted
particle, which is exposed to the crack gap, to the surface area of the free spherical

particle as:

2m<r>?

f
A 47r?

(4.23)

where < r > is the average radius of the surface of a randomly intersected spherical

healing particle with radius r. It can be shown that:

T
<r>=Zr 4.24
1 (4.24)

hence f A= 2 / 32 and the Eq.(4.8) for the early stage filling fraction becomes:

1-(1- k)

0=——— god (4.25)
w

where all terms have the usual defined meanings, ¢ is 0.8 (i.e. conversion from Ti to
TiO,), ¢is 0.1, d is 10 um and w (measured during SEM observation) is 0.5 pm. The
filling fraction computed from the model according to Eq. (4.25) at different

temperatures is in good agreement with the experimental results; see Figure 4.17.
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Figure 4.17: Predicted filling fraction as function of time at different
temperatures for an initial crack width of 0.5 um and conditions as
specified in the text. the line at 1.0 indicates full filling of the crack gap.

For example, experimentally it has been determined that samples annealed at 900 °C
for 15 min. were fully healed while the model predicts full healing at about 20 min.
Similarly, for samples annealed at 800 °C partial healing was observed after 30 min.,
while full healing was observed after 60 min. The model predicts that, 70 min. is
required for full strength recovery at this temperature. Finally, at 700 °C, all samples
annealed for 120 min. broke along the original crack path in accordance with a

filling fraction of about 55 % predicted by the model.

Next, the model is extended to predict the time when local bonding occurs at the
studied temperatures. The intersected spherical particles will form cylindrical healing
oxide bridges during local bonding across the width of the crack (w). The filling

fraction required for this can be evaluated from:

Vbridge
Viocal = r]p vV (4.26)

9
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Where n, and Vy have been previously defined (cf. Egs (4.4) and (4.6), respectively)
and Vprigge is the volume of the cylindrical oxide bridge formed between intersected
particles.

V,

2
bridge — 7% < r>w (4.27)

in which the average radius of the surface of a randomly intersected spherical healing
particle is defined in Eq. (4.24). Now, the local bridging by the healing particles
according to Eq. (4.26) becomes:

3r?
Yiocal = 5 @ (4'28)

and thus only depends on the volume fraction healing particles ¢ .

This minimal filling fraction required to establish the local bonding stage is
evaluated to be 0.0925. This level is indicated in the insert in Figure 4.17, where it is

seen that at the studied temperatures local bonding can be established in a relatively

short time (i.e. under 1 min. at 800 and 900 °C and in about 4 min. at 700 °C).

The influence of the crack opening distance on the filling fraction is analysed using
the optimum healing conditions from the experiments (i.e. 700 °C for 4 h, 800 °C
for 1 h and 900 °C for 0.25 h). According to Eq. (4.8), the filling fraction is inversely
proportional with the width of the crack and this relation is depicted in Figure 4.18.
It is observed that, at any temperature, doubling the crack width decreases the filling
fraction by about 50 %, hence the width of the crack is identified as a sensitive
parameter in strength recovery. It is also observed that the specified healing
conditions local bonding is always established even at crack openings of up to 2 pm
although the cracks will not be fully filled and will fail along the damaged region.
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Figure 4.18: Calculated fraction of the crack filled y as a function of crack
width for different temperatures and specified times. The dashed line at
0.1 indicates the minimum filling required for the whole crack to be bridged
in the local bonding stage and the line at 1.0 indicates full filling of the
crack gap.

4.5 Conclusions

This work affirms the capability of embedded Ti particles to heal and close up
surface cracks in AlL,O; by oxidation at high temperatures. In a dense Al,O; based
composite containing 10 vol. % of Ti, room temperature Vickers indentation
induced cracks with a radius of 20 pym and a width of less than 1 pm can be fully
filled by annealing 800 °C for 1 h or 900 °C for 15 min. The full filling is
accompanied by a full recovery of the bending strength at room temperature. The
activation energy for oxidation and the indentation fracture toughness were
evaluated to be 136 kJ/mol and 4.5 + 0.5 MPa m"?, respectively. Crack filling
proceeds in three steps: local bonding and lateral spreading and finally global filling
which takes place provided oxygen reaches Ti particles buried in the crack plane.
The bridging of cracks by local bonding leads to significant strength recovery but full
crack filling through global filling is essential in obtaining a strong healed zone. The
results from the kinetic crack-gap filling model are in good agreement with the

experimental results.

92



On the use of Ti as healing particles

Acknowledgements

This research was sponsored by the People Program (Marie Curie ITN) of the
European Union’s seventh framework program, FP7, grant number 290308
(SHeMat). The authors are indebted to Dr A.C. Riemslag for his assistance with

mechanical testing.

93


http://www.sciencedirect.com/science/article/pii/S0955221916302783#gs0005

Chapter 4

References

(1]

(2]

(3]

4]

(5]

(6]

(7]

(8]

9]

(10]

van der Zwaag, S., An Introduction to Material Design Principles: Damage
Prevention versus Damage Management, in Self Healing Materials: An Alternative
Approach to 20 Centuries of Materials Science, S. van der Zwaag, Editor. 2007,
Springer Netherlands: Dordrecht. p. 1-18.

Brown, E.N., N.R. Sottos, and S.R. White, Fracture testing of a selfhealing
polymer composite. Experimental Mechanics, 2002. 42(4): p. 372-379.

Brown, E.N., S.R. White, and N.R. Sottos, Microcapsule induced toughening in

a selfhealing polymer composite. Journal of Materials Science, 2004. 39(5): p.
1703-1710.

Hager, M.D., et al., Selfhealing materials. Advanced Materials, 2010. 22(47):
p- 5424-5430.

Houjou, K., K. Ando, and K. Takahashi, Crack-healing behaviour of ZrO,/SiC
composite ceramics. International Journal of Structural Integrity, 2010. Vol.

1(1): p. 73-84.

Ono, M., et al., A new methodology to guarantee the structural integrity of
AL, O;/SiC composite using crack healing and a proof test. Fatigue & Fracture of
Engineering Materials & Structures, 2007. 30(7): p. 599-607.

Takahashi, K., et al., Threshold stress for crack healing of mullite reinforced by SiC
whiskers and SiC particles and resultant fatigue strength at the healing temperature.

Journal of the American Ceramic Society, 2007. 90(7): p. 2159-2164.

Takahashi, K., et al., Crack-healing behavior of Al,O; toughened by sic whiskers.
Journal of the American Ceramic Society, 2003. 86(12): p. 2143-2147.

Ando, K., et al., Crack-healing behavior under stress of mullite/silicon carbide
ceramics and the resultant fatigue strength. Journal of the American Ceramic

Society, 2001. 84(9): p. 2073-2078.
Ando, K., et al., Crack-healing and mechanical behaviour of Al,O5/SiC composites

at elevated temperature. Fatigue & Fracture of Engineering Materials &

Structures, 2004. 27(7): p. 533-541.

94



On the use of Ti as healing particles

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

Ghosh, S.K., Selfhealing materials: Fundamentals, design strategies, and
applications, in SelfHealing Materials. 2009, Wiley-VCH Verlag GmbH & Co.
KGaA. p. 1-28.

Boatemaa, L., et al., Selection of healing agents for autonomous healing of alumina
at high temperatures. Journal of the European Ceramic Society, 2016. 36(16):
p- 4141-4145.

Yoshioka, S., et al., On the use of TiC as high-temperature healing particles in
alumina based composites. Journal of the European Ceramic Society, 2016.

36(16): p. 4155-4162.

Heffelfinger, ]J.R., R.R. Kieschke, and C.B. Carter, Characterization and
microanalysis of interfacial reactions in metal-matrix composite systems. Journal of

Microscopy, 1997. 185(2): p. 217-224.

Wadsworth, J. and F.H. Froes, Developments in metallic materials for aerospace

applications. JOM, 1989. 41(5): p. 12-19.

Ogbuji, L.U., Development of oxide scale microstructure on singlecrystal SiC.

Journal of Materials Science, 1981. 16(10): p. 2753-2759.

Schuster, P., Formation of cristobalite from silicon carbide. Materials Research

Bulletin, 1969. 4: p. 311.

Gotor, FJ., et al., Kinetic analysis of solid-state reactions: The universality of
master plots for analyzing isothermal and nonisothermal experiments. The Journal

of Physical Chemistry A, 2000. 104(46): p. 10777-10782.

Khawam, A. and D.R. Flanagan, Solidstate kinetic models: Basics and
mathematical fundamentals. The Journal of Physical Chemistry B, 2006.
110(35): p. 17315-17328.

Gutierrez-Gonzalez, C.F., et al.,, Processing, spark plasma sintering, and
mechanical behavior of alumina/titanium composites. Journal of Materials

Science, 2014. 49(10): p. 3823-3830.

Kofstad, P., Hightemperature oxidation of titanium. Journal of the Less

Common Metals, 1967. 12(6): p. 449-464.

95



Chapter 4

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

Ginstling, AM. and V.I. Brounshtein, Concerning the Diffusion Kinetics of
Reactions in Spherical Particles. J. Appl. ChcilL USSR, 1950. 23: p. 1327-
1338.

Kofstad, P., P.B. Anderson, and O.]. Krudtaa, Oxidation of titanium in the
temperature range 800-1200°C. Journal of the Less Common Metals, 1961.
3(2): p. 89-97.

Sestdk, J., Rationale and fallacy of thermoanalytical kinetic patterns. Journal of
Thermal Analysis and Calorimetry, 2011. 110(1): p. 5-16.

Cuadrado, N., et al., Geometry of nanoindentation cube-corner cracks observed by
FIB tomography: Implication for fracture resistance estimation. Journal of the

European Ceramic Society, 2015. 35(10): p. 2949-2955.

Lawn, B.R. and E.R. Fuller, Equilibrium penny-like cracks in indentation fracture.

Journal of Materials Science, 1975. 10(12): p. 2016-2024.

Chen, Z., et al., Microstructures and mechanical properties of Mn modified, Ti-Nb-
based alloys. Journal of Alloys and Compounds, 2017. 723(Supplement C): p.
1091-1097.

Auerkari, P., Mechanical and physical properties of engineering alumina ceramics.
1996, Technical Research Centre of Finland, VTT Manufacturing
Technology. p. 3-36.

Ponnusami, S.A., S. Turteltaub, and S. van der Zwaag, Cohesive-zone modelling
of crack nucleation and propagation in particulate composites. Engineering

Fracture Mechanics, 2015. 149: p. 170-190.

Boatemaa, L., et al., Autonomous high temperature healing of surface cracks in
AlLO; containing Ti,AlC particles Submitted to the Journal of the American
ceramic society.

96



5

On the use of TiC as high-
temperature healing particles in
alumina based composites

This chapter has been published in the Journal of the European ceramic society 36 (16) 2016
p 4155-4162. Authors: Yoshioka, S., Boatemaa, L., van der Zwaag, S., Nakao W. and Sloof,
W. G.

97



Chapter 5

We report on the use of TiC particles as high temperature healing agent in alumina based
composites. The selection of TiC was based on a theoretical analysis of its high
temperature stability in contact with ALOQ,, its volumetric expansion upon oxidation and
the adhesion between the reaction products TiO, with AlLO;. Fully dense 15 and 30 vol.
percent TiC-Alumina composites were made by Spark Plasma Sintering. Initial damage
was produced by Vickers’ indentations. The strength recovery was determined for
temperatures between 400 and 800 °C. The mechanical measurements were complemented

by microstructural characterization of the base material and the healed cracks.
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5.1 Introduction

In recent years there has been a lot of research into the autonomous healing of
surface cracks in ceramics [1-23] and metallo-ceramics (MAX phase materials) [24-
32] by oxidative filling of cracks when exposed to high temperatures. In the case of
metallo-ceramics the healing is of the so-called intrinsic self-healing type [33, 34,
meaning that the metallo-ceramic itself is capable of undergoing an oxidative
reaction resulting in filling of the crack and partial or complete recovery of the
tensile strength. In the case of oxidic ceramics, such a reaction is impossible as the
matrix is already in its oxidized state and cannot undergo any further reaction.
Hence, for such materials the ability to heal surface cracks relies on the presence of
intentionally embedded discrete particles called ‘healing agents’ which show a
desirable response to high temperature exposure to oxygen containing gasses. Earlier
works on such extrinsic healing ceramic systems focused on the oxidation of granular
SiC particles embedded in several oxidic ceramic matrices. Harmer et al. observed
that indentation induced cracks in alumina containing 5 vol. % SiC could be healed
partially by means of annealing at 1300 °C for 2 h [1-2]. However, they also noted
that the formed SiO, could not seal the pre-cracks fully due to the low SiC particle
content. Ando et al. were the first to report in detail on the self-healing behaviour of
SiC particles containing alumina matrix composites as a function of temperature
and annealing time [3-5]. It was shown that alumina containing 15 vol. % SiC
composite can attain a complete strength recovery by annealing in air at 1300 °C for
1 h or at 1200 °C for 10 h [3]. Ando et al. demonstrated that other structural
ceramic matrix composites containing SiC particles as self-healing particles, such as
mullite/SiC [6-7], Si;N,/SiC [8-9], ZrO,/SiC [10-11], also show self-healing
behaviour. They demonstrated that mullite-based composites containing 20 vol. %
of SiC particles could achieve complete strength recovery by various heat treatments
at rather high temperatures, such as annealing for 5 h at 1200 *C or for 1 h at 1300
°C [7]. On the other hand, SisN,/20 vol. % SiC and ZrO,/20 vol. % SiC
composites recovered their room-temperature strength by annealing at relatively low
temperatures e.g. at 1000 °C for 1 h in Si;N,/SiC [9] and at 800 °C for 30 h in
ZrO,/SiC composite [10], respectively. However, it was also observed that Si;N,/ SiC
specimens annealed above 1400 °C and ZrO,/SiC specimens annealed above 1000
°C lose their mechanical properties due to excessive corrosion. In general, relatively

high annealing temperatures (mostly above 1200 °C) are required for adequate
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oxidation of SiC particles in order to seal the crack-gap and to recover mechanical

integrity of ceramics matrix composites.

Several methodologies have been proposed with the aim of enhancing the crack-
healing ability of SiC containing composites. The first attempt involved the
inclusion of SiC whiskers in order to simultaneously improve the fracture toughness,
K, and self-healing ability of the composite [12-15]. Nakao et al. [12] observed that
the Kic value of 20 vol. % SiC-whisker containing alumina based composites
(Kic=5.6 - 5.7 + 0.2 MPa * m"?) is considerably higher than that of monolithic
alumina (Kic=3 - 4 MPa * m"?). Furthermore, it was found for alumina with 20 vol.
% SiC whisker that the minimum healing temperature at which the strength of the
composite can recover within 1 h is 100 °C lower than that of alumina/ granular
SiC composites. The effect was attributed to the larger surface area of the SiC
whiskers per unit of volume. An alternative method to enhance the healing ability is
downsizing of the healing agent [16-17]. Nakao et al. reported that alumina
composite containing 18 vol. % of nano-SiC having a diameter of 10 -30 nm can
attain full strength recovery within 10 h annealing at 950 °C [17]. So, depending on
the morphology and size of the SiC fraction the minimum required temperature for

the complete strength recovery can be varied in range of 950 - 1300 °C.

More recently, some advanced healing agents replacing SiC have been proposed. Abe
et al. developed alumina/ 10 vol. % NiAl composites which can heal cracks within
10 h in 1250 °C [18]. Nanko et al. proposed the use of nano-Ni powder as healing
agents [19-21] and Maruoka et al. observed that alumina with 5 vol. % nano Ni
composites can attain full strength recovery by annealing for 1 h at 1200 *C [21]. In
order to achieve full healing at lower temperatures, Ti containing self-healing agents
has been proposed. For example, mullite with 15 vol. % TiSi; composites can
achieve full strength recovery by annealing at 600 °C for 10 h [22]. The potential of
Ti containing MAX phase, Ti,Al;sSnosC, as healing agent has been studied by Bei et
al. and they found that alumina with 20 vol. % Ti,AlysSnysC composites can recover

their strength fully by annealing for 5 h at 900 °C [23].

A potentially interesting self-healing system not yet studied in any detail is presented
by alumina composites containing TiC particles as the healing agent. The results of a

theoretical analysis of the prevailing reactions and some experimental crack healing
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studies are described below. The results clearly demonstrate that TiC is a potentially

attractive healing agent for alumina matrices.

5.2 Theoretical analysis of the healing potential of TiC in an
alumina matrix

In a recent publication Farle et al. [30] presented a theoretical frame work to predict
the (intrinsic) healing ability of 59 metallo-ceramics on the basis of a number of
fundamental physical parameters such as the thermal stability in an oxidative
environment, the diffusion kinetics, the volume expansion upon oxidation, the work
of adhesion between the reaction product and the matrix material and the CTE and
modulus of the reaction product in relation to that of the parent phase. The first
four parameters give information on the potential crack filling behaviour while the
two latter parameters give information on the quality of the mechanical properties of
healed cracks upon re-loading. In the present analysis we follow their analysis but
focus on the properties relevant for extrinsic self-healing systems based on embedded

granular healing particles.

5.2.1 Thermodynamic stability of TiC

The thermodynamic stability of TiC in the presence of oxygen and that of its
intended reaction product TiO, in the presence of Al,O; is calculated using
FACTSAGE (CRCT-ThermFACT Inc. & GTT-Technologies). In Figure 5.1 the
thermodynamic stability of TiC in air as a function of temperature is shown. The
figure shows that thermodynamically speaking TiC can transform into TiO, even at

room temperature.
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Figure 5.1: Thermodynamic stability of TiC in air versus that of TiO, as a function of
temperature.

For the temperature window of 1000-2000 °C, the calculated phase diagram for the
TiO; and Al O; system is shown in Figure 5.2. This figure shows that there is no
deep eutectic and that the lowest temperature at which a liquid phase is present is
about 1700 °C. Hence, this temperature sets the upper healing temperature ever to

be considered for this system.

According to the phase diagram, at temperatures between 1270 “C and 1800 °C
TiO; can react with AlL,O; and form the intermediate compound Al TiOs. This
reaction product resembles the mullite formed in the SiO, - Al,Oj; system. There are
no reports on the reaction between SiO, and the alumina matrix so the formation of
mullite can be assumed to be quite slow or even absent. We postulate that this also
applies to the AL, TiO5 compound. So provided the healing time is not too long, the
temperature window 1270-1600 °C could be available for self-healing reactions.
Based on the pseudo phase diagram, there are no further reactions between TiO,
and ALQO; below 1270 °C and this indicates that provided all other conditions are
met, the temperature domain below 1270 °C is suitable for self-healing reactions

and prolonged material use.
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Figure 5.2: TiO,-A,10; pseudo phase diagram (i.e. excluding oxides
TiO5-x, Ti305, Tiy03, TlO)

5.2.2 Relative volume expansion (RVE)

Successful crack filing due to solid state chemical reactions requires that the molar
volume of the reaction product is larger than that of the starting healing material in
order to i) (fully or partially) fill the crack, ii) locally reconnect opposing crack faces
and iii) re-establish mechanical integrity. The volumetric growth is expressed as the
relative volume expansion (RVE). In this work we look at the decomposition of a

carbide into a metallic oxide as presented by the following reaction:
MC +20, =MO, +CO, T (5.1)

Hence,

Vo -V
RVE (%) = w*mo (5.2)

MC
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Table 5.1: Reference data used for RVE calculation.

Cell Molar

Compound volume i volume Reference
C (A? V,(cm*/mol) (PDF No.)
SiC 82.77 4 125 01-075-0254
TiC 81.07 4 12.2 04-004-2919
SiO,
(Cristobalite) 176.54 4 26.6 01-082-0512
TiO; (Rutile) 62.43 2 18.8 00-021-1276

Here, Vy is the molar volume of substance X, and is calculated from the following
equation:

C [ASJ*].O_M
Vx(cm3/mol):T*NA(mol’l) (5.3)

where, C is the cell volume of substance X and N is the number of units in each cell.
The crystal data used are listed in Table 5.1. The calculated RVE of TiC is shown to
be more than O % in Table 5.2, implying that TiC can indeed create the extra

volume required for filling the crack-gap upon oxidation.

Table 5.2: Calculated RVE value of TiC and SiC.

Reaction RVE (%)

SiC+20,—Si0, (Cristobalite) + CO, 113.3
TiC+20,—>TiO, (Rutile) + CO, 54.0

According to previous studies [3-4], 15 vol. % fraction of SiC was sufficient for
filling the surface crack with 100 pm and attain full strength recovery of alumina/
SiC composite. Assuming the local crack facing distance of the induced indentation
cracks to be the same one can argue that the optimal volume fraction of TiC self-
healing agent should be of the order of 30 vol. % in order to realize a comparable
self-healing of TiC/ alumina composite and to compensate for the lower RVE value.
Hence, our experimental studies focus on 15 and30 vol. % TiC containing Al,O;

composites.
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5.2.3 Work of adhesion

In order to achieve complete strength recovery, the energy required to separate the
crack-filling oxide from the alumina matrix should be comparable or greater than
the cohesion strength of the alumina matrix. This adhesion energy of the interface
between matrix and crack-filling oxide interface is defined as the ‘work of adhesion’.
This work of adhesion can be expressed by [35]:

— surf surf interface
Waq = _(ymatrix + yoxide) + Vmatrix/oxide (5.4)

where, YU, and ySU. is the surface energy of matrix and oxide, and

y;;‘;?{iﬂ?fgxide is the interface energy between matrix and crack-filling oxide interface.

The value for the interface energy has been estimated from the interaction energies
of the atoms located at each site of the interface [36, 37]. The interaction energies
were calculated from solution enthalpies of an element at one site of interface
dissolved in another element at the other site of the interface. Details of the

calculations can be found elsewhere [38].

The calculated works of adhesions for the relevant interfaces are shown in Figure
5.3. As justified in Section 5.2.1, in the present analysis the formation of AL, TiOsis
ignored. The work of adhesion for the AlLO,/TiO, interface (4900 mJ/m?) and that
for the TiO,/TiO, interface (5630 m]/m?) are greater than that for the AL,O3/AlL,O;
interface (4090 mJ/m?). The latter two values represent the cohesion of the crack
filling and matrix phase, respectively. It means that the crack-healed part in
alumina/TiC could be stronger than the alumina matrix itself. To put these values
in perspective we also report the work of adhesion between Al;O;/SiO, interface

(4020 mJ/m?) which is a well-known self-healing ceramic system.

From these calculations, it can be postulated that the alumina/TiC composites will
attain full strength recovery once the crack is filled up adequately with the TiO,

formed.
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Figure 5.3: Calculated works of adhesion for relevant interfaces.

5.2.4 Comparison of the thermal expansion coefficients

Even if the crack is fully filled by the formation of an oxidic phase at the healing
temperature, this is no guarantee that a strong and reliable bond is formed when the
sample is exposed to a wide range of temperatures. Differences in coefficient of
thermal expansion (CTE) between the matrix and the material formed in the crack
as a result of the healing reaction may lead to local stresses. Hence, it is important to
compare the CTE’s of matrix (Al,O;), healing agent (TiC) and crack-filling oxides
(TiO,). Relevant average CTE values are listed together with the related values for
alumina/SiC composites in Table 5.3. The dependence of CTE on crystal
orientation was not taken into account as the material deposited in the crack is

polycrystalline.
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Table 5.3: Thermal expansion coefficients of relevant compounds in
alumina /TiC and alumina/ SiC composite.

Compound Tempera})tgre range CTE x10° (°C™?) Ref.
ALO 1000-1600 75+0.4 [39]
23 20-2025 7.3-8.3 [40]

6.99 +0.34-7.61 %
Tic 23-848 0.0 [41]
1000-2600 8.31 +0.68 [39]
sic 25-1000 3.2-5.1 [42]
1000-1600 5.68 £ 0.11 [39]
_ . 30-650 7.249 - 8.816 [43]
TiO, (Rutile) 20-1610 8.9-11.1 [40]
Sio, 100-500 10.9 [44]
(Cristobalite) 500-1000 1.7 [44]

From Table 5.3, the CTE values of the matrix, the unreacted healing agent and the
relevant crack-filling oxides in the alumina/TiC system considered are in the range
of 6.99 x 10° to 11.1 x 10® /°C. The maximum mismatch value is 4.45 x 10° /°C
between TiC and TiO, at temperature region from room temperature to 500 *C. In
contrast, the maximum mismatch value in the reference alumina/SiC system is 7.7 x
10 /°C between SiC and SiO, at temperature region from room temperature to
500 °C, and 6.6 x 10° /°C between alumina matrix and SiO, at above 500 °C.
Considering there are no reports on the spontaneous fracture of alumina/SiC self-
healing ceramics due to thermal expansion mismatch, it can be proposed that the
effects of the CTE mismatch in the alumina/TiC composites on structural integrity

can be ignored at this stage.

5.2.5 Comparison of the elastic properties

A healed crack in a ceramic compound may not only be exposed to the thermal
stresses induced by temperature excursions but may also be exposed to mechanical
stresses due to external loading. In this case it is important to compare the elastic

moduli of the matrix, the healing agent and the decomposition product. The
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Young’s moduli of relevant (polycrystalline) compounds in alumina /TiC and

alumina/SiC composites are listed in Table 5.4.

Considering that Young’s modulus of TiC, depends on the carbon level [46], it can
be stated that the Young’s modulus of TiC, is more or less comparable to alumina
matrix, as is the case for SiC. In contrast, the modulus of SiO, and TiO, is
considerable lower than that of matrix. Based on the values reported and given that
full strength recovery has been attained in alumina/SiC system, it is expected that
the alumina/TiC can also yield comparable self-healing levels. Early cracking along
the healed interface is not very likely to occur unless at higher macroscopic stress

levels.

Table 5.4: Young’s modulus of related compounds in alumina /TiC and
alumina/SiC composite.

Density  Young’s modulus

Compound Specimen (%) (GPa)
Sintered bulk >99.6 380-410 [45]
Sintered bulk >99.8 380-405 [45]
Sintered bulk >99.5 398-400 [45]
Al,O3 Sintered bulk >99.6 340-380 [45]
Sintered bulk >99.0 340-380 [45]
TiCyx<1) Thin film - <460 [46]
SiC Sintered bulk >98.0 415 [47]

. Crystalized
0, thin film ) 8 [48]
SiO, Natural single

(Cristobalite) crystal i 652 [49]

In conclusion, based on the theoretical analysis presented above it is to be expected
that autonomous high-temperature oxidative healing of the mechanical integrity of
an Al,O; composites filled with (10-30 vol. %) TiC particles should theoretically be

possible.
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5.3 Experimental

Alumina matrix composites containing 15 vol. % TiC and 30 vol. % TiC, named
Al15TiC and AI30TiC respectively, were prepared and their strength recovery at
room temperature as a function of the healing temperature was studied under the
conditions specified below. Furthermore, the microstructural changes responsible for

the strength recovery were also determined.

5.3.1 Sample preparation

Alumina raw powder (AKP-50, Sumitomo Chemical Co., Ltd.) and TiC powder
(STD120, H.C. Starck GmbH) were used as starting materials. The initial average
sizes were 0.2 and 2 um, respectively. Ball-milling of TiC powder was conducted for
36 h in isopropanol with 610 mm WC ball and a WC jar, resulting in an average
particle size of 0.3 pm. Alumina powder and ball-milled TiC powder were mixed at
either 15 vol. % or 30 vol. % in isopropanol using & 5mm alumina balls and a 1000
ml plastic bottle. After 12 h mixing, the mixed powder was dried in the oven for 24
h at 80 °C. The dried powder was sieved with a 200 um mesh sieve. The sieved
powder was densified by means of spark plasma sintering (HP D 25-SD furnace,
FCT Systeme GmbH) with a ¢ 40 mm carbon mould at 1500 °C for 15 min. in
vacuum condition under 35 MPa. The heating rate was 10°C/min while natural
cooling was used to cool down from the maximum temperature. The typical
thickness of the samples was about 5 mm. The relative density of the sintered bulk
materials as measured by Archimedes’ method was more than 99 %. The sintered
discs were cut into rectangular samples with a dimension of 3 x 4 x 23 mm for four-
point bending tests. Samples were polished in various steps with a final polish using

a diamond paste with a particle size of 0.25 pm.

5.3.2 Strength recovery tests

In order to study the strength recovery of A15TiC and AI30TiC as a function of the
annealing temperature, the strength values of three types of specimen (smooth

specimen, pre-cracked specimen and healed specimen), were determined. Smooth
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specimen refers to samples without any induced damage prior to testing. Pre-cracked
specimens are samples with a standardized pre-crack at the centre of the surface
introduced by Vickers’ indenter. The indentation force was 20 N and the introduced
crack had a surface length of about 100 pm for both sets of samples. The surface
crack opening distance of these cracks could not be established with any real
accuracy but was estimated to vary between 0.1 to 0.5 pm. The two sets of radial
indentation cracks are either perpendicular or parallel to the longest dimension of
the bend test samples. No strong interaction between the indentation induced radial
cracks and the healing particles was observed. The healed specimens are pre-cracked

and have been annealed for 1 h in air at temperatures ranging from 400 to 1000 °C.

The strength of each sample was measured by means of an auto aligning four-point
bending test using the set-up shown in Figure 5.4. The upper and lower span
between the supporting 2 mm diameter steel rollers was 20 and 10 mm, respectively.
The specimen was mounted such that the maximum tensile stress was applied to the
pre-crack or healed crack part. All tests were conducted at room temperature and

with a cross-head displacement velocity of 0.5 mm,/min.

Figure 5.4: Self-aligning four-point bending set-up used.

110



On the use of TiC as healing particles

5.3.3 Structure characterization

The external appearance of the healed cracks was recorded with a laser microscope
(KEYENCE, VK-X) and analysed using image software. The chemical composition
of the reaction product formed in the crack was determined using Electron Probe
Micro Analysis (EPMA) using a JXA-8530F JEOL Ltd microprobe. To enable such
measurements, the surface oxidation layer was removed by using a focused ion beam
(JIB-4501, JEOL Ltd.). The crystal structure of the various phases in the samples
prior and after thermal annealing was determined using XRD (ULTIMA 1V, Rigaku
Co.) operated with Cu K, radiation.

5.4 Results and discussion

5.4.1 Strength recovery

The results of strength recovery tests for both Al15TiC and AI30TiC are shown in
Figure 5.5.
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Figure 5.5: Flexural strength values of AI15TiC and AI30TiC samples after
healing for 1 h in air at the reported temperature.
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The averaged strength of smooth specimens at room temperature was 526 MPa for
All5TiC and 598 MPa for AI30TiC. The averaged strength of pre-cracked
specimens was 208 MPa for Al15TiC and 199 MPa for AI30TiC., i.e. more or less
equal and in accordance with the equal dimensions of the indentation induced
cracks. Figure 5.5 shows that annealing at 400 °C already leads to some recovery of
the strength (this could be due to oxidative healing but thermal blunting of the crack
tip may also play a role). This lowest temperature at which partial strength recovery is
observed is considerable lower than that observed for alumina/SiC composites.
Annealing at 800 “C led to a complete recovery of the strength for both sets of
samples.

5.4.2 Microstructural observations

Laser microscope images of pre-cracked area before and after annealing at each
condition are shown in Figure 5.6 - 5.8 for annealing temperatures of 400, 600 and
800 °C respectively. Figure 5.6 (sample annealed at 400 °C) shows no sign of
surface oxidation and the cracks remain nicely visible. In contrast, Figures 5.7 and
5.8 (annealing temperatures 600 and 800 °C, respectively) show clear signs of

surface oxidation at the location of the TiC particles intercepting the external

surface, and the crack is no longer discernible.

Figure 5.6: Laser microscope image of pre-cracked area of AI30TIiC (a)
before annealing (b) after annealing at 400 °C for 1h. Arrows indicate the
end-points of the radial cracks.
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Figure 5.7: Laser microscope image of pre-cracked area of AI30TiC (a)
before annealing (b) after annealing at 600 °C for 1 h. Arrows indicate the
end-points of the radial cracks.

Figure 5.8: Laser microscope image of pre-cracked area of AI30TiC (a) before
annealing (b) after annealing at 800 °C for 1 h. arrows indicate the end-points of
the radial cracks.

Figure 5.9 shows the SEM image and backscattered electron image around the
healed-crack area of the healed specimen at 800 “C for 1 h after removing the
surface oxidation layer by mechanical polishing using 0.25 pm diamond past. The
healed crack is indicated by arrows in both figures. Taking the result of Energy
Dispersive X-ray Spectrometry into account, it is clear that the crack is fully filled
with the titanium oxide formed. It is interesting to note that the titanium oxide can
be found also at locations in the crack well away from intersected TiC particles. This
lateral spreading of the oxide along the crack is very advantageous for the healing

efficiency. It also should be noticed that TiC healing-agent particles nearby the
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crack surface are still intact. In conclusion: Figure 5.9 confirm that the crack is fully

filled up with titanium oxide upon 800 °C annealing for 1 h.

Figure 5.9: Backscattered electron image of healed- crack area of AI30TiC
annealed at 800 °C for 1h. The external oxidation layer was removed by minimal
mechanical polishing.

The results of XRD analysis of the as-synthesized and the annealed samples are
shown Figure 5.10. Some contamination of TiC with WC was expected due to the
ball milling treatment, but no traces of WC were detected. The diffractogram after 1
h annealing at 400 °C did not differ from that of the as-synthesized specimen. For
higher annealing temperatures clear signs of Rutile were observed, but Anatase and
Brookite were not detected. TiC was still detectable in the sample annealed at 800
°C. This indicates that the surface is not fully covered with TiO, yet and also TiC is
still intact nearby the surface. Also, the formation of AL, TiO; was not detected even
annealing at 800 °C. Those results correspond to the discussion on the surface
observations shown above and the possibility of Al,;TiOs formation during annealing
at high temperatures in section 5.2.1.

Finally, it should be mentioned that at 800 °C full strength recovery was observed
for both A15TiC and AI30TiC material while it was postulated on the basis of the
RVE calculations that in the case of 15 vol. % TiC (i.e. Al15TiC material) the
additional volume created by the oxidation of 15 vol. % TiC might be insufficient to
fully fill and heal the cracks. Clearly the critical volume concentration for full crack
filling depends not only on the length of the crack but also on the average local crack
facing distance (i.e. the total initial open crack volume). [50]. The full healing of the
Al15TiC material may well be attributed to either more narrow indentation cracks
than assumed or easier long-range transport of the Ti atoms along the crack and

through the matrix. Complicated 4D nano-CT tomography measurements of the
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type reported elsewhere for high temperature crack healing in MAX phase material
[51] would be required to establish the degree of crack filling in this material also

below the surface.
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Figure 5.10: XRD patterns of AI30TiC in the pristine state (smooth) and after
annealing for 1 h at the temperatures indicated.

5.5 Conclusions

This paper aimed to study the capability of TiO, as a crack-filling oxide for self-
healing oxidic ceramics and the self-healing property of alumina/TiC composites in
particular. A detailed theoretical analysis of the healing reaction and the intrinsic
properties of the reaction products revealed that TiC is indeed a potentially
attractive healing agent for extrinsic self-healing ceramic systems. Experimental
studies on SPS sintered Al,O;-TiC composites containing 15 and 30 vol. % TiC
particles with a typical diameter of 0.3-5 pm showed complete tensile strength
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recovery by annealing for 1 h at 800 “C. The nature of the healing reactions was
studied experimentally and found to be in accordance with the predicted complete

filling of the indentation induced cracks via Rutile formation.
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In this work the oxidation induced crack healing of Al,0, containing 20 vol. % of Ti,AlC
MAX phase inclusions as healing particles was studied. The oxidation kinetics of the Ti,AIC
particles having an average diameter of about 10 um was studied via thermogravimetry
(TG) and/or differential thermal analysis (DTA). Surface cracks of about 80 um long and
0.5 um wide were introduced into the composite by Vickers’ indentation. After annealing
in air at high temperatures the cracks were filled with stable oxides of Ti and Al as a result
of the decomposition of the Ti,AlC particles. Crack healing was studied at 800, 900 and 1000
°C for 0.25, 1, 4 and 16 h and the strength recovery was measured by 4-point bending. Upon
indentation, the bending strength of the samples dropped by about 50 % from 402 + 35 MPa
to 229 + 14 MPa. This bending strength increased to about 90 % of the undamaged material
after annealing at 1000 °C for just 15 min., while full strength was recovered after
annealing for 1 h. As the healing temperature was reduced to 900 and 800 °C the time
required for full strength recovery increased to 4 and 16 h, respectively. The initial bending
strength and the fracture toughness of the composite material were found to be about 19 %
lower and 20 % higher than monolithic alumina, respectively, making this material an

attractive substitute for monolithic alumina used in high temperature applications.
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6.1 Introduction

Sintered alumina is an attractive material for high temperature applications due to
its heat, corrosion and wear resistance [1, 2]. The strength and hardness of this
material is maintained up to high temperatures [3]. However, the brittle nature of
Al O; results in a poor damage tolerance and hence limits its use [4]. Small cracks or
defects can readily lead to abrupt fracture. Autonomous repair of small crack damage
may postpone or even mitigate failure. It has been reported that crack damage in
alumina can be healed by high temperature oxidation of dispersed SiC dispersed
particles [5-10]. Recently, it has been shown that also dispersed TiC particles can
heal cracks in alumina [11, 12], but requires much lower oxidation temperatures
than SiC particles. Ideally in this case, the crack damage should be healed with
alumina, but that is not feasible with oxidation of aluminium due to its low melting
temperature (660 °C [13]). Hence, in this work oxidation induced repair of crack

damage by dispersed Ti,AIC MAX phase particles is explored.

MAX phase ceramics are a group of ternary carbides and nitrides which exhibit the
properties of both metals and ceramics and are very promising materials for high
temperature applications [14]. They exhibit a unique combination of thermal,
mechanical and electrical properties [15, 16] which arises from its crystallographic
structure. MAX phase materials have an atomic layered hexagonal crystal structure
[17] in which ceramic layers (MX) alternate with layers of pure metals (A), where M is
an early transition metal, X is either a carbon or a nitrogen and A (typically Al or Si)
is usually a group IIIA or IVA element [17]. The general formula is MN+1AXN,
where N equals 1, 2 or 3. The MX layer provides the material with high temperature
strength and stiffness characteristic of ceramics whiles the relatively weakly bonded A
layer provides the material with toughness, ductility, electrical and thermal
conductivity values commonly found in metals [18, 19]. Dislocations in these
materials glide along the basal planes and plastic deformation occurs by a
combination of kink and shear band formation thereby rendering the material
damage tolerant [17].

Of the ternary carbides, the Ti,AlIC phase has generated a lot of interest since its

density is lower than that of other ternaries and it is the most stable phase in the Ti-

Al-C system [20], making it attractive for lightweight high temperature applications.
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Bulk oxidation of Ti,AlIC has been studied isothermally at high and low
temperatures [19, 21]. Due to the selective diffusion of Al, a protective scale
consisting of a continuous inner Al,O; layer and a discontinuous outer TiO, (rutile)
layer is formed [21]. The fast diffusion of Al is due to the energy barrier for
migration of Al being lower than that of Ti and therefore Al diffusion is favoured
during vacancy migration in Ti,AlC [22]. To add to this, the bonding between Ti
and C is strongly covalent, whereas the bonding between Ti and Al is relatively weak
[23]. Hence, the mobility of Ti and C atoms by vacancy-assisted diffusion is retarded
much more than that of Al atoms [24]. The combined effects results in preferential

migration of Al atoms in the substrate leading to the formation of a protective a-

ALO; scale.

Cracks in bulk Ti,AIC have been shown to self-heal when the material is annealed at
high temperatures in an oxygen rich environment. Multiple crack healing has also
been demonstrated [25] making Ti,AlC a viable healing agent for the (extrinsic)
healing of surface cracks in ceramics [7, 26-28]. The suitability of Ti,AlC as a healing
agent in alumina is in line with the generalised 6-point selection process for healing
agents in inert oxide ceramics presented in [13]: (i) Ti,AIC has sufficient high
melting temperature of 1625 °C [29] making it sinterable, (ii) It expands with a
relative volume expansion of about 57 % upon formation of its oxides and (iii) its
coefficient of thermal expansion (CTE) is 8.2 x 10 K [30], this is comparable to
that of alumina which ranges between 7.1 - 8.3 x 10° K™ [31], therefore only mild
thermal stresses generate upon cooling from the sintering temperature. After
annealing the Ti,AlC healing particles under appropriate conditions both TiO, and
AL, O; are formed. The latter is the same as the matrix material and will therefore
exhibit the same physical and mechanical properties, hence only the viability of TiO,
as a healing oxide is assessed hereafter. (iv) TiO, has a melting temperature of 1857
°C, i.e. it is still a solid when the composite is operated as high as 1400 °C, (v) the
work of adhesion between TiO, and Al,O; is higher than that between atoms of
AL, O; implying a strong bond of the oxide to the matrix [13]. Lastly, due to the
difference in CTE tensile stresses may be generated in the TiO, healing layer but the
calculated value is well below the tensile strength of Al,O; [13]. Hence, Ti,AIC
passes the primary selection criteria as a suitable healing agent for Al,O; and this

potential suitability is thus investigated experimentally in this study.
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The Ti,AlgsSngsC is another MAX phase which has been used as a particulate
inclusion to heal surface cracks in Al,Os [32]. The composite contained 20 vol. % of
the healing particles and complete flexural strength recovery was observed after
annealing at 700 °C for 48 h or at 900 °C for 0.5 h for samples containing cracks
typically 300 um long and 0.5 pm wide. After annealing SnO,, TiO,, and AL, O; were
detected close to the sample surface, while SnO, was not detected deeper inside the

crack gap.

The current work concerns the synthesis of Ti,AIC MAX phase and a study of its
isothermal and non-isothermal oxidation behaviour. The recovery of the fracture
strength of Al,O; composites containing 20 vol. % of the Ti,AlC particles is
investigated by micro indentation, subsequent high temperature annealing and

finally 4-point bending at room temperature.

6.2 Experimental procedure

The Ti,AlC was first synthesized from elemental powders of Ti (5 pm, 99.5 % purity
from Chempur, Germany), Al (5 um, 99.5 % purity from Alfa Aeaser, Germany) and
TiC (5 pm, 99.5 % purity from Chempur, Germany). The powders were mixed in
molar compositions of 1.15:1.1:0.85, respectively, with zirconia balls in a Planetary
ball mill PM 100 (Retsch, Germany). A combination of zircona balls with 10 and 5
mm diameter were used to attain an even mixture with a powder to ball mass ratio of
2:1. The mixing profile was 150 rpm for 4 h in argon with an on and off period of
20:10 min. The mixed powders were packed into 40 mm carbon moulds and
reactively sintered by Spark Plasma Sintering (SPS) using a HP D 25 SD furnace
(FCT Systeme, Germany). The samples were heated up at 60 °C/min from ambient
temperature and held at 1350 °C for 2 h under vacuum. A pressure of 5 MPa was
applied from the start until 20 min after 1350 °C was reached, then the pressure was
increased to 50 MPa for 1 h and 40 min. The samples were cooled to room
temperature at 100 °C/min.

The MAX phase tablets were fragmented using TiN coated drill bits and crushed
with a heavy press. The pieces were milled in the planetary ball mill at 300 rpm in

isopropanol for 10 h with an on and off period of 20:10 min. To powder the
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material to submicron size range, tungsten carbide balls (with 20 and 10 mm
diameter) were used. And for a narrow distribution of the particles a size separation
was done by suspending the powders in isopropanol. Powders that sunk to the
bottom within 1 h were re-milled until an acceptable size was achieved. The size
distribution of the milled particles was measured by laser diffraction using a
Microtrac 3500 (Microtrac Inc., USA). Subsequently, the composite was made using
high purity (4N) Al,O; powder (Sumitomo Chemical Co., Ltd, Tokyo, Japan) with
an average particle size of 0.2 pm and 20 vol. % of the prepared Ti,AlC powder. The
powders were mixed with isopropanol in a Turbula mixer T2C (Willy A. Bachofen,
Switzerland) for 24 h using zirconia balls (with 10 mm and 5mm diameter). After
drying, the cake was ground and passed through a 200 um sieve before sintering.
The thoroughly mixed powder was packed into a 40 mm mould and heated at 20
°C/min up to 1300 °C and held for 10 min in argon under 50 MPa in the SPS
furnace. After sintering the system was cooled naturally by lifting up the pistons to
avoid thermal shocking of alumina. The density of the composite was measured by
the Archimedes method using an analytical balance (Mettler Toledo AG-204,
Switzerland) according to ASTM B 311-93 [22].

The oxidation behaviour of the synthesized pure Ti,AlC particles was studied
isothermally and non-isothermally by thermogravimetric and/or differential thermal
analysis (TGA or DTA) using a SETSYS Evolution 16/18 simultaneous thermal
analyzer (Setaram, France). This thermal analyser is equipped with an S-type
thermocouple which is operable up to 1700 °C. The Ti,AlC powder (20+1 mg) was
put into an AlLQO; crucible (100 plL) and the furnace was heated from room
temperature to 1400 °C with 4 °C/min. For the isothermal experiments, the samples
were heated in the furnace from room temperature with 10 °C/min under pure N,
(with H,O <10 ppm) supplied at 50 sccm, when the desired temperature was
reached the volume of N, was reduced by 20 % and replaced by O, thereby
generating synthetic air in the furnace. After the 10 h hold the sample was cooled
down with 10 °C/min under pure N, flowing at 50 sccm. The mass change curves
were corrected for buoyance by performing a thermogravimetric measurement under

the same conditions but using an empty crucible.

The oxides formed during isothermal oxidation of the Ti,AIC particles were
analysed with X-ray micro analysis (XMA) and/or X-ray diffraction. A JSM 6500F
(JEOL, Japan) scanning electron microscope (SEM) equipped with an energy
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dispersive spectrometer (EDS) for X-rays was used for the XMA. The EDS is an
UltraDry detector (30 mm?) with Noran System Seven software package (Thermo
Fisher Scientific, USA) for data acquisition and analysis. The SEM was also used for
observing the shape and size of the MAX-Phase particles, the microstructure of the
composite, the size of the indents and the cracks. After healing the products that

filled the cracks were analysed by XMA.

The phase purity and composition of the samples were analysed by X-ray diffraction
using a Bruker D8 Advance diffractometer (Bruker, Germany) equipped with a
graphite monochromator. Diffractograms were recorded with Co or Cu Ka radiation
in the 26 range of 20 to 90 ° with a step size of 0.034 ° and a dwell time of 2 s. The
diffractograms were processed with the accompanying Diffrac. EVA 4.1 Bruker

software.

To study the strength recovery of the alumina with Ti,AlC particles, SPS produced
samples were machined to 3.0 x 4.0 x 26.0 mm rectangular bars with bevelled edges.
The surfaces of the bars were polished with a 1 pm diamond suspension in the final
step. Cracks were introduced at the centre of the bar by means of Vickers’
indentation using a Zwick/Z2.5 hardness tester (Zwick, Germany) under
displacement control mode of 0.5 pm/s with a maximum load of 30 N held for 20 s
at load. The indenter was oriented such that the radial cracks were perpendicular to
the tensile stress induced during 4-point bending. Annealing to repair the cracks was
carried out in a Carbolite TZF 17/600 furnace (Carbolite Gero, UK) at temperatures
ranging from 800 to 1000 °C for 0.25, 1, 4 and 16 h in air. The furnace is equipped
with an S-type thermocouple close to the centre of the furnace thereby measuring

the true sample temperature in the middle of the furnace.

The bending tests were performed at room temperature using a 4-point self-aligning
stage with a 20/10 mm span and hardened steel rollers with 2 mm diameter [23].
The stage was mounted on Instron 5500R (Instron Corporation, USA) material
testing frame. A 10 kN load cell was used and the cross-head was displaced at a
velocity of 0.5 mm/min. The bar specimen was placed such that its centre coincided
with the middle of the spans.
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6.3 Results and discussion

6.3.1 Synthesis of Ti,AlC particles and the alumina composite

The microstructure of the synthesized Ti,AlC is shown in Figure 6.1, the light grey
areas are the Ti;AlIC MAX phase and the darker areas are pores and impure phases.
X-ray diffraction and X-ray microanalysis of different samples showed that it was
mostly high purity single phased Ti,AlC while a few samples had small patches of
either Ti;AlC, TiC and/or Ti;AlC, as impurities, see Figure 6.2.

Figure 6.1: Microstructure of the sintered TiAlc pellet.

The formation of the impurities is not fully controlled and understood at
this point, but is thought to be related to the melting of the aluminium

powder during the sintering process.
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Figure 6.2: Diffractograms showing purity levels of the sintered material
(a) Ti,AIC with TiC and TizAlIC impurities (b) Ti,AIC having TisAIC,
impurities and (c) pure Ti,AlC.

After powdering the Ti,AlC, the particle size distribution ranged between 2 and 23
pm with an average size of about 10 um. The particles as observed with SEM were
irregular, platelet, cylindrical or whisker shaped depicting the underlying laminar
structure of the MAX-phase.

It was observed that the elongated MAX phase particles in the composite were evenly
dispersed as shown in Figure 6.3. At a relatively low magnification these particles
appear to be aligned perpendicular to the direction of the applied pressure during
sintering, however at a high magnification this alignment is not apparent. XRD and
XMA analysis of the composite showed that, no chemical reaction had taken place
between the healing particles and the matrix implying that the particles were intact

and ready to be used for crack healing when exposed to the appropriate conditions.
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. . S ¢ O ¥l
Figure 6.3: Sintered composite showing homogenous distribution of Ti,AlIC
particles (light) in alumina (dark).

6.3.2 Oxidation kinetics of the Ti,AIC particles

When Ti,AlC powder is exposed to an oxidative environment at high temperatures,
Ti and Al oxidise eventually to rutile (TiO,) and alumina (Al,O;), respectively. To
identify which oxide is formed at what temperature a combined non-isothermal
TGA and DTA of the Ti,AlC powder in dry synthetic air was performed from room
temperature to 1400 °C with 4 °C/min. The results presented in Figure 6.4 show
that there are two main peaks one at 580 and another at 910 °C, which are likely to
be associated with the formation of TiO, and Al,Os, respectively.

To identify which material is formed in the first and second peaks in Figure 6.4,
non-isothermal oxidation experiments were executed with the Ti,AlIC powder in dry
synthetic air up to 760 °C and 980 °C. X-ray diffraction of the oxidized powder
heated up to 760 °C indicates that about 40 % of the starting material remains un-
oxidized and equal amounts of rutile and anatase (TiO,) were identified including a
little amount of TiAl. When heating the Ti,AlC powder up to 980 °C, it is fully
converted into TiO, and ALQOs. Thus, the remaining powder and any intermediary
phase (e.g. anatase and TiAl) are converted to rutile and corundum (a-alumina) in

the second peak; cf. Figure 6.4
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Figure 6.4: Oxidation kinetics of Ti,AIC powder in air at 4 °C/min: heat
flow, fraction converted and rate of mass change (recorded mass change
differentiated) versus temperature.

Also, isothermal thermogravimetric oxidation experiments were performed with the

Ti,AlC powder in dry synthetic air for 10 h in the temperature range of 560 °C to

1060 °C; see Figure 6.5. After each annealing treatment, the oxidation products

were identified by XRD.
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Figure 6.5: (a) Isothermal conversion of Ti,AIC at different oxidation
temperatures for 10 h in dry synthetic air as determined from
thermogravimetric analysis, (b) enlargement showing the first hour.

The oxidation rate of the Ti,AlC powder decreases with time due to the increasing

thickness of the oxide shell which acts as a strong diffusion barrier as shown in
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Figure 6.5. Above 800 °C the oxidation proceeds very fast with all Ti,AIC being
converted in 2 h at 860 °C and in 20 min at 960 and 1060 °C. However, at low
temperatures the reaction proceeds at the same rate as at the high temperatures for
the first few minutes before deviating to grow at a much slower rate. Thus, after 10 h
80 % of the Ti,AlC powder kept at 760 °C had been transformed, while at 660 and
560 °C only 30 % and 40 % had been transformed, respectively.

At 560 °C and 660 °C only rutile and TiAl were detected with large amounts of the
starting material; see Figure 6.6. At 760 °C, alumina and rutile are detected with
some amount of the MAX phase. At 860 °C and above only rutile and alumina are
detected. The formation of TiAl is due to simultaneous selective oxidation of carbon

(transformed into CO, as observed with mass spectrometry) and formation of TiO,.
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Figure 6.6: Mass fractions of the Ti,AIC starting material and the oxidation
products at different temperatures after 10 h of oxidation in dry synthetic
air.

A deviation in the rate of the oxide growth at 660 °C is observed after about 20 min
of exposure leading to only 30 % of the material being converted, while at 560 °C
almost 40 % of the powder was transformed at the end of 10 h of oxidation period;
see Figure 6.5b. This irregularity is likely due to the initial formation of anatase at
560 °C (according to XRD results of the non-isothermal oxidation) which grows
faster [24] and is a porous and non-protective oxide [34] . At higher oxidation
temperatures (660 °C and above) rutile is formed which hinders ‘fast oxidation” of the

underlying material [24].
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6.3.3 Mechanical properties of the Al,0;-Ti,AlC composite

Surface cracks were introduced in the composite material by Vickers indentations
with varying load. Application of a load of 20 N resulted in a crack of about 80 + 5
um in length (2c), at the same load the crack registered in the alumina containing 20
vol. % of TiC composite was 100 + 8 um [11[. The relationships between load and
crack length for an Al,O; matrix containing either Ti,AlC or TiC are plotted in
Figure 6.7. From these data the fracture toughness of the alumina with 20 vol. %
TiC was evaluated to be 4.3 + 0.1 MPa m"?[11], while that of the alumina with
TL,AIC is 4.9 = 0.5 MPa m"”? indicating an increased resistance to fracture. This
observed toughening behaviour is brought about by the mechanical behaviour and
properties of both the matrix and the incorporated healing agent [35]. However, the
initial average bending strength of the AL,O; with 20 vol.% Ti,AIC is smaller than
that of the ALLO; with 15 vol. % TiC composite, 415 + 28 versus 526 = 90 MPa
[12]. The size of the TiC healing particles is on average much smaller than that of
Ti,AlC, i.e. 2 versus 10 pm. It can be assumed that the strength of the composite

decreases as the size of the healing particles increases [36)].
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Figure 6.7: Comparison of the length of Vickers’ indentation induced
cracks with length c generated in Al,Os/ Ti,AIC and Al,O3/TiC composite
[23].

Depending on the direction of a crack and the local stress intensity factors a crack
may be bridged, deflected or arrested (Figure 6.8) as it approaches a second phase
component [37]. The MAX phase exhibits some ductility leading to absorption of
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energy at the tip of an approaching crack, thereby blunting the crack tip (Figure
6.8a). Its whisker like shape may bridge the cracks (Figures 6.8b and 6.8¢c) causing a
significant shielding effect [38].

Figure 6.8: Toughness enhancement mechanisms of Ti,AIC in Al,O3;. SEM
images (a) Cracks blunted by particle, (b) and (c) Cracks intersecting a particle or
diverted along the particle-matrix interface.

In contrast, crack driving forces are amplified in the wake of softer particles leading
to anti-shielding effects [39]. Finally, micromechanical models for crack particle
interaction in brittle particulate composites [39] have shown that a crack in the
matrix is attracted to the particles if the elastic modulus of the particles is lower than
that of the matrix. In this case the elastic modulus of Ti,AlC is 277 GPa 40, and it is
lower than that of alumina which is between 380 - 410 GPa [41], hence cracks are
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attracted to the Ti,AlC particles. It is worth pointing out that growing of cracks
through the particles or along the matrix-particle interfaces are acceptable as in both
cases the particle content is exposed directly to the crack volume which is essential

for the self-healing reaction to take place.

6.4 Strength Recovery of the Al,0;-Ti,AlIC composite

The strength values of the virgin composite samples, the damaged samples and the
healed composites as measured by 4-point bending tests are shown in Figure 6.9. It
is noted that the long axes of the elongated Ti,AlC healing particles are aligned
perpendicular to the sample surface at which the load is applied. Each data point

represents an average of 8 samples. The initial average strength of the composite was

415 £ 28 MPa.
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Figure 6.9: Flexural strength of studied materials attained by 4-point
bending.

For the indented samples the strength decreased to 229 + 14 MPa which is about 50
% of the initial strength. After annealing at 1000 °C for 15 min the strength
significantly increased to 354 + 29 MPa which is about 90 % of the initial strength.
After 1 h at the same temperature full strength was almost regained at 97 % and

after 4 h complete strength was recovered. There was no significant difference in the
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strength regained for samples kept at 900 °C for 1 and 4 h as strength regain of 94
and 95 % was registered, respectively. Similarly, at 800 °C the strength recovered was
92 and 90 %, for 4 and 16 h respectively. Most healed samples fractured next to the
healed crack, indicating a strong adhesion between the healing oxide and the Al,O;
matrix. However, samples with cracks that were not fully healed fractured along the

original crack path, since the unfilled parts of the crack acts as initiation sites.

Surface observations of the healed samples by SEM in the as-annealed state (Figure
6.10a) showed that upon annealing at 800 °C for 4 h there was significant local
volume expansion at the site of some Ti,AlC particles (as expected) but surprisingly
not all particles showed this volume expansion. This may be because the basal planes
which enhance outward diffusion of the elements may be aligned or titled away from
the surface of the sample. Upon polishing the sample, it is clear that crack filling
starts at the particles intersected by the crack and it is also clear that the cracks are
not fully filled (Figure 6.10b). This is somewhat remarkable given the high strength
recovery of 92 %. The high strength recovery is attributed to bridging of the gaps by
oxides formed locally from particles exposed to the crack. Recent work on in-situ
monitoring on monolithic Ti,AIC material [42] proved that even for reactive

materials crack filling can occur well below the external surface.

Unfilled region

Filled areas

Figure 6.10: SEM images of sample kept at 800 °C for 4 h (a) unpolished
surface (b) polished surface. The crack is partially filled as indicated by
the arrows.
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After annealing at 900 °C for 1 h cracks were found to be seemingly fully filled with
TiO; and small amounts of ALLO;. Upon annealing at 1000 °C for 1 h cracks were
found to be fully filled with Al,O; and TiO,. Figure 6.11 shows the same area of a
sample captured before oxidation (a), after oxidation at 1000 °C for 1 h (b) and after
the surface is polished to show the extent of filling attained (c).

Figure 6.11: SEM images of the same crack area before and after healing
at 1000 °C for 1 h in air. (a) Before oxidation (b) After oxidation before
polishing (c) Polished surface showing fully filled cracks.
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The completely filled crack path in the healed sample can be identified as a line
filled with TiO, (light) and interrupted by Al,O; (dark). The set of SEM observations
clearly demonstrate the lateral expansion of the oxides formed at the healing particle
into the crack which is not in direct contact with a particle. This lateral expansion of
the oxides formed at the healing particles has often been assumed, but had not been

demonstrated as convincingly as in this set of micrographs.

At the studied temperatures and conditions, no reaction was observed between
alumina and the dispersed Ti,AlIC particles or the healing agents (TiO, and AlL,O3).
Therefore, the healing ability of the Ti,AlC particles is not in hindered in any way by
an intermediary reaction. However, the rate of oxidation of the embedded particles
will only be slower due to the reduced reaction area in comparison to the free

particles.

6.5 Stability of the dispersed MAX-phase in the Al,O;
matrix

The success of the extrinsic healing approach as used in this research depends on the
healing particle remaining unaffected by the exposure conditions of the sample and
not decomposing before a crack intersected the particle. Such an unprompted
reaction would not only lead to a reduction or loss of the healing potential but
would also induce local stresses in the Al;O; matrix. This may lead to a reduction of
the tensile strength and in the limit even to spontaneous crack formation. To
examine the stability of the healing particles in the (non-oxygen permeable) alumina
matrix cross section of undamaged samples kept at 1000 °C in ambient air for 64,
128 and 256 h have been made, Figure 6.12a and b show the microstructures of the
samples kept at 64 and 256 h, respectively. The micrographs show that at the surface
a dense layer of Al,O; formed first but also some TiO, particles were observed on the

surface.

Most importantly, the cross sections showed that even for the longest exposure time
of 256 h a depletion layer of less than 20 pm from the surface is observed. The
Ti,AIC particles within this layer do not have the stoichiometry of the starting
material due to the diffusion and subsequent oxidation of Ti, Al and/or C at the

140



On the use of Ti,AIC as healing particles

surface. Beyond this depth, XMA confirms that the MAX phase particles retain their
original stoichiometry of 2:1:1 of Ti:Al:C. This depth of depletion appears to
coincide with the maximum size of the MAX phase particles which is 23 pm and
confirm that the diffusivity of oxygen in alumina is very low [43] and hence alumina
acts as a strong barrier against oxidation of particles embedded in the depth of the
composite. The orientation of the basal planes of a particle to the surface may also
influence the rate at which Al and Ti diffuse out. While it is highly desirable that the
affected zone near a free surface is restricted to the diameter of the healing particle
(i.e., the particles do not react unless intersected by a crack), the combined effect of
particle size and particle volume fraction determine and limit the amount of material
to be deposited in the open crack. This dependence has been analysed numerically
in detail for healing particles in polymeric matrices [44], but the analysis equally

apply to the current case of high temperature ceramics.

Depleted Ti,AlC particle
Intact Ti,AlC particle

Surface Oxide (TiO,)

Surface Oxide (ALO,)

A1203 matrix

Jyiv

| 10 um

Figure 6.12: SEM cross sectional view of the composite at 1000 °C in air
for (a) 64 and (b) 256 h showing the depletion of Ti and Al from the Ti,AIC
particles close to the sample surface.
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6.6 Conclusions

The oxidation behaviour of Ti,AlC particles and its ability to heal surface cracks in
Al Oj; containing 20 % by volume was investigated. Non-isothermal analysis revealed
that oxidation starts at 600 °C, but the temperature for efficient healing is between
800 and 1000 °C. The Ti,AlC material is a suitable healing agent for alumina and
composite materials containing 20 vol. % of 10 micron sized Ti,AIC particles as
there was significant tensile strength recovery at 900 °C for 1 h or 1000 °C for 15
min. At these temperatures, the cracks are filled by both TiO, and Al,O;. Healing at
800 °C required 16 h.

Most importantly, the results showed that the particles embedded in the matrix and
not touching the outer sample surface did not decompose upon long term high
temperature exposure and remained potentially active in the non-oxygen permeable
Al,O; matrix unless intersected by a crack. While not explored for times longer than
256 h at 1000 °C this is a very important finding indicative that Al,O; ceramics
filled with Ti,AlC particles may have long term self-healing ability and can be of

industrial relevance.
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Chapter 7

Closure of surface cracks by self-healing of conventional and MAX Phase ceramics under
realistic turbulent combustion chamber conditions is presented. Three ceramics namely;
ALO,, Ti,AlC and Cr,AlC are investigated. Healing was achieved in Al,0, by even dispersion
of TiC particles throughout the matrix as the MAX phases, Ti,AlC and Cr,AIC exhibit
intrinsic self-healing. Fully dense samples (> 95 %) were sintered by spark plasma sintering
and damage was introduced by indentation, quenching and low perpendicular velocity
impact methods. The samples were exposed to the oxidizing atmosphere in the post flame
zone of a turbulent flame in a combustion chamber to heal at temperatures of approx. 1000
°C at low pO, levels for 4 h. Full crack-gap closure was observed for cracks up to 20 mm in
length and more than 10 um in width. The reaction products (healing agents) were
analysed by SEM, XMA and XRD. A semi-quantification of the healing showed that cracks
in ALO,/TiC composite (width 1 um and length 100 um) were fully filled with TiO,. In
Ti,AlC large cracks were fully filled with a mixture of TiO, and Al,0;. And in the Cr,AlC,
cracks of up to 1.0 um in width and more than 100 um in length were also completely filled
with ALLO,,
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7.1 Introduction

In recent years the possibility to oxidatively heal surface cracks in high temperature
ceramics and metallo-ceramics and to restore mechanical strength at least once has
been demonstrated in quite a number of laboratory studies [1-3]. In these laboratory
studies relatively high oxygen potentials (comparable to those in heated air) and
stagnant air were imposed and the samples were not exposed to any mechanical
vibration during the healing treatment. These conditions differ significantly from
the prevailing conditions (low partial pressure, very high gas flow velocities and
extensive mechanical vibrations) in combustion chambers, where such self-healing
ceramics are supposed to be used [4]. The work presented here describes the self-
healing behaviour of three grades of self-healing ceramics under realistic combustion
chamber conditions. The materials to be tested are an extrinsic self-healing system
(alumina containing TiC particles as healing agent) and two intrinsic self-healing
metallo-ceramics (Cr,AlC and Ti,AlC), for which attractive self-healing behaviour

under laboratory conditions had been demonstrated previously.

The early research on self-healing high temperature ceramics focussed on so-called
extrinsic self-healing concepts, in which the crack filling reaction is due to the
presences of discrete reactive particles homogeneously distributed in an inert ceramic
matrix [4-6]. When a crack is formed in the matrix, the reactive particles in the path
of the crack are dissected and oxygen from the environment flowing through the
crack can react with the healing particle. In case the reaction product has a larger
specific volume than the original particle the excess volume can fill the crack and
restore mechanical contact between both opposing crack faces. In case the reaction
product adheres relatively well to the matrix material, the filling of the crack not only
leads to its sealing but also to the restoration of the tensile strength of the once
broken sample. The early work focused on the use of SiC particles or fibres to heal
SisN,, mullite and alumina matrices [5, 7, 8] as SiC has a desirable oxidation
behaviour leading to the formation of SiO, which has a good bond strength to many
ceramic matrices. By using SiC particles with a size of about 0.3 ym the bending
strength of SisN,/SiC composites could be recovered more or less completely by
healing between 900-1400 °C for 1 h in air. For the optimum healing temperature
of 1300 °C the specimen fractured even outside the healed zone [5]. Similarly,

surface cracks of diameter 100-200 um in mullite were completely healed after heat
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treatment at 1300 °C for 1h in air. The crack-healed zone even had a bending
strength 150 + 30 MPa higher than that of the as received material [7].

The optimal volume fraction of granular healing particles was found to be between
15 and 30 % [9-11]. In recent work it has been shown that SiC whiskers rather than
granular SiC particles can improve the healing capabilities even further [8] and
restore not only strength but also fracture toughness. It was shown that surface
cracks with a length of 100 pm could be healed in a composite containing 20 vol. %
of 30 -100 pm long SiC whiskers. The fracture toughness increased from 3-
4 MPa m"? for monolithic alumina to 5.6 MPa m"?, and it was reported that the
average bending strength after healing is 970 MPa as compared to 1000 MPa for the
virginal material. Since then, systematic studies have been done on the effect of
crack healing conditions on the mechanical behavior of the crack healed zone [4, 12]
the maximum crack size which can completely be healed [13] and the crack healing

behavior under static or cyclic loading and crack healing potential [5, 14].

While SiC additions work rather well, the temperature to induce optimal healing is
rather high (1300 °C) and there is a need for lower healing temperatures. TiC has
recently been identified and an attractive alternative [15]. The potential of TiC in
healing alumina was assessed based on detailed theoretical analysis of the healing
reaction and the intrinsic properties of the reaction products TiO, (rutile). A
systematic analysis of its thermodynamic stability, relative volume expansion, work of
adhesion between the healing agent and the matrix, and a comparison of the
coefficient of thermal expansion between the matrix and the healing oxide revealed
TiC is indeed a potentially attractive healing particle for extrinsic self-healing
ceramic systems. Experimentally this was proven when surface cracks of length 100
pm in ALO;-TiC composites containing 30 vol. % TiC particles showed complete
tensile strength recovery by annealing for 1 h at 800 °C in air.

The alternative approach to extrinsic self-healing systems in which the healing
reaction is due to the intentional addition of a sacrificial phase is that of intrinsic self-
healing systems in which the material itself can locally undergo healing reactions. In
2008 metallo-ceramic MAX phases, in particular Ti;AlC,, were shown to
demonstrate significant self-healing when exposed to high temperatures in oxygen
containing atmospheres [16, 17]. The underlying mechanism in the healing reaction
is the selective oxidation of the A element in the MAX phases, such as Ti;AlC, and
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Ti,AlIC as well as Cr,AIC [16, 18, 19]. Cracks in Ti,AIC MAX phase ceramics of up
to some millimetres in length and about 5 pm in width can be healed by oxidation at
1100 °C in air within 2 h [17, 20] leading to full strength recovery. Also cracks
running along the same path as previously healed cracks can be restored several
times [17]. The healing is due to the extensive formation of Al,O; in the crack with
minor amounts of TiO, phase. Cr,AIC MAX phase also shows good self-healing
behaviour but the reaction rates are a bit slower. Yet the guaranteed absence of the
weak TiO; in the healed cracks may lead to higher strength values for the healed
material [21]. Hence Ti,AlC and Cr,AlC were selected for testing under combustion
chamber conditions as both materials meet all requirements postulated for successful
healing of crack damage [22], e.g. preferential oxidation and fast diffusion of the A-
element, volume expansion upon oxidation and adhesion of the healing product to
the matrix. As earlier studies [19, 23] on the MAX phase materials have shown that
the healing kinetics and the mode of filling of the cracks depends on the grain size,
Cr,AlIC samples were produced having two different average grain sizes. The
influence of commonly present impurities, such as TiC and TiAl, in Ti,AlC are

considered by producing MAX phases of different purity grades.

Apart from their self-healing potential MAX phases have interesting mechanical and
physical properties, which make them interesting materials for combustion
chambers: They are stable up to high temperatures and corrosion resistant [1-3, 24].
Their high thermal conductivity makes them thermal shock resistant [25] and their
static strength is maintained up to high temperatures, above which creep will

become the limiting factor 26, 27].

In the present work we will demonstrate the self-healing behaviour of three
promising self-healing ceramics (alumina with TiC as healing agent, phase pure and
impure Ti,AlC and fine and coarse grained Cr,AlC) under real combustion chamber
conditions. First the synthesis of these ceramics will be outlined. Then their
microstructure and oxidation behaviour will be discussed. Next, different methods
to create crack damage are presented. Finally, the results of testing the self-healing

ceramics with crack damage under real combustion conditions are evaluated.
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7.2 Materials and methods

7.2.1 Synthesis

Discs of the self-healing ceramics Al,O;/TiC, Ti,AlC and Cr,AlC with a diameter of
20 mm and a thickness of about 5 mm were prepared by spark plasma sintering
(SPS). The powders used to sinter the materials are listed in Table 7.1. These
powders were mixed with the molar ratios specified in Table 7.2 using a
Turbula T2C Mixer (Willy A. Bachofen, Switzerland), and 5 mm alumina balls for
24 to 48 h. The ball to powder weight ratio was about 3:1. The powder mixtures for
Ti,AlC and AL, O;/TiC were sintered directly in the SPS furnace (HP D 25 SD, FCT
Systeme GmbH, Germany) using a graphite mould with an inner diameter of 20 mm

under Argon atmosphere or in vacuum.

Table 7.1: Starting powders for synthesis and sintering.

Powder Particle size Supplier

Purity (%) (um)

Al 299.99 0.2 Sumitomo Chemicals, Japan
ic % 4.5 Alfa Easer, UK
Ti >99.5 100 TLS Technik GmbH &CO.,
Germany
Al 99.8 45 TLS Technik GmbH & Co.,
Germany
Cr 99.2 100 TLS Technik GmbH & Co.,
Germany
C Graphite) >99.5 6 Graphit Kropfmuhl AG, Germany

The ALO;/TiC composite was sintered at 1400 °C in Ar and cooled naturally to
avoid cracking due to thermal shock. Ti,AlC samples were directly synthesised by
spark plasma sintering using the settings specified in Table 7.2, and a heating rate of
80 °C/min. The experiments were performed in vacuum. Cr,AlC was prepared by a
two-step sintering process described elsewhere [28]. The coarse grained material was

densified directly from pulverized pressureless sintered powder and fine grained
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sample was sintered from ball milled powders, details can be found in Table 7.2.
Finally the surfaces of the sample were ground using emery paper up to grit 4000,
ultrasonically cleaned in ethanol and dried by blowing with pure and dry nitrogen

gas.

Table 7.2: Powder composition and sintering conditions for preparing the
self-healing ceramics.

Temp Pressure Time

Sample Powder Ratio °C) (MPa) (min)
. . 0.8 : 0.2 mass %
AlLOS/TIC | AlLO; | TiC AlLOs: TiC 1400 50 10
Ti,AlC-P Ti Al | TiC | 0.85:1.05:1.15 | 1400 50 30
Ti,AlC-LP Ti Al | TiC | 0.85:1.05:1.15 | 1400 50 60
Cr,AlIC_FG
Cr Al C 2:115:1 1250 50 60
Cr,AlIC_CG

7.2.2 Characterization

The density of the sintered materials was measured with the Archimedes method
using an analytical balance (Mettler Toledo AG-204, Switzerland) according to
ASTM B 311-93 [29]. The Vickers’ hardness was determined by averaging the results
from 10 - 50 N indents using a hardness tester (Zwick/Z2.5, Germany). The indents
were created by loading the indenter with 5 N/s and a holding time of 20 s.

The AL O;/TiC composite was characterized using the X-ray diffractometer with a
Lynxeye position sensitive detector and Cu Ka radiation. The phase purity of the
MAX-phase samples was determined via X-ray diffraction using a Bruker D8
Advance diffractometer (Bruker, Germany) in the Bragg-Brentano geometry with
graphite monochromator and Co and Cu Ko radiation. The recorded X-ray
diffractrograms were processed with Bruker software Diffrac.EVA 4.1 software.
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Microstructure, crack morphology and crack filling were investigated using a
scanning electron microscope (SEM), type JSM 6500F (JEOL Ltd., Tokyo, Japan)
equipped with an energy dispersive spectrometer (EDS, type: ThermoFisher
UltraDry 30mm?* detector) for X-ray microanalysis (XMA) and with Noran System
Seven software package for data acquisition and analysis. The oxidation kinetics of
powders of the healing materials (TiC, Ti,AlC and Cr,AlC) were investigated with
combined thermogravimetry and differential thermal analysis (TGA/DTA) using a
SETSYS Evolution 1750 (Setaram, France). To this end 20 +1 mg powder is put into
250 pL alumina crucible and heated to 1400 °C at different heating rates (1, 2, 5, 10
and 15 °C/min) in a flow of pure and dry synthetic air, i.e. 40 ml/min of N, (> 5N)
and 10 ml/min of O, (> 5N). The relation between the heating rate B and the
measured peak temperature (T,) is given by the Kissinger-Sunose-Akahira equation

(30]:

In ﬁz +i:constant (7.1)
TS RTp

where E, is the activation energy and R is the gas constant. The slope of a straight
line fitted to the data points for In ( ﬂ/sz ) versus (]/Tp) yields the activation

energy of the oxidation reaction. This relation is based on first order reaction

kinetics, hence:

-E
k =Aexp| —2
p[ RT j (7.2)

where K is the reaction rate and A the frequency factor. Earlier studies [31] have
shown that a reaction rate, In k, corresponding to -13 generally leads to full healing
of cracks of micron sized width within a time span of 1 h, whereas a value of -15

requires 10 h.

7.2.3 Initiation of local crack damage

As a result of the large differences in hardness and toughness different methods had

to be applied to the three materials selected to induce local cracks whose healing
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behaviour could be studied under the combustion chamber conditions. In the case
of the alumina-TiC composite material Vickers’ indentation (Zwick/Z2.5, Germany)
at a load of 20N were used to induce penny-shaped cracks. The relationship
between the applied load and the length of crack generated was investigated; see
Figure 7.1. The indent size (2a) is defined by the average of the diagonals of the
imprint made, whiles the crack length (2¢) is defined as the average of the horizontal

and vertical cracks formed in addition to the indent size.
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Figure 7.1: Vicker’s indent size and crack length versus applied load of (a)
Al,O3 with 20 vol. % TiC composite and (b) Fine grained Cr,AIC.

The fracture toughness was calculated to be 4.3 £ 0.1 MPa m"? [32]. This is slightly
higher than the reported values for the constituents, i.e., 4.0 = 0.1 MPa m"* for
monolithic ALO; [33] and 3.8 MPa m"? for TiC [34]. When applying a load of less
than 5N the Vickers’ indenter did not generate any crack. However, at 20 N an
appreciable surface crack of length 100 um forms. The cracks opened up to a width
of about 1 pm, see Figure 7.5 (a) and (b).

In the case of Ti,AlC samples neither indentation nor an impact method resulted in
finite cracks within the samples. In this case thermal shock treatments were applied.
Crack formation due to thermal shock first occurred at a temperature difference
between heating and cooling of 450 °C. Micro-cracks of less than 2 pm in width
were formed. For maximum temperatures between 450 and 950 °C cracks between 5
and 20 mm in length were formed by quenching in water. Based on 16 experiments
the results were reproducible. Crack widths remained between 1 and 15 pym in this

temperature range.
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The Ti,AIC samples used in the combustion study were quenched from 850 °C.
This led to a large crack of 10 pm width and 20 mm length in the pure Ti,AlC disk
through the sample thickness. The second Ti,AlC sample, containing TiC, Ti;AlC
and Ti;Al impurities formed a crack of 5 um in width and of approx. 0.5 mm in

depth.

In the fine grained Cr,AlC samples microcracks could be created with the Vickers’
indenter by applying a load of 300 N for 12's. Cracks of about 140 pm, having a
width of less than 1 pm were obtained. Per disc 10 of such cracks were produced in
the samples to be tested in the combustion chamber. The fracture toughness value

2

was estimated to be 8.7 MPa m™* using the load dependence of the indentation

crack length.
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Figure 7.2: Crack length versus impact energy for cracks created in coarse
grained Cr,AIC by impact of WC balls.

In the case of the coarse grained material indentation loading did not result in radial
cracks and only caused local plastic deformation. To induce local cracks of finite
dimensions, coarse grained Cr,AlC discs were clamped to a steel plate and subjected
to low velocity perpendicular impact using 10 mm tungsten carbide balls. Beyond a
critical impact energy, cracks were initiated at the crater edge and then propagated in
the radial direction [35-37]. The correlation between impact energy and inducing
cracks is depicted in Figure 7.2. The threshold impact energy for Cr,AlC is about
50 m]J. A crack with a length of 700 pm and a maximum crack opening of 2.5 ym is

observed in the coarse grained sample tested in the combustion chamber.
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Samples tested in the combustion chamber contained cracks initiated by methods
described above. AlL,O;/TiC composites and both the fine and coarse grained
Cr,AlC had more than 5 cracks with lengths up to 1 mm and an average width of
less than 2 pm. The through crack produced by thermal shock in the high purity
Ti,AlC sample was 10 um wide and 20 mm in length, while the impurities of the
second Ti,AlC sample resulted in a thinner 5 um crack with of approx. depth of

0.5 mm, while comparable in length.

7.2.4 Crack healing in combustion chamber

To investigate healing of crack damage at conditions encountered in a real
combustion chamber, samples were placed in a combustor setup (Limousine
Combustor, UTwente, The Netherlands [38]); see Figure 7.3. The flow in the
combustor is turbulent, as the Reynolds number is well above 4000 for all
conditions. The combustor is operated at atmospheric pressure and the gases are
injected at room temperature. The fuel used is 100 % methane at room temperature.
The air and fuel flow are controlled from a PC with control software and mass flow
controller valves. The air and fuel mass flow are about 24.62 g/s and 0.8 g/5s,
respectively resulting in an average gas flow speed of 16 m/s at the location of the
samples. The combustor is operated at an operating point with a thermal power of
40 kW and an air excess factor of 1.8. The air factor is the ratio of the actual fuel-to-
air flow rate ratio to the fuel-to-air flow rate ratio necessary for stoichiometric

combustion and indicates the excess of air in the chemical reaction.

The combustor can operate in a stable or unstable regime. In the unstable regime
pressure oscillations are amplified by the combustion process and they grow in a
limit cycle to amplitudes of 160 dB Sound Pressure Level. This phenomenon can
happen in gas turbine engines but is to be avoided with a view to fatigue damage.
Under the conditions mentioned before, the combustor is running stable and the
observed pressure oscillations are lower (about 100 dB) and representative for
normal operation of a gas turbine engine. The adiabatic flame temperature and
oxygen concentration at equilibrium conditions can be estimated using Chemkin
Equil [39] assuming constant pressure and enthalpy. Using the GRI-Mech 3.0

reaction mechanism [40] and an initial temperature of 295 K the adiabatic flame
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temperature at these operating conditions is estimated to be about 1581 K. Under
the above mentioned assumptions of adiabatic, isobaric conditions and assuming
that the reacting mixture has already reached the equilibrium state, the oxygen mole
fraction at the sample holder location is computed to be about 0.0876. Assuming a

mixture of ideal gases, the volume fraction of oxygen then becomes 8.76 vol. %.

Figure 7.3: Combustion setup: (a) schematic side view with arrows
indicating gas flow direction, (b) front view showing the position of the
sample holder and thermocouples and (c) actual experimental setup.

The 6 samples (3 sets of 2) were mounted in an Inconel 800 holder suspended
midway in the exhaust of the combustor; see Figure 7.3. Samples are arranged back
to back so both samples of one material are exposed to the same conditions; see
Figure 7.3b. After exposure to the chamber conditions for 4.5 h, the samples were
removed after switching off the fuel supply and allowing the chamber to cool down
in approximately 45 minutes. The temperature at the sample holder was approx.

1000 °C. Temperature fluctuations during the course of the experiment were of the

order of + 2 °C.

After exposure and subsequent cooling down the samples were examined using
SEM and XMA. Both the surface and cross-sections prepared by cutting with a
diamond blade were investigated regarding the oxides formed and crack gap volume

filled.
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7.3 Results

7.3.1 Materials characterization

All sintered materials were found to have a density above 95 %; see Table 7.3. The
ceramic composite samples (Al O;/TiC) showed traces of WC, an impurity of the
TiC powder. Impurities in the MAX phase ceramics stem from incomplete reactions
during synthesis. Cr,AlC was prepared with a fine and coarse grained microstructure
resulting in a different hardness, viz. 6.0 and 3.2 GPa, respectively. The average grain

sizes are reported in Table 7.3.

Table 7.3: Properties of sintered materials and impurities as detected by x-
ray diffraction.

Average grain Density Hardness

Sample Impurities size (M) (%) (GPa)
ALOY/TiIC_01 WC 45 95 % 18.7
ALOY/TiIC_02 WC 45 99 % 19.3

Ti,AIC-P none 15-40 95.8 % 3.9

Tialc-Lp | TG TBAIC, 15-40 95.1 % 35
TiAl

CrAIC_FG Cr 2 99.1% 6.0

CrLAIC_CG CrCs 20-30 98.7% 3.2

7.3.2 Oxidation of TiC, Ti,AIC and Cr,AIC in air and
combustion environments

Differential thermal analysis of the powdered healing agents TiC, Ti,AlIC and
Cr,AlC determined oxidation reaction peaks for all materials below 1300 °C. In
Figure 7.4, the reaction rates are plotted as a function of the inverse temperature for

the three powders investigated.
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Figure 7.4: Evaluating the activation energy for the different reactions
occurring during oxidation of all healing materials considered (plot of
reactivity versus peak temperature).

Taking the values of -15 and -13 for the natural logarithm of the reaction rate as the
lower and upper value for optimal healing [31] (cf. Section 7.2.2), we find the
following optimal annealing temperatures, 600 - 660 °C for the formation of TiO,
from TiC. For Ti,AlC the temperature range is 556 - 580 °C and 826-885 °C for
the formation to TiO, and Al,O; respectively. And for Cr,AlC it is 929 - 963 °C and
1170 - 1257 °C for the formation of AL,O;, and Cr,0Oj5 respectively.

After exposure in the combustion chamber for 4 h where the temperature at sample
location was measured to be between 940 and 1110 °C the colour of the Al,O;/TiC
samples had changed from very dark grey to light grey, indicating full oxidation.
Observations at higher resolution in the SEM showed that islands of TiO, formed all
over the surface on top of the TiC particles. The activation energy of the complete
transformation of TiC to rutile amounts to 242 + 11 k]/mol according to DTA.
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S pm S wm

Figure 7.5: SEM micrographs of Al,O3/TiC composite. (a) Cracks created

by Vickers’ indentation:  (b) Close-up showing crack-particle interaction,

(c) Healed crack after exposure to combustion environment for 4 h, (d) Ti
X-ray mapping showing the filling of the healed crack.

After removing the surface oxides by diamond polishing complete filling of the
cracks with oxide was observed; see Figure 7.5c and d. Even, after removing a layer
of about 10 pm by diamond polishing, the indentation induced cracks appeared to
be fully filled with oxides. This suggests that the cracks running from the surface
inside the composite are healed. Moreover, it seems that the oxides grew laterally
from the TiC particles along the crack gap, while the oxides on the surface grew

locally.

Observation of the tested Ti,AlC samples showed dark discoloration on the surface
exposed to the combustion environment. Both Ti,AlC samples showed significant
oxide growth after being exposed to the combustion environment for 4 h. Grains of
less than 5 pum cover the complete surface and all cracks smaller than 10 um in width

within the indents; see Figure 7.6.
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2L

Figure 7.6: (a) Cracks in Ti,Alc-a after quenching in water from 850 °C; (b)
Cross-section of healed crack after exposure to combustion conditions for
4 h; (c) Close up of healed crack; (d) Al X-ray map; (e) Ti X-ray map.

The outer layer of the oxide was identified as TiO, by SEM-XMA and XRD. A
uniform and dense mixed oxide layer with a thickness of about 13 pm developed on
the high purity Ti,AlC material. According to DTA analysis small amounts of TiO,

are expected to form around 570 °C while full rutile transformation is achieved at

700 °C, followed by Al,O; formation around 800 °C.

The thermally induced crack in pure Ti,AlC was fully filled with TiO, and AL,Os up
to a depth of 1.2 mm; see Figure 7.6. Beyond this depth, oxides were formed at the
opposing fracture surfaces, however not fully bridging the crack gap. The Ti,AlC
material containing impurities of TiC, Ti;AlC and TisAl formed a 15 um thick
mixed oxide scale with an outer layer of TiO, of approx. 3 pm thickness. The crack,

having a jagged path and a width of only 1 um was fully filled up to its crack tip at a
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depth of 0.5 mm. The oxide within the crack gap is Al,O;. Given that oxidation still
occurs at oxygen potentials lower than in atmospheric air (0.088 vs 0.2 atm), the fact
that cracks 1.2 mm below the surface were not fully closed was attributed to regions
of the crack being sealed by surrounding oxide bridges or to the lower rate of

oxidation.

The oxidation of Cr,AlC requires higher temperatures and is slower compared to
Ti,AIC. Formation of Al,O; begins around 900 to 1000 °C. A second peak in the
heat flow signal of the DTA analysis at 1170 - 1275 ° corresponds to the formation
of an AL,O; and (Cr, Al),O; solid solution according to XRD. The oxide grown on
the surface after 4 h of oxidation in the combustion chamber was about 0.24 um and
0.19 pm thick on the fine and coarse gained sample, respectively. These oxide layers
are thinner than the oxide layers formed in synthetic air for corresponding
temperature and time, namely: 0.6 pm and 0.5 pm, respectively. Apparently the
lower oxygen partial pressure in the combustion ambient as compared with that of
air resulted in low oxide nucleation density (i.e. larger oxide grain size) and
consequently slower oxidation kinetics. Hence, cracks with a width of less than
0.5 pym were fully healed with oxide and those with larger crack opening were only

partially healed; see Figure 7.7.

The significant difference in oxygen partial pressure from standard self-healing
investigations performed in synthetic or atmospheric air (0.2 atm) to the conditions
found in the combustion setup (0.088 atm) show no significant impairment of the
healing ability in the case of the three tested materials. The lower pO, resulted in
thinner oxide scales for Cr,AlC than those found in thermal gravimetric analysis, 0.2
to 0.5 um for fine grained Cr,AlC. Healing in Ti,AIC and AlL,O;/TiC was not
affected by the reduced oxygen partial pressure. Surprisingly other compositional
changes to the atmosphere due to combustions, e.g. higher NO, content, showed no

effect on sample composition.
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Figure 7.7: (a) Crack damage in fine grained Cr,AlIC generated by vickers’
indentation;(b) Crack healed by Al,O; formed in combustion environment
for 4 h.

7.4 Conclusions

Three high temperature ceramic systems, AL O,/TiC, Ti,AlIC and Cr,AlC
were investigated concerning their fracture, oxidation and self-healing
behaviour under real combustion conditions. All tested materials showed full
crack-gap filling for 0.5 to more than 10 ym wide cracks of up to 20 mm
length, after exposure to the high velocity exhaust gas mixture at approx.
1000 °C for 4 h. Although the oxygen partial pressure in the combustion
chamber is much lower than in air (0.088 versus 0.2 atm), the conditions are
sufficient to realize full healing of crack damage. The high gas flow rate
(16 m/s) and thermal load did not impair the healing process.
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Summary

Alumina (AL,O;) is an attractive ceramic for engineering applications operating at
elevated or high temperatures because of its good thermal and chemical resistance. It
also maintains high strength and hardness at high temperatures. These desirable

properties are due to the strong covalent and ionic bonds existing between its atoms.

However, these same strong and directional bonds are the origins of its inherent
brittleness. Over the last decade, material scientists have adopted self-healing as a
means of restoring the load bearing capability of such materials after damage from
micro-sized surface cracks. In this methodology, the material is restored to a status
comparable to the original one by the ‘healing’ of such surface cracks at high
temperatures. Healing is achieved by the addition of ‘healing agents’ to the base
ceramic material which upon the occurrence of a crack oxidise into a healing oxide
which fills and seals of the crack. There are some gaps in the build-up of the
knowledge ladder of self-healing ceramics to an application ready level. This thesis
addresses some design questions and tests the capability of newly identified healing

particles under laboratory and application conditions.

An introduction to extrinsic self-healing as applied to ceramic oxides is presented in
Chapter 1. A short analysis of the research done so far and the objectives of the

thesis are also presented here.

Chapter 2 presents an unbiased selection procedure to determine viable healing
agents to efficiently heal surface cracks in alumina at high temperatures. The
selection was made from a database of transition metals, carbides and nitrides and
proceeded according to 6 identified primary criteria. The healing oxide which
eventually fills the crack was selected by its melting point, ability to adhere to
alumina and thermal mismatch with alumina. The healing agent on the other hand
was selected by its melting point, volume expansion upon oxidation and thermal
mismatch with alumina. Application of all selection criteria resulted in identifying
granular Ti, Cr, Zr, Nb, Hf, TiC, TiN, Cr;C,, Cr;N, ZrN, NbC and NbN as

promising agents for the autonomous healing of alumina at high temperatures.
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The effect of particle size on the oxidation kinetics of TiC powders is studied in
Chapter 3. Different sizes of TiC powder ranging from nanometer to sub-millimetre
sizes were studied by thermal analysis. The kinetic triplet: Es, f (&) and A were
derived for all the powders using the Kissinger, the master curve plotting and the
Senum & Yang methods, respectively. The oxidation of TiC proceeds via the
formation of oxycarbides, anatase and then rutile. Activation energy is found to be a
strong function of the particle size between 50 nm and 11 um and becomes constant
at larger particle sizes. The temperature for efficient healing was between 400 and
1000 °C. Hence, extrinsic self-healing in oxidic ceramic matrices can be tailored to a

specific temperature range by tuning the size of the healing particle.

In Chapter 4, the ability of Al,O; containing 10 vol. % of Ti particles to self-heal is
investigated at different times and temperatures. The evolution of the crack filling
process via the solid-state formation of TiO, is also studied. The fracture strength of
the composites was measured by 4-point bending and the optimum healing
conditions for full strength recovery is 800 °C for 1 h or 900 °C for 15 min. Crack
filling was observed to proceed in three steps i.e., local bonding at the site of the
intersected Ti particle, lateral spreading and global filling. It was discovered that
although significant strength recovery was attained by local bonding of the
intersected particles, full crack filling is required to prevent an unfilled crack region
acting as a crack initiator. The results of Ti oxidation results were applied in a simple
model for crack-gap filling and the experimental results observed were in good

agreement with the model predictions.

Chapter 5 reports on the use of TiC particles as high temperature healing agents in
alumina based composites. Fully dense alumina containing 15 and 30 vol. % TiC
composites was made by Spark Plasma Sintering. Strength recovery was studied
between 400 and 800 °C after damage was introduced by indentation. Complete
tensile strength recovery was attained in both composites by annealing at 800 °C for

1 hin air.

In Chapter 6, the oxidation induced crack healing of AL,O; containing 20 vol. % of
Ti,AIC MAX phase healing particles is studied. From the oxidation kinetics of the
Ti,AlC particles, oxidation starts at 600 °C, but, the temperature for efficient healing
is between 800 and 1000 °C. Crack healing was studied at 800, 900 and 1000 °C for
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0.25, 1,4 and 16 h and the strength recovery was measured by 4-point bending. The
Ti,AIC material was found to be a suitable healing agent for alumina containing 20
vol. % of 10 micron sized Ti,AlC particles. The optimum healing conditions
recorded was 900 °C for 1 h or 1000 °C for 15 min. Ti,AlC particles embedded in
the matrix (more than 20 um from the surface) did not decompose upon long-term
high-temperature exposure and remained potentially active in the non-oxygen

permeable Al,O; matrix until intersected by a crack.

In the last chapter of this thesis, self-healing of conventional (Al,O;/TiC) and MAX
Phase (Ti,AIC and Cr,AlC) ceramics were tested in a combustion engine. Circular
samples (20 mm in diameter and 5 mm thick) were sintered by spark plasma
sintering and cracks were introduced by either, indentation, quenching and low
perpendicular velocity impact method. The samples were exposed in the post-flame
zone of a turbulent flame in a combustion chamber to heal at temperatures of
approximately 1000 °C at low PO, levels for 4 h. All cracks in the ALO;/TiC
composite (width 1 pm and length 100 pm) were fully filled with TiO,. Large cracks
in the Ti,AIC material were also fully filled with TiO, and Al,Os;. And in the
CnrAlC, cracks of up to 1.0 pm in width and more than 100 pm in length were
completely filled with Al,O;. Oxidation of the healing agents and hence its healing
ability was not affected by the very low pO; levels in the combusting chamber as the

results were similar to those of samples studied under static laboratory conditions.
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Samenvatting

Aluminiumoxide is door zijn goede thermische en chemische resistentie een
aantrekkelijk keramisch materiaal voor hoge-temperatuur toepassing. Het is niet
alleen stabiel maar heeft ook een uitstekende sterkte en hardheid bij die
temperaturen. Al deze eigenschappen zijn het gevolg van de sterke covalente en
ionische bindingen tussen de atomen. Dezelfde sterke en gerichte bindingen zijn
echter ook de verklaring voor de intrinsieke brosheid van het materiaal welke
resulteert in hoge gevoeligheid voor beschadigingen aan het oppervlak. In het
afgelopen decennium hebben materiaalkundigen gezocht naar routes om dit
sterkteverlies via een spontaan optredende ‘self-healing’ reactie tijdens gebruik in op
hoge temperatuur in-situ te neutraliseren. Dit kan bereikt worden door toevoeging
van discrete ‘healing’ deeltjes tijdens de materiaalsynthese. Bij het optreden van een
scheur komen de doorsneden deeltjes in direct contact met de zuurstof in de lucht
en ondergaan een oxidatieve reactie die leidt tot het opvullen van de scheur met een
goed hechtend reactieproduct, resulterend in een herstel van de sterkte. Doel van
het onderzoek als beschreven in dit proefschrift is om meer inzicht te krijgen in dit
herstelproces en om het gedrag van twee nieuwe, op basis van het betere inzicht
ontworpen, aluminiumoxide-composieten onder laboratorium en turbine-relevante

condities te bepalen.

Hoofdstuk 1 geeft een korte inleiding in het thema van zelfherstellend oxidisch
keramiek op basis van ingebouwde discrete ‘healing’ deeltjes, de zogenaamde
“extrinsic self-healing” benadering. Op basis van een analyse van wat hierover al in

de literatuur bekend is, zijn de doelstelling voor dit onderzoek geformuleerd.

In Hoofdstuk 2 wordt een nieuwe objectieve procedure beschreven voor de
identificatie van geschikte materialen om te dienen als ‘healing agent’ in
aluminiumoxide bedoeld voor hoge-temperatuur toepassingen. De keuze uit de
materialen in een grote database van overgangsmetalen, carbiden en nitriden wordt
gemaakt op basis van 6 criteria. Het te vormen oxide moet een geschikt smeltpunt
hebben, een goede hechting aan aluminiumoxide en een vergelijkbare thermische

uitzettingscoéfficiént. Het uitgangsmateriaal moet een passend smeltpunt hebben,
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expanderen bij oxidatie en eveneens een passende thermische uitzettingscoéfficiént

hebben. Na toepassing van de selectiecriteria bleven Ti, Cr, Zr, Nb, Hf, TiC, TiN,
Cr;C,, CrN |, ZrN, NbC en NbN over als mogelijke ‘healing agent’ materialen.

Het effect van de deeltjesgrootte op de oxidatiekinetiek van één van de
kandidaatmaterialen, TiC, wordt beschreven in Hoofdstuk 3. Verschillende TiC
poeders met deeltjesgroottes variérend van nanometer tot sub-millimeter werden
onderzocht. De kinetische parameters E,, f (#) en A werden op basis van een
uitgebreide Kissinger methode bepaald. De oxidatie verloopt via de vorming van
oxycarbides, anatase en uiteindelijk rutiel. De activeringsenergie bleek een sterke
functie van de deeltjesgrootte te zijn voor deeltjes kleiner dan 11 pm. Via deze

deeltjesgrootteathankelijkheid kan de optimale temperatuur voor ‘self-healing’
gestuurd worden van 400 tot 1000 °C.

In Hoofdstuk 4 wordt het zelfherstellend gedrag van een aluminiumoxide composiet
met daarin 10 volume % titanium deeltjes als een functie van de temperatuur en de
tijd onderzocht. Tevens werd het vulproces van de scheur door het gevormde
titaanoxide bestudeerd. Het herstel van de sterkte werd gemeten m.b.v. 4-
puntsbuigproeven en de minimale condities voor volledige terugkeer van de sterkte
werden bepaald op gloeien gedurende 60 minuten bij 800 °C of 15 minuten bij 900
°C. Het vullen van de scheur verliep in drie stappen: lokale overbrugging van de
scheur ter plaatse van het doorsneden deeltje, laterale opvulling uitgaande van een
deeltje en tot slot complete opvulling van de scheur. Alhoewel al behoorlijk herstel
van de sterkte verkregen wordt bij beperkte vulgraden, is volledige vulling van de
scheur nodig om deze niet in een later stadium als scheurinitiator te laten dienen.
De kinetiek van het gemeten scheur-vullend proces kan redelijk goed met een

nieuw-ontwikkeld model beschreven worden.

Hoofdstuk 5 beschrijft het gedrag van aluminiumoxide composieten met daarin 10
of 30 volume % TiC deeltjes. De onderzochte composieten werden door middel van
Spark Plasma Sintering vervaardigd. Het herstel van de schade als gevolg van lokale
puntbelasting met een Vickers’ diamant werd gemeten over het temperatuurgebied
van 400 tot 800 °C. Bij de hoogste gloeitemperatuur werd compleet herstel van de

sterkte bereikt na 1 uur.
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In Hoofdstuk 6 wordt het herstel van aluminiumoxide composieten met daarin 20
volume % Ti,AIC MAX deeltjes beschreven. De oxidatie van de Ti,AlC deeltjes
begint al bij 600 °C, maar wordt pas echt effectief tussen 800 en 1000 °C zoals blijkt
uit 4-punts buigproefmetingen na 0.25, 1, 4 en 16 h gloeien. Ti,AlC deeltjes met
een diameter van ongeveer 10 pm bleken als geschikte ‘healing agents’ te
functioneren. Deeltjes op meer dan 20 um van het preparaatoppervlak bleken ook
na lange tijd gloeien op hoge temperatuur nog intact te zijn en hun nuttige taak in

een later stadium te kunnen vervullen.

Het laatste hoofdstuk van dit proefschrift beschrijft het gedrag van 3 zelfherstellende
keramiek varianten (1 extrinsiek Al,O;/TiC zelfherstellend composiet en 2 intrinsiek
zelfherstellende metallo-keramieksoorten Ti,AlC and Cr,AlC) in een simulator voor
de verbrandingskamer van een turbine motor. Alle preparaten waren met behulp van
Spark Plasma Sintering vervaardigd. Scheuren in het AL O;/TiC composiet met
initiéle lengtes van 100 pm en een breedte van 1 pm waren volledig gevuld met
TiO,, terwijl de grotere scheuren in het Ti,AlC proefstuk gevuld waren met een
mengsel van TiO, en Al,Os. De scheuren in het Cr,AlC proefstuk bleken gevuld met
AL O;. De resultaten laten zien dat het zelfherstellend gedrag van de onderzochte
proefstukken bij de lage zuurstof-partiaaldruk in de turbineverbrandingskamer niet
wezenlijk verschilt van dat gemeten na gloeien onder de statische condities van een

laboratoriumoven.
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