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Abstract 

 

Aim of the present dissertation is to develop the self-healing function of ceramic-based 

composites for high-temperature applications such as gas turbine engines or jet engines.  

Engineering ceramics have many excellent properties that are suitable for 

high-temperatures applications.  Unfortunately, applications of ceramics must face huge 

challenges on their brittle property due to the covalent and ionic bonds.  Over the last few 

decades, many studies have been conducted to fabricate ceramic-based composites 

incorporated with non-oxide phases for toughening the ceramics.  The recent interests on 

ceramic-based composites are the self-healing functions induced by the oxidation of 

non-oxide phases at high temperatures.  Oxidation of the non-oxide phases develops 

oxidation products which fill up surface cracks.  This effect causes the reduction of stress 

concentrations at crack tips and consequently involves in strength recovery.  The 

mechanism of self-healing function is attributed to the volume expansion and/or the 

diffusion of cations caused by oxidation of non-oxide phases within the matrices.  From 

this inspiration, self-healing functions of Ni/Al2O3, Ni/(ZrO2+Al2O3) and Ni/mullite 

nanocomposites are investigated and discussed in this present dissertation.  Investigation 

of self-healing function for each nanocomposite is conducted and discussed via mechanical 

properties, surface crack-disappearance by thermal oxidation, self-healing-induced strength 

recovery and oxidation resistance.  High-temperature bending tests are applied to estimate 

the self-healing performance of Ni/Al2O3 and Ni(ZrO2+Al2O3) nanocomposites at high 

temperatures.  Influences of Al2O3 grain size on self-healing effectiveness as well as 

oxidation resistance of Ni/Al2O3 nanocomposites are discussed from the oxidation kinetic 
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point of view.  Influence of YZ (Y2O3 stabilized tetragonal ZrO2) on self-healing 

performance of Ni/(YZ+Al2O3) nanocomposites is also discussed.  Based on the 

investigations of self-healing function for alumina-based and mullite-based composites, the 

roles of matrices on self-healing performance are discussed. 

Ni/Al2O3 nanocomposites exhibit a great self-healing performance at high 

temperatures caused by the oxidation of Ni particles.  Ni/Al2O3 nanocomposites could be 

suitable for the components in hot sections of gas turbine engines.  However, 

high-temperature strength of Ni/Al2O3 nanocomposites must be improved.  Dispersion of 

YZ is one of the solutions for high-temperature strength of Ni/Al2O3 nanocomposites.  

YZ dispersion does not influence significantly on self-healing performance.  Nevertheless, 

YZ accelerates the oxidation rate of the composites.  For further studies, the oxidation 

resistance of Ni/(YZ+Al2O3) could be improved by dopants of silicon carbide (SiC), 

silicon (Si) or yttrium (Y).  Ni/mullite nanocomposites possess the best self-healing 

performance among the investigated composites.  With a great oxidation resistance and 

excellent self-healing performance, Ni/mullite nanocomposites are potential for 

high-temperature applications.  For further applications, mechanical properties of 

Ni/mullite must be improved. 
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Chapter I 
Introduction 

1.1 Ceramics. 

Engineering materials are often divided into three primary distinct classes, metals, 

ceramics and polymers, based on the types of atoms involved and bonding between them.  

Composites are combinations of more than one material and often involve ceramics, as 

schemed in Figure 1.1.  Metals consist of atoms held together by delocalized electrons 

that overcome the mutual repulsion between the ion cores.  The delocalized electrons give 

metals many characteristic properties such as good thermal and electrical conductivity.  

Because of their bonding, many metals have close packed structures and plastically deform 

at room temperature.  Polymers are macromolecules formed by covalent bonding of many 

simpler molecular units which are called mers.  The bonding between the molecular 

chains controls many of their properties.  Ceramics are usually associated with mixed 

bonding, a combination of covalent, ionic bonds and sometimes metallic bonds.  Figure 

1.2 shows the differences in atom bonding of metals and ceramics.  The structure of 

metallic bond is very different from that of covalent and ionic bond.  The ionic bonds join 

metals to nonmetals, covalent bond join nonmetals to nonmetals and the metallic bonds are 

bonding between metal atoms.  Due to the metallic bonds in metals, local bonds can be 

easily broken and reformed that gives metals many unique properties.  Unlike the metallic 

bonds in metals, covalent and ionic bonds in ceramics determine many of their 

characteristic properties such as brittleness, poor electrical and thermal conduction and so 

on [1-3]. 

The brittleness of ceramics can be recognized from personal experience, such as 

dropping a dinner plate.  The reason that the majority of ceramics are brittle is the mixed 

ionic-covalent bonds.  The valence electrons in ionic-covalent bonds are transferred or 

shared to each other.  The electrons are thus strongly bonded and unable to delocalize as 

electrons in metallic behave.  It is also the reason of the poor electrical and thermal 

conduction of ceramics.  The valence electrons are tied up in bonds and are not free as 
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they are in metals.  Beside the properties mentioned above, ceramics are known as great 

materials that have good compressive strength, chemical insensitivity and transparent. 

 

 

 

 

 

 

 

 

Fig. 1.1. Venn diagram of three primary distinct material classes and their composites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2. Illustrations demonstrate the atom bonds in (a) metallic bonds, (b) covalent bonds 

and (c) ionic bonds. 
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1.2 Applications of Ceramics. 

Ceramics are the oldest materials made by humans and also among the most recent 

materials utilized today.  The applications of ceramics are diverse from bricks and tiles to 

electronic and magnetic components [4], as shown in Table 1.1.  Use of ceramics is 

commonly classified as traditional and advanced ceramics.  Traditional ceramics which 

include high-volume items such as bricks and tiles, toilet bowls, and pottery are usually 

based on clay and silica.  Nowadays, they can be produced either by traditional methods 

or advanced manufacturing techniques with computer-assisted process control.  The 

advanced ceramics are also referred as special, technical or engineering ceramics.  

Whereas the traditional ceramics are usually manufactured in high-volume, the advanced 

ceramics are often produced in small quantities at higher prices.  The advanced ceramics 

exhibit superior mechanical properties, corrosion/oxidation resistance, or electrical, optical 

and/or magnetic properties.  Unlike the traditional ceramics have been utilized for over 

10,000 years, advanced ceramics have generally been developed only within the last 100 

years.  With the rapid development of technology, advanced ceramics are expecting to be 

one of the important engineering materials. 

One of the recent interests on advanced ceramics is the applications at high 

temperatures such as gas turbines and jet engines.  Fig. 1.3 shows the schematic diagram 

of a gas turbine engine.  When the engine is started, the compressors in the cold section 

compress the intake air which is mixed with fuel in the hot section combustor.  The hot 

gases drive the turbine section.  The turbine blades thus work under a severe environment.  

The turbine blades utilized todays are composed of Nickel-based superalloys which are 

operated at high temperatures up to 1370ºC [5-8].  To protect the Ni based superalloys 

from damage due to oxidation, creep, melting, thermal fatigue, and stress-induced fatigue 

failures, the blades are air cooled and applied low thermal conductivity coatings.  Even 

though the Ni based superalloys are protected with the coating layers, they are still 

operated at 1000ºC where the superalloys exhibit poor strength.  On the other hand, the 

turbine engines must increase the operation temperature to improve the efficiency [9].  It 

is necessary to seek for potential materials that are able to operate at higher temperatures.  
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Engineering ceramics are refractory materials, thus suitable for these applications.  

Unfortunately, they are brittle materials with low fracture toughness.  In order to meet the 

demand for increasing their fracture toughness, many attempts have been made to fabricate 

ceramic-based composites incorporated with metallic and/or non-metallic dispersoids.  

With the numerous interests and studies focus on the development of ceramic matrix 

composites, the materials are approaching to meet all the demands for the next generation 

of gas turbine engines. 

 

 

 

 

 

 

 

 

 

 

Fig. 1.3. Schematic diagram of a gas turbine engine. 
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Table 1.1 Properties and Applications for Ceramics [4]. 

Property Example Application 

Electrical Bi2Ru2O7 
Doped ZrO2 
Indium tin Oxide (ITO) 
SiC 
YBaCuO7 
SnO2 

Conductive component 
Electrolyte in solid-oxide fuel cells 
Transparent electrode 
Furnace elements for resistive heating 
Superconducting quantum interference 
Electrodes for electric furnaces 

Dielectric α-Al2O3 
PbZr0.5Ti0.5O3 (PZT) 
SiO2 
(Ba,Sr) TiO3 
Lead magnesium niobate  

Spark plug insulator 
Micropumps 
Furnace bricks 
Dynamic random access memories 
Chip capacitors 

Magnetic γ-Fe2O3 
Mn0.4Zn0.6Fe2O4 
BaFe12O19 
Y2.66Gd0.34Fe4.22Al0.68Mn0.09O12 

Recording tapes 
Transformer cores in touch tone phones 
Permanent magnets in loudspeakers 
Radar phase shifters 

Optical Doped SiO2 
α-Al2O3 
Doped ZrSiO4 
Doped (Zr,Cd)S 
Pb1-xLax(ZrzTi1-z)1-x/4O3 (PLZT) 
Nd doped Y3Al5O12 

Optical fibers 
Transparent envelopes in street lamps 
Ceramic colors 
Fluorescent screens (electron microscope) 
Thin-film optical switches 
Solid state lasers 

Mechanical TiN 
SiC 
Diamond 
Si3N4 
Al2O3 

Wear-resistant coatings 
Abrasives for polishing 
Cutting tools 
Engine components 
Hip implants 

Thermal SiO2 
Al2O3 and AIN 
Lithium-alumino-silicate glass 
ceramics 
Pyrex glass 

Space shuttle insulation tiles 
Packages for integrated circuits 
Supports for telescope mirrors 
 
Laboratory glassware and cookware 
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1.3 Ceramic-based composites. 

Ceramic based composites were fabricated and studied because of the major concern 

on the low fracture toughness with poor reliability of ceramic matrix.  The desire to 

toughen ceramics is not new.  For instance, toughening of brick using straw was known in 

ancient times.  The basic idea is how to stop crack propagation.  Nowadays, a number of 

potential toughening mechanisms have been proposed [10-12].  The ceramic-based 

composites may be fabricated with incorporation of platelets [13-16], fibers or whiskers 

[17-20], particulates [21-26], nanotubes or nanosheet [27-29] for toughening.  Depending 

on the geometry and characteristic, the dispersoids act as crack inhibitors with different 

mechanisms [30, 31].  The toughening mechanisms for ceramics are summarized in Table 

1.2 [4].  The most common toughening mechanisms are described as shown in Fig. 1.4.  

With the differences in volume fraction of reinforcement, Young’s modulus of matrix and 

reinforcement and strength of the matrix/reinforcement, the effectiveness of reinforcement 

may be very varied.  Among the above mechanism, fiber-reinforced ceramic composites 

is one of the most successful techniques [32].   

 

Table 1.2 Classification of toughening mechanisms in ceramics [4]. 
General mechanism Detailed mechanisms 

 Crack deflection 
Tilt and twist out of crack plane around grains and 
second-phase additions. 

 Crack bowing 
Bowing in crack plane between second-phase 
crack-pinning points 

 Crack branching 
Crack may subdivide into two or more roughly 
parallel cracks 

 Crack tip shielding by 
process zone activity 

Microcracking 
Transformation toughening 
Ductile yielding in process zone 

 Crack tip shielding by crack 
bridging 

Second-phase brittle fibers with partial debonding 
Frictional and ligamentary grain bridges 
Second-phase ductile ligament bridging 
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Fig. 1.4. Schematic diagram shows the toughening mechanisms in ceramic matrix 

composites, (a) crack deflection, (b) crack branching and (c) crack bridging. 

 

With regards to fiber-reinforcement ceramic composites, Nakao proposed a new 

concept in material design in which, the fiber reinforcement ceramic composites associate 

with self-healing function [33].  Fig. 1.5 shows the illustration to describe this idea.  The 

fiber bundles, which are coated by non-oxide interlayers, reinforce in ceramic matrix.  

With this structure, the composites are expecting to have higher fracture toughness 

obtained by fiber pull-out effect.  The pull-out effect in fiber reinforced ceramic is caused 

by the slip of the interface between fiber and matrix during crack propagation.  Besides, 

the occurrence of cracking can be recovered by the self-healing function at high 

temperatures.  The interlayers are exposed in the air at high temperatures by crack 

propagation.  Oxidation of the interlayers produces the oxidation product which acts as a 

healing material.  Hence, the fiber reinforced self-healing ceramics are anticipated to 

serve longer time and more reliable with the ability of healing by itself.  With respect to 

this proposal, the ceramic matrix must have the self-healing function as well.   
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Fig. 1.5. Schematic illustrates the toughening mechanism and self-healing function of fiber 

reinforcement ceramic matrix composites proposed by Nakao [33]. 

 

1.4 Self-healing function of ceramics based-composites. 

Self-healing in ceramics can be traced back to 1970’s [34, 35] when the idea was to 

heal the surface cracks caused by grinding, cutting, thermal shocking, impacting and so on.  

The monolithic alumina was heat-treated up to 1700 or 1900ºC in order to gain its strength 

recovery.  Although, its result of 4-point bending tests shows less effective on strength 

recovery.  For instance, by heat-treatment at 1900ºC, bending strength of the sample 

recovered from 35.9 to 148 MPa which was much lower than that of as-received one (323 

MPa).  The crack-healing mechanism at that time was the re-sintering process where 

cracks seem to heal via the disappearance of void space between adjacent grains.  Due to 

the less effectiveness and complex requirements for crack-healing, this approach has 

limited work attributed to it today.   

Self-healing in ceramics only has been developed rapidly since 1992 when Choi et al. 

reported the self-healing function obtained in silicon nitride (Si3N4) ceramics [36].  The 

Si3N4 ceramics containing MgO additives were oxidized at high temperatures and formed 

MgSiO3 accompanied with N2 gas.  The oxidation kinetics of this system was controlled 

by the diffusion of Mg2+ through the grain boundary toward the surface.  The outward 

Ceramic Matrix Oxide Fiber Bundle 

Non-oxide Interlayer 
(Healing Agent) 

Crack branching 

Oxidation products 

O2 
At high 

temperatures 

Cracks re-bonded by the oxidation 
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diffusion of Mg2+ created an oxidation product layer which healed surface cracks and 

resulted in strength recovery.  However, more extensive oxidation leads to strength 

degradation due to formation of new flaws by the evolution of N2 gas at the surface.  

Lately in 1995, Chu et al. developed the self-healing function in SiC/mullite composites 

[37].  The oxidation of SiC phase in mullite matrix at high temperatures induced the 

formation of oxidation products associated with volume expansion as shown in Fig. 1.6.  

The volume expansion caused the reduction of stress concentration on crack tips which 

consequently involved strength recovery.  Since the study was reported, self-healing 

function of ceramic-based composites has been considered as a promising solution for 

high-temperature applications of ceramics.   

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.6. Schematic illustrates the self-healing mechanism of SiC/mullite matrix 

composites. 

 

 

 

 

 

 

 

SiC + 3/2O2 = SiO2 +CO 
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(b) Before heat-treatment (a) After heat-treatment 
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Chapter II 
Literature review and scope of the self-healing in ceramics 

2.1 Self-healing in ceramics.  

Since the self-healing of SiC/mullite was reported, numerous studies have been 

conducted for the development of self-healing ceramics.  Table 2.1 describes ceramics 

and composites which have self-healing.  In general, SiC dispersed ceramic matrices have 

self-healing function available at temperatures above 1300ºC.  The self-healing 

mechanism of SiC dispersed ceramic matrices was attributed to the oxidation of SiC 

induced volume expansion.  From this aspect, volume expansion factors of healing agents 

which undergo oxidation reaction were considered and shown in Table 2.2 [38].  Among 

the listed healing agents, TiSi2 has the highest volume expansion factor (ϕ=1.67).  As a 

consequence, TiSi2/mullite has the self-healing function which is obtained by 

heat-treatment in air at 600ºC for 1 h [39].  However, the TiSi2/mullite exhibits very poor 

mechanical strength (~180 MPa).  Moreover, mechanical strength of the composite 

decreases as heat-treatment time increases.  

In few rare cases, SiC/ZrO2 composites exhibit the surface crack-disappearance 

obtained by heat-treatment at 800ºC in air [40].  However, bending strength of SiC/ZrO2 

degraded considerably from 700 MPa at room temperature to 180 MPa at 800ºC.  To 

solve this problem, some attempts have been made to fabricate SiC/ZrO2 associated with 

Al2O3 [41] or TiO2 [42].  Nevertheless, adding more additives leads to increase the 

required temperature for self-healing.   

Meanwhile, self-healing in some MAX phase ceramics such as Ti3AlC2 [43], Zr2Al4C5 

[44] and Cr2AlC [45] have been reported as well.  Most of the MAX phases possess 

impressive healing abilities because of significant formation of oxidation products at 

1000ºC.  Nonetheless, besides the positive products (Al2O3, TiO2, ZrO2), the oxidation 

process also induced the negative products such as CO2 gas.  For a long-term service, the 

flow of CO2 gas leads to the formation of flaws at the surface which degrade the 

mechanical strength of the components.  On the other hand, applications of these MAX 
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phases must be taken into consideration of their oxidation resistance due to their sensitive 

oxidation and active diffusion at high temperatures. 

Table 2.1 Development of self-healing function in various ceramic matrices. 

C
om

po
si

te
s 

Dispersoids 

(Healing Agent) 

Matrices 

(Based 

Materials) 

Oxidation 

products for 

self-healing 

Healing 

Temp. 

T/ ºC 

Strength 

recovery 

(*) 

Ref. 

SiC 

Particles 
 

Si3N4 

Y2O3+Si3N4 
Al2O3 

Mullite  
Y2O3+Mullite 
MgAl2O4 

SiO2 
SiO2, Y2SiO7 
SiO2 
SiO2 
SiO2, Y2SiO7 
SiO2 

~1300 
 

O 

[46, 47] 
[48-50] 
[51-54] 
[55-57] 
[58] 
[59] 

[40] 
[41] 
[42] 

ZrO2 SiO2 ~800 O 

Al2O3+ZrO2 

TiO2+ZrO2 
SiO2 
SiO2 

~1000 O 

Whiskers Al2O3 SiO2 

~1300 O 

[60] 
Particles 
& 
Whiskers 

Mullite SiO2 [61] 

TiC Al2O3 TiO2 ~1000 ∆ [62] 
Ti2Al0.5Sn0.5C Al2O3  TiO2, SnO2 ~900 

O 
[63] 

TiSi2 Mullite TiO2, SiO2 ~600 [39] 
Co Al2O3 CoAl2O4 

~1200 O 
[64] 

NiAl Al2O3 NiAl2O4 [23] 
Ni Al2O3 NiAl2O4 [65] 
Mo Al2O3 Al2(MoO4)3 ~700 X [66-67] 
MoSi2 Al2O3+ZrO2 ZrSiO4, Si-O ~1100 ∆ [68] 

M
on

ol
ith

ic
 

- Ti2SnC TiO2, SnO2 ~800 O [69] 
- Ti3AlC2 Al2O3, TiO2 ~1100 - [43] 
- Zr2Al4C5 ZrO2, Al2O3 ~900 ∆ [44] 

- Cr2AlC 
Al2O3, 

(Cr,Al)2O3 
~1100 O [45] 

- (MoNb)Si2 SiO2, Nb2O5 ~1200 O [70] 

(*) Strength recovery: (O) Full, (∆) Partially; (X) No. 
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Table 2.2 Volume expansion factors of healing agents which undergo oxidation reaction. 

Oxidation reaction 
Volume expansion factor ϕ 

(ϕ=∆V/Vo) 

2Ti2AlC+12/2O2→4TiO2+Al2O3+2CO 

Si3N4+3O2→3SiO2+2N2 

SiC+3/2O2→SiO2+CO 

Si+O2→SiO2 

2CrSi2+11/2O2→Cr2O3+4SiO2 

TiSi2+3O2→TiO2+2SiO2 

0.54 

0.84 

1.00 

1.07 

1.20 

1.67 

Ni+Al2O3+1/2O2→NiAl2O4 0.22 

 

2.2 Self-healing ceramic composites by metallic-healing agents. 

Self-healing function at high temperatures has been also reported lately for 

metal/ceramic-based composites such as Ni/Al2O3 [65], Co/Al2O3 [64], and Mo/Al2O3 [66].  

Unlike the volume expansion-induced crack-disappearance of SiC/ceramic composites, the 

diffusion of metallic cations plays the major role in self-healing performance of 

metal/ceramic composites.  With the diffusion mechanism, self-healing of metal/ceramics 

composites is expected to perform repeatedly.  Fig. 2.1 demonstrates the oxidation 

mechanism which induces surface crack-disappearance of metal/ceramic composites.  As 

soon as the composites are applied at high temperatures in the air, the metallic phase on the 

surface is oxidized.  The oxidation of metallic phase induces the diffusions of metallic 

cations (M2+) and oxygen ions (O2-) which create the surface layer and oxidized zone.  

While the formation of the surface layer is responsible for self-healing function, the 

development of oxidized zone is representative for oxidation resistance of the composites.  

The developments of oxidized zone and the surface layer are very varied, depending on 

characteristics of dispersoids, matrix materials or dopants.  For example, Nanko described 

the oxidation mechanism in various metal/ceramics composites [71].  In which, the 

inward diffusion of O2- in Ni/ZrO2 composites occurred much faster than the outward 
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diffusion of Ni2+.  Without the outward diffusion of Ni2+, the oxidation of metallic phase 

caused the volume expansion which induced the formation of cracks at oxidized zone. This 

phenomenon caused the rapid formation of oxidized zone without the surface layer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1. Schematic describes the self-healing and oxidation mechanism of metal/ceramic 

composites at high temperatures. 

 

From a kinetic point of view, Mo/Al2O3 would be a great self-healing composite.  

Unfortunately, the oxidation product of this system, Al2(MoO4)3 is unstable at 

high-temperatures.  It decomposes to form MoO3 which is evaporated easily at high 
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temperatures.  As a consequence, the self-healing function of Mo/Al2O3 exhibits poor 

effectiveness on strength recovery.  Self-healing of Ni/Al2O3 composites is quite similar 

with that of Co/Al2O3 composites.  The surface cracks completely disappeared by the 

formations of surface layers which were composed by oxidation products, NiAl2O4 or 

CoAl2O4.  Both Ni and Co are famous with magnetic properties [72].  However, 

fabrication of Ni/Al2O3 is easier and cheaper than that of Co/Al2O3.   Consequently, 

self-healing in Ni/Al2O3 composites draws more attention than the others.  In other words, 

metallic Ni is considered to be a potential dispersoid for self-healing function of 

ceramic-based composites. 

 

2.3 Self-healing Ni/Al2O3 nanocomposites as potential candidates. 

Self-healing of Ni/Al2O3 was firstly reported by Nanko et al. in 2009 [65].  The 

surface cracks with approximately 180 µm in length completely disappeared by 

heat-treatment at 1200ºC for 6 h in the air.  The self-healing mechanism was clarified to 

be the oxidation of Ni phase within Al2O3 matrix induced self-healing.  As described in 

the previous section, self-healing effectiveness of Ni/Al2O3 depends on the formation of 

NiAl2O4 surface layer resulting from the outward diffusion of Ni2+ along Al2O3 grain 

boundaries.  In the meantime, the inward diffusion of O2- creates the internal oxidized 

zone.  The outward diffusion of Ni2+ and inward diffusion of O2- were thought to have a 

strong relationship.  Reduction of inward diffusion O2- might motivate the outward 

diffusion of Ni2+.  Maruoka et al. reported Si-doping decreased the growth rate of 

oxidized zone of Ni/Al2O3 composites effectively at 1200ºC [73].  Following the study, 

investigations of self-healing for Al2O3 matrix composites dispersed with Ni and SiC [74]; 

Ni and Si or Ni and Y [75] were conducted.  Doping of SiC, Si or Y contributes to 

improve effectively the oxidation resistance of the composites.  However, they show less 

influence on self-healing performance.  Besides, some of the dopants give bad influence 

on mechanical strength of the composites.  Lately in 2012, Maruoka et al. studied the 

strength recovery of Ni/Al2O3 as a function of surface crack-disappearance by 

heat-treatments in the air [76].  The study concluded that full strength recovery of 



Chapter II                                        Literature Review & Scope 
 

Pham, Vu Hai  15 
 

Ni/Al2O3 can be achieved even with 50% of surface crack disappearance.  However, the 

strength recovery of the composites was examined by bending tests at room temperature.  

The effectiveness of self-healing on strength recovery at high temperatures still stays 

unclear.  It is necessary to conduct high-temperature bending tests to clarify this fact.  

Also from the study, the formation of NiAl2O4 surface layer at early stage of oxidation 

process was described and shown in Fig. 2.2.  The NiAl2O4 rigs form on the surface of 

Al2O3 matrix by the diffusions at grain boundaries.  It suggests that the grain boundary 

diffusion is an important factor determining the oxidation kinetic of the composites.  In 

other words, size of Al2O3 grains may influence on their self-healing effectiveness, 

oxidation resistance, as well as mechanical properties.  Therefore, fabrication of Ni/Al2O3 

nanocomposites by ultrafine grain of Al2O3 is proposed for the investigation of self-healing 

function. 

 

 

 

 

 

 

 
 
 

 

 

 

 

 

 

 

 

Fig. 2.2 Speculative illustrations for oxidation kinetics of Ni/Al2O3 composites. 
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2.4 Scope of the present dissertation 

The overall aim of the present dissertation is to develop the self-healing function for 

Ni particles dispersed oxide ceramic-based composites which are Ni/Al2O3, 

Ni/(ZrO2+Al2O3) and Ni/mullite nanocomposites.  Ni/Al2O3 nanocomposites are 

fabricated by using ultrafine grained Al2O3.  Self-healing function of Ni/Al2O3 is 

estimated through the surface crack-disappearance, self-healing induced-strength recovery 

at high temperatures and oxidation resistance.  The surface crack-disappearance is 

evaluated by the fraction of surface crack length before/after heat-treatments in the air.  

The effectiveness of self-healing function on strength recovery at high temperatures is 

studied by high-temperature bending tests.  Oxidation resistance of Ni/Al2O3 

nanocomposites is investigated through the growth of oxidized zone by heat-treatments in 

the air.  The influence of Al2O3 grain sizes on their oxidation resistance and self-healing 

function is discussed.  Investigation of self-healing function for Ni/(ZrO2+Al2O3) 

nanocomposites is followed the same procedures of Ni/Al2O3 nanocomposites.  The 

influence of ZrO2 on their self-healing function is then discussed.  Investigation of 

self-healing function for Ni/mullite is conducted as an alternative choice.  Mullite matrix 

is known as a greater material than Al2O3 in terms of creep property and oxidation 

resistance.  However, mullite exhibits poor mechanical properties which may restrict their 

applications.   

The major topics are presented and discussed as following: 

1. Self-healing function of Al2O3-based nanocomposites dispersed Ni nano-particles (in 

chapter 3). 

2. Influence of Al2O3 grain size on self-healing and oxidation resistance of Ni/Al2O3 

composites (in chapter 3). 

3. Self-healing function of Al2O3-based nanocomposites co-dispersed Ni and ZrO2 

nano-particles (in chapter 4). 

4. Influence of ZrO2 dispersion on self-healing, oxidation resistance and 

high-temperature bending strength of the composites (in chapter 4). 

5. Self-healing function of mullite-based composites dispersed nano-Ni particles (in 

chapter 5). 
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Fig. 2.3 Flow-chart explains the scope and strategy of studies discussed in the present 
dissertation. 
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Chapter III 
Self-healing Function and High-temperature Strength  

of Ni/Al2O3 Nanocomposites with Ultrafine Al2O3 

 
3.1 Background. 

Grain size of Al2O3 matrix is an important factor controlling many properties of 

Ni/Al2O3 composites, as mentioned in the previous section.  In this chapter, Ni/Al2O3 

nanocomposites were fabricated by using ultrafine grained Al2O3 produced by pulsed 

electric current sintering (PECS) technique.  The influences of Al2O3 grain size on their 

mechanical properties, surface crack-disappearance and oxidation resistance are 

investigated and discussed.  Since the self-healing function of Ni/Al2O3 nanocomposites 

are expected to be a great solution for high-temperature applications, the healing toughness 

at high temperatures must be examined.  Hence, high-temperature bending tests for 

Ni/Al2O3 nanocomposites are carried out in order to study their strength recovery at high 

temperatures.  

 

3.2 Experimental procedure 

Specimen preparation of 5 vol% Ni/Al2O3 nanocomposites was conducted in the 

following procedure.  A slurry mixture containing Ni(NO3)2.6H2O (Kojundo Chemical 

Laboratory Co. Ltd), α-Al2O3 (Taimei Chemicals Co. Ltd, TM-DAR, d = 0.14 μm) and 

distilled water was prepared by ball-milling for 24 h in a plastic bottle with alumina balls 

(5 mm in diameter).  This slurry mixture was dropped into a boiling flask that was 

pre-heated at 400ºC to dry up water and decompose nickel nitrate rapidly.  The dried 

powder mixture then was dried ball-milled for 3 h in a plastic bottle by using Al2O3 balls 

with 5 mm in diameter.  The powder mixture was then reduced in a stream of the 

Ar-1%H2 gas mixture at 600ºC for 12 h to obtain fine nickel particles dispersed in the 

Al2O3 matrix.  After the reduction process, the powder mixture was ball-milled in a 

plastic bottle with ethanol and alumina balls with 5 mm in diameter for 24 h to reduce the 
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agglomeration of the powder mixture.  Drying at 80ºC for 12 h and manual crashing by a 

mortar were then carried out.  The powder mixture was consolidated with a graphite die 

by PECS at die temperature of 1200ºC for 5 min holding time under 50 MPa in uniaxial 

pressure in a vacuum.  The relative density (R.D.) of all fabricated specimens attained at 

least 99% of the theoretical density.  Fig. 3.1 shows a scanning electron microscope 

(SEM) image of the fractured surface of an as-sintered specimen.  Nickel particles, which 

could be observed as bright contrast dots, were homogeneously dispersed in the matrix.  

The average particle size of Ni particles was approximately 200 nm while that of Al2O3 

was approximately 500 nm. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1. SEM image of the fractured surface of an as-sintered specimen. 
 

Mechanical properties of the nanocomposites such as relative density, Vickers 

hardness (Hv), fracture toughness (KIC) and bending strength (σb) were evaluated at room 

temperature.  Vickers hardness and fracture toughness were conducted, following JIS R 

1610 standard and Indentation fracture method [77], respectively.  

In order to investigate the surface crack-disappearance by heat-treatments, three cracks 

were induced on polished surface for each sample by Vickers indentation at a loading of 49 

N for 10 s. Average length and depth of cracks induced on sample surface were 180 μm 

and 90 μm, respectively (Fig. 3.2).  Each Vickers indentation produces four cracks on 

1 µm 
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specimen surface as shown in Figure 3.2a.  The crack size was approximately 180 μm in 

length.  Figure 3.2b shows the cross-sectional view of a Vickers indentation observed on 

the fractured surface.  The dashed line indicates the front of the semi-elliptical crack 

introduced by the Vickers indentation.  The crack depth was approximately 90 μm.  

Effectiveness of surface crack-disappearance after heat treatment at temperatures ranging 

from 1100 to 1300ºC for 1~24 h was estimated by scanning electron microscope (SEM) 

and X-ray diffraction (XRD) for phase identification.  The details of evaluation method 

for surface crack-disappearance were described by Maruoka et al. [74, 76]. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Fig. 3.2. SEM images of Vickers indentation from (a) the top view  
and (b) cross-sectional view of as-cracked specimen. 
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Investigation of strength recovery by surface crack-disappearance was conducted 

through high temperature bending tests. Sintered specimens were cut into a rectangular 

shape (3×4×26 mm) for conducting three-point-bending tests with 16 mm in the span 

distance.  Specimen surface was ground by using a grinding wheel consisting of diamond 

grains with 30 μm in grain size and then polished with 2 μm-diamond particle slurry.  The 

polished specimens are referred to as-sintered specimens, hereafter.  Three Vickers 

indentations were introduced at the center of the specimen tension surface by applying a 

loading of 49 N for 10 s.  The specimens with introduced Vickers indentations are 

referred to as-cracked specimens, hereafter.  Fig. 3.3 illustrates the geometry of surface 

cracks introduced on the specimen surface by Vickers indentations and placement of 

specimen during three-point bending test.  As the surface cracks can be completely healed 

by heat-treatment in the air at 1200ºC for 6 h [65, 76], as-healed specimens were prepared 

by heat-treatment of as-cracked specimens at this condition.  The heat-treatment 

temperature was monitored by using an R-type thermocouple located near the specimens.  

Three-point bending tests were conducted in the air with a cross-head speed of 0.5 mm/min 

at room temperature and temperatures ranging from 800 to 1200ºC for as-sintered, 

as-cracked and as-healed specimens.  Three specimens were carried out at every testing 

condition to obtain the mean value of bending strength as the function of testing 

temperatures.  The testing schedule of high-temperature bending tests was described as 

shown in Fig. 3.4.    

For investigation of oxidation resistance of the nanocomposites, oxidation tests were 

conducted at temperatures ranging from 1100 to 1350ºC for 1 up to 48 h in the air with a 

heating rate 400ºC/h.  The tested samples were put on alumina balls (3 mm in diameter) 

in an alumina crucible and exposed in the air at the investigated conditions.  Oxidized 

samples were then cross-sectioned and polished with 2 μm-diamond particle slurry.  

Phase identification of the samples was carried out by XRD.  Oxidation evolution of 

heat-treated samples was evaluated via the growth rate of oxidized zone observed on 

cross-sectioned surface by SEM. 
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Fig. 3.3. Geometry of cracks introduced on sample surface by Vickers indentations and 

loading system during three-point bending test. 

 

 

 

 

 

 

 

 

 

 
Fig. 3.4. Schematic illustration of testing schedule for high-temperature bending strength. 
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3.3 Results and discussion 

3.3.1 Mechanical properties 

Table 1 shows mechanical properties of Ni/Al2O3 nanocomposites in comparison with 

the other reported results [21, 76, 78-81].  Depending on the starting materials and 

fabrication method, some materials achieved very fine Ni and Al2O3 grain size but had not 

completely densified yet [21, 78].  On the other hand, some materials had improvement in 

density. However grain growth occurred rapidly [76, 79, 80].  By applying a proper 

fabrication and using very fine Al2O3 powder, the 5 vol% Ni/Al2O3 of this study was 

almost fully densified and resulting to very fine grain size after sintering.  The 

nanocomposites achieved outstanding fracture toughness of 6.1±0.5 MPam1/2 and 

maintained very high level of bending strength, 995±90 MPa.   

 
Table 3.1. Mechanical properties of Ni/Al2O3 composites fabricated by various methods 

 

Sample 
Fabrication 

method 
R.D. 
[%] 

dAl2O3 
μm 

dNi  
μm 

KIC/ 
MPam1/2 

σb/ 
MPa 

Hv/ 

GPa 
5%Ni/Al2O3  

[This study] 
PECS >99 0.5 0.1 6.1 995 20 

5%Ni/Al2O3 [76] PECS >99 1.1 0.3 5.8 490 20 

5%Ni/Al2O3 [78] Pressureless >96 0.5 0.15 4.2 526 - 

5%Ni/Al2O3 [21] Hot press >98 0.64 0.1 3.5 1090 - 

5.5%Ni/Al2O3 [79] Hot press >98 1.2 0.6 4.1 500 - 

5%Ni/Al2O3 [80] PECS >98 1.4 0.3 3.2 650 16 

α-Al2O3 [81] Pressureless >98 5 - 3.5 380 15 

 

3.3.2 Surface crack-disappearance 

Figure 3.5 shows SEM images of sample surfaces with introduced cracks before and 

after heat-treatment at various conditions.  Dashed lines present the outline of Vickers 

indentation.  Without heat-treatment, cracks that are indicated by white arrows could be 

observed clearly as shown in Fig. 3.5a.  Length and width of these cracks were 
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approximately 60 and 0.5 μm, respectively (Fig. 3.5b).  At 1100oC, surface cracks 

completely disappeared after heat-treatment for 24 h (Fig. 3.5c and d).  With shorter 

annealing time, cracks only partly disappeared at this condition.  Heat-treatment at 

1200oC for 1 h, 80±14% of cracks disappeared on sample surface, as shown in Fig. 3.5e 

and Fig. 3.5f.  Increasing annealing time, cracks on sample surface completely 

disappeared as shown in Fig. 3.5g and Fig. 3.5h.  According to Maruoka et al. [76], 

effectiveness of self-healing was depended on formation of NiAl2O4 which is referred to 

diffusion of Ni2+ along grain boundaries.  Finer grain size of Al2O3 leads to accelerate 

self-healing performance.  Besides, finer microstructure involves in formation of 

oxidation product more homogeneously on sample surface. 

Figure 3.6 shows XRD patterns of sintered samples before and after heat-treatment in 

air in order to identify compounds formed on sample surface.  Before heat-treatment, 

there were only two dominant substances that were α-Al2O3 and Ni detected on sample 

surface (Fig. 3.6d).  After heat-treatment at 1100ºC for 24 h in air, appearance of NiAl2O4 

significantly rose and replaced for the existence of Ni-metallic particle, as shown in Fig. 

3.6c.  Fig. 3.6b shows the intensity of NiAl2O4, which formed after heat-treatment at 

1200ºC for 1 h, was almost similar to the term of sample after heat-treated at 1100ºC for 24 

h.  At 1200ºC for 6 h (Fig. 3.6b), there were some weak intensity peaks of Ni metallic 

particles detected.  Instead of that, NiAl2O4 that was attributed to being a key factor 

responsible for crack-healing rapidly formed and covered sample surface.  According to 

the ternary phase diagram of the Ni-Al-O system [82], NiAl2O4 is the only oxidation 

product.  NiO does not coexist with Al2O3.  It has been discussed elsewhere [64, 73, 74]. 
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Fig. 3.5 SEM images of surfaces of as-cracked sample (a) and (b), sample heat-treated at 
1100oC for 24 h in air (c) and (d), sample heat-treated at 1200oC for 1 h in air (e) and (f), 

sample heat-treated at 1200oC for 6 h in air (g) and (h). 
 
 
 

 

As-cracked   

1100oC, 24 h 

1200oC, 1 h 

1200oC, 6 h 

5 μm 20 μm 

5 μm 20 μm 

5 μm 20 μm 

5 μm 20 μm 

Cracks 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 



Chapter III                                           Ni/Al2O3 Nanocomposites 
 

Pham, Vu Hai  27 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
Fig. 3.6 XRD patterns of the sintered Ni/Al2O3 samples with/without heat-treatments in air. 
 
3.3.3 Self-healing-induced strength recovery 

Figure 3.7 shows the results of high-temperature bending tests of as-sintered, 

as-cracked and as-healed specimens.  At room temperature, bending strength of 

as-sintered specimens was determined as 995±85 MPa.  Bending strength of as-cracked 

specimens (three Vickers indentations introduced on each specimen) only achieved 120±5 

MPa.  By heat-treatment at 1200ºC for 6 h in the air, cracks on as-healed specimens were 

completely healed as shown in Figure 3.5g.  As a result, as-healed specimens achieved 

890±15 MPa in bending strength, which is as same as that of as-sintered specimens.  At 

800ºC, bending strength of as-sintered and as-healed specimens decreased to the values of 

545±140 MPa and 505±35 MPa, respectively.  While, that of as-cracked specimens 

slightly increased to 165±35 MPa.  Bending strength of as-sintered, as-healed and 

as-cracked specimens at 1000ºC was 405±75, 480±70 and 190±10 MPa, correspondingly.  

When the temperature reached to 1200ºC, the value of as-healed specimens was 200±10 

MPa, while that of as-cracked specimens obtained 130±10 MPa.  At this critical 

temperature, the plastic deformation of as-sintered specimens occurred at a loading of 205 

MPa.  Two specimens out of three tested ones did not fracture during the 

high-temperature bending tests, as shown in Fig. 3.8.  Fig. 3.9 shows the applied force as 
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a function of displacement during high temperature bending tests of Ni/Al2O3 specimens.  

Ni/Al2O3 specimens exhibited both elastic and plastic deformations at 1200ºC as seen in 

Fig 3.9 a.  The applied force suddenly increased from 300 N to 1300 N when the 

specimen reached and contacted the lower jig due to the bending of the specimen.  The 

Ni/Al2O3 specimens did not show any plastic deformation at 1100ºC, as shown in Fig. 

3.9b.  

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 3.7 Bending strength of as-sintered, as-cracked and heat-treated specimens as a 
function of bending test temperatures. 

 
 
 
 
 
 
 
 
 

Fig. 3.8.  Photographs show the morphology of the as-sintered specimen (a) before and 
(b) after high-temperature bending test conducted at 1200ºC. 
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Fig. 3.9.  Applied force as a function of displacement during high temperature bending 
tests for Ni/Al2O3 nanocomposites at (a) 1200 and (b) 1100ºC. 

 

Bending strength of as-sintered specimens was tested at room and temperatures 

ranging from 800 to 1200ºC to evaluate the performance of the nanocomposite at high 

temperatures.  At room temperature, the as-sintered specimens exhibited great bending 

strength due to the ultrafine microstructure as shown in Fig. 3.1.  Nonetheless, the 

bending strength of as-sintered specimens dramatically decreased as increase of testing 

temperature.  Evans et al. reported that high-temperature mechanical strength of general 

polycrystalline ceramics depend on slow crack growth caused by cavitations and/or grain 

boundary sliding [83]. Niihara et al. reported the mechanical degradation at high 

temperatures of 5 vol% SiC/Al2O3 was worse than that of monolithic Al2O3 ceramic due to 
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was caused by the difference in coefficients of thermal expansion (CTE) of the dispersiod 

and the matrix that propagated slow crack growth at cavities.  The similar behaviors have 

been reported in Al2O3 based nanocomposites by Niihara et al. [26, 84].  Figure 3.10 

shows the temperature dependence of the bending strength for Ni/Al2O3, SiC/Al2O3
 [26], 

W/Al2O3
 [84] and monolithic Al2O3 [26].  Among these nanocomposites, SiC/Al2O3 has 

the highest bending strength at high temperatures.  This manner could be explained by the 

smaller difference in CTE of SiC/Al2O3 than the other composites.  On the other hand, the 

interface energy between the Ni particles and Al2O3 grains could be one of the factors that 

affect the mechanical behavior of the composites at high temperatures, as demonstrated in 

Fig. 3.11.  Tuan et al. reported the interfacial fracture energy for Ni/Al2O3 system is lower 

than the transgranular fracture energy [85].  It means that the fracture mode in Ni/Al2O3 

system is intergranular one.  Whereas, the interfacial fracture energy for SiC/Al2O3 

system is higher than the transgranular fracture energy [86].  This implies that the fracture 

mode in SiC/Al2O3 system is the transgranular fracture.  In other words, the dispersion of 

Ni particles has less effectiveness in inhibition of grain boundary sliding than the 

dispersion of SiC at high temperatures.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.10 Temperature dependence of the bending strength for 5 vol% Ni/Al2O3 and the 
other nanocomposites reported by Niihara et al.. 
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Fig. 3.11. Fracture mechanisms of Ni/Al2O3 and SiC/Al2O3 composites. 

The situation became totally different when the high-temperature bending tests of 

as-sintered specimens were conducted at 1200ºC.  As-sintered specimens were able to 

deform and stand against their failure at this critical temperature.   As shown in Fig. 3.8b, 

the specimen was deformed and did not fracture during the high-temperature bending test.  

The cracks on the as-sintered specimen shown in Fig. 3.8b only appeared during the 

cooling process of the bending test.  From the mechanical point of view, the Ni/Al2O3 

nanocomposites must be operated at the temperatures below 1000ºC. 

In order to evaluate the effectiveness of self-healing function at high temperatures, 

bending tests were conducted for as-healed specimens at room temperature, 800, 1000 and 

1200ºC.  Bending strength of as-healed specimens at room temperature was 890 MPa, as 

high as that of as-sintered specimens.  As discussed by Maruoka et al., the recovery of 

bending strength was attributed to the effect of the self-healing mechanism [64].  Fig. 

3.12a shows the fractures of as-healed specimens after bending tests conducted at room 

temperature indicating that the fracture of specimens propagated from the outside of 

introduced indentations.  It indicates that the Vickers indentations were no longer being 

the highest stress concentration points.  The same phenomena were observed on as-healed 

specimens conducted at higher temperatures, as shown in Fig. 3.12b, c and d.  The 

self-healing-induced mechanical recovery was not affected by the testing temperatures.  

Although the self-healing function is effective at high temperatures, the bending strength of 

as-healed specimens decreased as increase of testing temperatures.  This behavior was 

similar to the mechanical behavior at high temperatures of as-sintered specimens.  On the 

other hand, values of bending strength of as-healed specimens conducted at 800 and 
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1000ºC were comparable with that of as-sintered specimens conducted at the same 

temperatures.  The self-healing induced strength recovery of Ni/Al2O3 nanocomposites is 

available at high temperatures.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.12. SEM images show the fractures of as-healed specimens in bending tests 
conducted at (a) room temperature, (b) 800, (c) 1000 and (d) 1200ºC. 
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High-temperature bending tests were conducted for as-cracked specimens in order to 

estimate their performance at high temperatures as damaged stage and to compare with that 

of as-healed specimens.  In general, brittle materials fracture and fail from the highest 

stress concentration at the largest defects.  As shown in Fig. 3.13a and b, the as-cracked 

specimen fractured along all the introduced Vickers indentations during the bending tests 

conducted at room temperature and 800ºC.  Above 800ºC, the bending strength of 

as-cracked specimens slightly increased as increase of testing temperatures.  The fractures 

of as-cracked specimens that were conducted at 1000 and 1200ºC did not propagate across 

all the cracks introduced by Vickers indentations, as shown in Fig. 3.13c and d.  Fig. 3.14 

shows XRD patterns of exposed surface for as-cracked specimens after bending tests 

conducted at room temperature, 800, 1000 and 1200ºC, which mean the formation of 

NiAl2O4-oxidation product after high-temperature bending tests.  Taking account of the 

testing schedule as shown in Fig. 3.4, the testing specimens were heated up to the testing 

temperature with a heating rate of 600ºC/h in the air.  It suggests that the oxidation 

product was formed during the heating process of high-temperature bending tests.  From 

the reasons above, the increase of bending strength of as-cracked specimens as increase in 

testing temperature was attributed to the effect of self-healing mechanism on mechanical 

strength.  In other words, partial recovery of bending strength in Ni/Al2O3 nanocomposite 

is able to obtain rapidly when it is applied at high temperatures.  
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Fig. 3.13. SEM images of as-cracked specimens showing the fracture after bending tests 

conducted at (a) room temperature, (b) 800, (c) 1000 and (d) 1200ºC. 
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Fig. 3.14. XRD patterns of exposed surface for as-cracked specimens after bending tests 
conducted at room temperature, 800, 1000 and 1200ºC. 
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test conducted at room temperature.  The as-healed specimens were heat-treated at 

1200ºC for 6 h in the air before the high-temperature bending tests.  The heat-treatment 

induced the formation of oxidized zone, in which, metallic Ni particles no longer existed.  

According to the ternary phase diagram of the Ni-Al-O system, NiAl2O4 was the only 

oxidation product that has a melting temperature of 2110ºC [82].  Taking account of the 

cracks that were induced by Vickers indentation as shown in Fig. 3.2b, the internal region 

consisting of the cracks became the exposed region.  Fig. 3.16 shows a Vickers 

indentation from the fractured surface of an as-healed specimen after high-temperature 

bending test conducted at 1200ºC.  The depth of the oxidized zone with the introduced 

indentation was approximately 90 μm while that of the oxidized zone without the 

indentation was approximately 18 μm.  The internal region consisting of the cracks 

became the oxidized region that resisted the deformation of the as-healed specimen.  On 

the other hand, the result of high-temperature bending tests indicated that bending strength 

of as-healed specimens was similar with that of as-sintered specimens.  In other words, 

high-temperature bending strength of Ni/Al2O3 nanocomposite was not affected by the 

oxidized zone. 
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Fig. 3.15. SEM images show the fractured surface of an as-healed (1200ºC for 6 h) 
specimen after high-temperature bending test conducted at room temperature. 

 

 
 
 
 
 
 
 
 
 
 
 

Fig. 3.16. SEM images show a Vickers indentation from the fractured surface of an 
as-healed specimen after high-temperature bending test conducted at 1200ºC. 
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3.3.4 Oxidation resistance 

Figure 3.17 shows the SEM images of cross-sectioned surface of Ni/Al2O3 

nanocomposites after oxidation at 1200ºC for 24 h and 1300ºC for 12 h.  In the region 

from the surface to the depth of 35 μm, the grains that are larger than Ni particles were 

oxidation product-NiAl2O4 formed by oxidation test (Fig. 3.17a).  Nano-Ni particles 

could be visible as the bright dots in the region deeper 35 μm from the surface.  For the 

reasons above, the region composed of the NiAl2O4 grains and Al2O3 was defined as the 

oxidized zone.  Figure 3.17b shows the thickness of oxidized zone is 65 μm after 

oxidation test 1300ºC for 12 h.  A thin surface layer that has the same color of NiAl2O4 

was observed on both samples as shown in Fig. 3.17.  From XRD results, the thin surface 

layer formed on the sample surface was determined as the NiAl2O4 layer.   

Figure 3.18 shows the thickness of oxidized zone of the nanocomposites as a function 

of oxidation time at various temperatures.  With increasing oxidation temperature, the 

thickness of the oxidized zone increased.  The growth of oxidized zone obeyed the 

parabolic law:        

x2=kpt,                                (3.1) 

where x is the thickness of oxidized zone; kp the parabolic rate constant, and t oxidation 

time.   

Figure 3.19 shows the parabolic rate constant, kp, as a function of reciprocal oxidation 

temperature for the growth of oxidized zone for Ni/Al2O3 nanocomposites in comparison 

with the previous reported study on Ni/Al2O3 composites [92].  Slopes of both the lines 

were almost equal.  The values of apparent activation energy for the growth rate of 

oxidized zone in Ni/Al2O3 nanocomposites and the previous reported Ni/Al2O3 composites 

were 400 kJmol-1 and 414 kJmol-1, respectively. 
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Fig. 3.17. SEM images show the cross-sectioned surface of Ni/Al2O3 nanocomposites after 

oxidation at (a)1200ºC for 24 h and (b) 1300ºC for 12 h in the air. A thin surface layer 
composed of NiAl2O4 was observed on both samples.  

 
 

 

 

 

 

 

 

 

 

 

 
Fig. 3.18. Thickness of oxidized zone as a function of oxidation time at various 

temperatures for Ni/Al2O3 nanocomposites. 
 

(a) 

(b) 

10 μm 

10 μm 

2 μm 

2 μm 

x = 35 μm 

x = 65 μm 

Oxidized zone 

Oxidized zone 

NiAl2O4 layer 

NiAl2O4 layer 

Heat treatment time, t/h 

Th
ic

kn
es

s o
f O

xi
di

ze
d 

zo
ne

, x
/µ

m
 



Chapter III                                           Ni/Al2O3 Nanocomposites 
 

Pham, Vu Hai  40 
 

 

 

 

 

 

 

 

 

 

 
Fig. 3.19. Temperature dependence of parabolic rate constant on oxidation of Ni/Al2O3 
nanocomposites in comparison with reported Ni/Al2O3 (Al2O3 grain size of1.1 µm) [92]. 
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=                             (3.6) 

Integrate equation (3.6):  = ln                            (3.7) 

Where  is the oxygen partial pressure at the interface between the surface layer and the 

internal-oxidized zone;  the oxygen partial pressure at the interface between the 

internal-oxidized zone and the non-oxidized zone. 

In consideration of volume fraction of Ni which affects the development of the 

internal-oxidized zone, the Jo can be expressed as the equation below:  =                              (3.8) 

Where  is Volume fraction of Ni;  Molar volume of the matrix. 

t - Oxidation time. 

From equations (3.7) and (3.8): = ln                        (3.9) 

Assuming that Do and Co are constant for X and t, = ln                         (3.10) 

Since the diffusion path is attributed to the grain boundaries of the matrix, the grain size 

factor kgs is taken into account as following:  

 Do = Dgb kgs                (3.11) 

Where Dgb is Coefficient of grain boundary diffusion; kgs Grain size factor (fraction of 

grain sizes). The factor implies the difference in grain size of the matrix. kgs > 1 means the 

improvement in microstructure. kgs = d1/d2 (d2<d1) 

From equations (3.10) and (3.11): = ln                      (3.12) 

From the equation 3.12, the rate constant for the development of the internal-oxidized zone 

is directly proportional with the grain size factor.  The rate constant can be increased 

twice if the grain size is smaller two times of magnitude.  The formation of the 
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internal-oxidized zone can be predictable.  However, experimental results indicated the 

formation of oxidized zone in Ni/Al2O3 nanocomposites in this study was comparable with 

the previous reported study on Ni/Al2O3 composites (macro Al2O3 grain size) [92].   

Figure 3.20 shows SEM images observed on the fractured surface of Ni/Al2O3 

composites with macro grain size after oxidation at 1300ºC for 12 h.  The average Al2O3 

grain size in the oxidized zone was 1.5 μm (Fig. 3.20b) while it was 1.3 μm in the 

non-oxidized zone (Fig. 3.20c).  The existence of pores in the oxidized zone was 

attributed to outward diffusion of cations.  Similarly, Figure 3.21 shows the differences in 

the microstructure of Ni/Al2O3 nanocomposites after oxidation at 1300ºC for 12 h.  The 

average Al2O3 grain size in the oxidized zone was 1.3μm (Fig. 3.21b) while it was 0.75μm 

in the non-oxidized zone (Fig. 3.21c).  Taking account of Al2O3 microstructure after 

sintering, the average Al2O3 grain sizes in Ni/Al2O3 composites and Ni/Al2O3 

nanocomposite were 1.1μm and 0.5 μm, respectively.  Ni/Al2O3 nanocomposites were 

sintered at 1200ºC which was lower than that of the investigated conditions.  Oxidation at 

temperatures higher than sintering temperature caused grain growth of the composites.  

On the other hand, Ni particles dispersed in Al2O3 matrix act as grain growth inhibitors.   

Outward diffusion of cations in oxidized zone during oxidation induced the reduction of Ni 

concentration.  Consequently, grain growth occurred during oxidation tests especially in 

the oxidized zone.  The similarities of Al2O3 grain size in oxidized zone causes the 

similarities of oxidation behavior.  In summary, nanostructure on Ni/Al2O3 is effective for 

mechanical behavior.  However, there was no significant influence in high-temperature 

oxidation and its related phenomena because of grain growth in their oxidation zone. 
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Fig. 3.20. SEM images showing fractured surface of Ni/Al2O3 composites with macro Al2O3 
grain size after oxidation at 1300ºC for 12 h. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.21. SEM images showing fractured surface of Ni/Al2O3 nanocomposites after 
oxidation at 1300ºC for 12 h. 
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3.4 Conclusions. 

Fully densified 5 vol% Ni/Al2O3 nanocomposites were fabricated by PECS to 

investigate their mechanical properties, surface crack-disappearance by heat-treatments in 

air, strength recovery at room and high temperatures; and oxidation resistance.  The 

following conclusions are based on these properties: 

1. Mechanical properties 

Ni/Al2O3 nanocomposites fabricated by PECS with a proper powder processing 

achieved highly density, ultrafine microstructure with average 0.5 µm grain size of Al2O3 

and 0.1 µm particle size of Ni.  As a consequence, consolidated specimens exhibited 

outstanding fracture toughness of 6.1 MPam1/2 and maintained high bending strength of 

995 MPa.  With the ultrafine microstructure, the nanocomposites also obtained 20 GPa in 

Vickers hardness which was even higher than that of monolithic Al2O3. 

2. Surface crack-disappearance by heat-treatments in air 

Investigation of surface crack-disappearance via heat-treatment in air was conducted at 

temperatures ranging from 1100~1300ºC for 1~24 h.  Surface cracks with 180 µm in 

length completely disappeared by heat-treatments in air at 1100ºC for 24 h or 1200ºC for 6 

h.  Ultrafine microstructure of the nanocomposites resulted in slightly higher 

effectiveness of the surface crack-disappearance. 

3. Strength recovery at room and high temperatures 

Bending strength of 5 vol% Ni/Al2O3 nanocomposites as a function of testing 

temperature is investigated at temperatures ranging from room temperature to 1200ºC.  

Self-healing performance at high temperatures of the nanocomposites is evaluated by 

conducting high-temperature bending tests for as-sintered, as-cracked and as-healed 

specimens.  Bending strength of as-sintered specimens dramatically decreases from 995 

MPa at room temperature to 205 MPa at 1200ºC.  Additionally, the plastic deformation of 

the as-sintered specimens occurs when the testing temperature reaches to 1200ºC.  The 
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values of high-temperature bending strength of as-healed specimens are comparable with 

these of as-sintered specimens.  Similar to that of as-sintered specimens, bending strength 

of as-healed specimens is degraded as increase in testing temperature.  This fact implies 

the recovery of bending strength by the self-healing function is able to achieve at 

temperatures as high as 1200ºC.  Unlike the mechanical behaviors at high-temperatures of 

as-sintered and as-healed specimens, the bending strength of as-cracked specimens slightly 

increases with increasing testing temperature.  This phenomenon is attributed to the effect 

of the self-healing mechanism during high-temperature bending tests. 

4. Oxidation resistance 

Investigation for oxidation behavior of Ni/Al2O3 nanocomposites was conducted at 

temperatures ranging from 1100~1300ºC for 1~24 h.  Oxidation resistance of Ni/Al2O3 

nanocomposites was examined through the growth rate of oxidized zone after 

heat-treatments in air.  The growth of oxidized zone obeyed the parabolic law.  The 

apparent activation energy for the growth of oxidized zone was determined to be 400 

kJmol-1.  The influence of Al2O3 grain size on oxidation behavior of nanocomposites was 

discussed.  According from the theoretical model, the Al2O3 grain size factor is 

proportional with the parabolic rate constant.  However, experimental results show the 

influence of Al2O3 grain size on oxidation behavior was insignificant.  It is attributed to 

the grain growth of Al2O3 matrix, especially in oxidized zone during the heat-treatments. 
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Chapter IV 
Self-healing Function and High-temperature Strength 

of Ni/(ZrO2+Al2O3) Nanocomposites 

4.1 Background. 

With regard to the mechanical properties of Ni/Al2O3 nanocomposites studied in the 

previous chapter, dispersion of 3 mol% Y2O3 stabilized tetragonal ZrO2 (YZ) in Ni/Al2O3 

nanocomposites was proposed.  Stabilized tetragonal zirconia (t-ZrO2) is well known as 

an excellent ceramic which has superior mechanical properties due to 

transformation-toughening mechanism [93, 94].  Under a stress of crack propagation, 

tetragonal zirconia particles located around the crack transformed to monoclinic zirconia 

phase (m-ZrO2) which induced large volume expansion.  The stress induced by volume 

expansion inhibited against crack propagation that caused them to be stronger and tougher 

at room temperature.  With regard to Al2O3 based composites co-dispersed with Ni and 

t-ZrO2, Chen et al. reported that the fracture toughness of Ni/(t-ZrO2+Al2O3) composites 

was higher than the sum of fracture toughness of composites containing only t-ZrO2 or Ni 

particles [95].  Nonetheless, t-ZrO2 is also known as an ionic conductor which would 

affect oxidation resistance as well as self-healing function of the composites.  Ionic 

conductivity of t-ZrO2 is due to oxygen vacancies induced by doping some stabilizing 

materials such as yttria (Y2O3), calcia (CaO) or magnesia (MgO) in order to stabilize 

t-ZrO2 phase at room temperature [96, 97].  Relating to this fact, Nanko et al. reported 

high temperature oxidation of Ni particle dispersed t-ZrO2 composites, in which, O2- 

diffusion rate was much higher than that of Ni2+ that caused volume expansion and 

consequently resulted in appearance of cracks in oxidized zone [98].  With respect to the 

study, dispersion of t-ZrO2 in Ni/Al2O3 was considered to be only 10 vol%. 

In this chapter, mechanical properties at room temperature such as Vickers hardness, 

fracture toughness and bending strength of 5 vol% Ni/(10 vol% YZ+Al2O3) ceramic 

nanocomposite were investigated.  Investigation of self-healing function of the 

nanocomposite was conducted at temperatures ranging from 1100 to 1300ºC for 1~24 h in 
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air.  In order to estimate the performance of the nanocomposite, as well as its self-healing 

function at high temperatures, three-point bending tests were conducted at temperatures 

ranging from 800 to 1200ºC for as-sintered, as-cracked and as-healed specimens.  

Oxidation resistance of the nanocomposites is investigated through the growth rate of 

oxidized zone induced by heat-treatments in air at temperatures ranging from 1100 to 

1300ºC for 1~24 h.  The influences of YZ dispersion on mechanical properties, 

self-healing performance and oxidation resistance of the nanocomposites are discussed. 

4.2 Experimental procedure. 

Specimens used in this study were 5 vol% Ni/(10 vol% YZ+ Al2O3), fabricated by the 

following procedures.  The starting powder mixture was prepared by making a slurry 

mixture containing Ni(NO3)2.6H2O (Kojundo Chemical Laboratory Co. Ltd, purity 99.9%), 

α-Al2O3 (Taimei Chemicals Co. Ltd, TM-DAR, average particle size 0.14 μm, purity 

99.99%), 3 mol% Y2O3 stabilized ZrO2 (YZ) (Tosoh Corporation, TZ-3YB, average 

particle size 0.3 μm, purity 99.9%) and distilled water.  Afterward, the slurry mixture was 

ball-milled in a plastic bottle with 5-mm-diameter alumina balls for 24 h.  Then the slurry 

was dropped into a boiling flask which had been pre-heated at 400ºC to dry up water and 

decompose nickel nitrate immediately.  After grinding by a mortar, the powder mixture 

was reduced in a stream of Ar-1%H2 gas mixture at 600ºC for 12 h in order to obtain fine 

nickel particles dispersed in the YZ-Al2O3 matrix.  The powder mixture was ball-milled 

in a plastic bottle with ethanol and 5-mm-diameter alumina balls for 24 h to lessen 

agglomeration of the powder mixture after reduction.  Drying at 80ºC for 12 h in a drying 

oven and manual crashing by a mortar were done afterward.  The powder mixture then 

was sintered in a graphite die by pulsed electric current sintering (PECS) technique at die 

temperature of 1300oC for 5 min holding time, under 50 MPa uniaxial pressure in a 

vacuum.  Relative density (R.D.) of all fabricated specimens and used in this study 

attained at least 99% of the theoretical density.  Fig. 4.1 shows a scanning electron 

microscope (SEM) image of fractured surface of an as-sintered sample.  Nickel particles, 

which could be observed as bright contrast dots, were homogeneously dispersed in the 
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matrix.  The average particle size of Ni particles was approximately 100 nm, while that of 

Al2O3 and YZ were approximately 300 nm. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1. SEM image of fractured surface of as-sintered sample. 

 

Evaluation of the specimens was conducted as the following steps.  As-sintered 

samples were cut into a rectangular shape (3×4×26 mm) for conducting 

three-point-bending tests.  Samples surface were ground by using a grinding wheel with 

30-μm-diamond grains and then polished with 2-μm-diamond particle slurry.  The 

polished samples are referred to as-sintered sample, hereafter.  After polishing, three 

Vickers indentations were introduced on center of the sample tension surface by applying a 

loading of 49 N for 10 s in air in order to induce pre-cracks on the surface.  The samples 

with introduced Vickers indentations are referred to as-cracked samples, hereafter.  The 

geometry of surface cracks introduced on the sample surface by Vickers indentations and 

placement of samples during three-point bending test could be referred to Fig. 3.3.  Each 

Vickers indentation produces four cracks on sample surface as shown in Fig. 4.2a.  The 

crack size was approximately 200 μm in length.  Fig. 4.2b shows the cross-sectional view 

of a Vickers indentation observed on fractured surface.  The dashed line indicates the 

1 μm 
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front of the semi-elliptical crack introduced by the Vickers indentation.  The crack depth 

was approximately 100 μm.  Afterward, mechanical properties such as hardness (Hv) and 

fracture toughness (KIC) were evaluated by Vickers hardness method and Indentation 

fracture method [77], respectively.  As-cracked samples were heat-treated at temperature 

ranging from 1100 to 1300ºC for 1 to 24 h in air at 400ºC/h heating rate for investigation 

of self-healing function.  Heat-treatment temperature was monitored by using an R-type 

thermocouple located near the samples.  Surface crack-disappearance was evaluated by 

fraction of surface crack length before and remaining after heat-treatment, ∆C.  The 

evaluation in detail can be referred in the article written by Maruoka et al. [76, 74].  

Three-point bending tests were conducted in air with a cross-head speed of 0.5 mm/min at 

room temperature and temperatures ranging from 800 to 1200ºC for as-sintered, as-cracked 

and as-healed samples.  Testing schedule of high temperature bending tests was 

conducted with the same one described in Fig. 3.4.  The as-cracked samples that were 

heat-treated at 1200ºC for 6 h in air obtained completely surface crack-disappearance.  

Therefore, they are called as-healed samples, hereafter.  For investigation of oxidation 

resistance of the nanocomposites, oxidation tests were conducted at temperatures ranging 

from 1100 to 1300ºC for 1 up to 24 h in the air with a heating rate 400ºC/h.  The tested 

samples were put on alumina balls (3 mm in diameter) in an alumina crucible and exposed 

in the air at the investigated conditions.  Oxidized samples were then cross-sectioned and 

polished with 2 μm-diamond particle slurry.  Oxidation evolution of heat-treated samples 

was evaluated via the growth rate of oxidized zone observed on cross-sectioned surface by 

SEM.  Analysis of tested specimens is conducted with phase identification by using XRD 

and microstructure observation by SEM.  
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Fig. 4.2. SEM images of Vickers indentation from the top view (a) and cross-sectional view 

of an as-cracked sample after bending test (b). 
 

4.3 Results and discussion. 

4.3.1 Mechanical properties. 

Table 1 shows mechanical properties of 5Ni/(10YZ+Al2O3) as-sintered specimens 

investigated at room temperature.  At a loading of 49 N for 10 s, the average length of the 

diagonal left by the pyramidal diamond indenter was 67 μm.  Following JIS R 1610 

standard, Vickers hardness (Hv) of the as-sintered samples was calculated to be 20±0.3 GPa.  

The fracture toughness (KIC) of the material calculated by Niihara’s equation [77] was 
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6.1±0.5 MPam1/2.  The three-point bending strength (σb) with 16-mm span length at room 

temperature of as-sintered specimens was 1218±110 MPa.  

Table 4.1. Mechanical properties of 5Ni/(10YZ+Al2O3) evaluated at room temperature 
Sample R.D./ % Hv/ GPa KIC/ MPam1/2 σb/ MPa 

5Ni/(10YZ+Al2O3) 99.6 20±0.3 6.1±0.5 1218±110 
 

Table 4.2 presents the mechanical properties of 5Ni/(10YZ+Al2O3) nanocomposites in 

comparison with the others reported for Al2O3 based composites fabricated by various 

methods.  Depending on starting materials and fabrication methods, some alumina based 

composites achieved very fine Al2O3 grain size but had not completely densified yet.  On 

the other hand, some composites had higher density.  Nonetheless, grain growth rapidly 

occurred during sintering process.  Generally, bending strength and fracture toughness are 

considered to be mutually exclusive [99, 100].  For instance, higher porosity leads to 

higher bending strength, while higher porosity causes lower fracture toughness.  Because 

intrinsic toughening mechanisms are linked to viscosity and thus strength, a compromise is 

always reached in structure materials where either one of the properties is set aside.  In 

order to improve their mechanical properties, dispersion of YZ was proposed.  As 

expected, 5Ni/(10YZ+Al2O3) achieved markedly high bending strength, while fracture 

toughness was maintained.  With regard to Ni/(YZ+Al2O3),  Chen et al. also reported 

that the fracture toughness of the composite significantly increased, while it still 

maintained high bending strength [95].  Fig. 4.3 shows the conflict between bending 

strength and fracture toughness of alumina based composites.  The dashed line and solid 

line indicate the limit of Ni/Al2O3 and Ni/(YZ+Al2O3), respectively.  It indicates that 

fracture toughness and bending strength of Ni/Al2O3 composites are difficult to increase, 

simultaneously.  By dispersion of YZ, mechanical properties of Ni/(YZ+Al2O3) were 

greater than that of other reported values for Ni/Al2O3.   
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Fig. 4.3. Fracture toughness versus bending strength for alumina based composites. 

Table 4.2. Room temperature mechanical properties of Ni/(YZ+Al2O3) and Ni/Al2O3 

composites fabricated by various methods. 

Composite Fabrication  
R. D. 

% 
dAl2O3 

μm 
Hv 

GPa 
KIC 

MPam1/2 
σb 

MPa 

5Ni/(10YZ+Al2O3) 
[This study] 

PECS 99.9 0.3 20 6.1 1218 

7.5Ni/(7.5YZ+Al2O3) [95]  Pressureless >98 - - 9 480 

5Ni/Al2O3 
[Previous chapter] 

PECS >99 0.5 20 6.1 995 

5Ni/Al2O3 [78] Pressureless >96 0.5 - 4.2 526 

7Ni/Al2O3 [101] Pressureless 90 - - - 439 

3Ni/Al2O3 [102] Pressureless 95 1.49 14 5.8 408 

5Ni/Al2O3 [21] Hot press >98 0.64 - 3.5 1090 

5.5Ni/Al2O3 [79] Hot press >98 1.2 - 4.1 500 

5Ni/Al2O3 [80] PECS >98 1.4 16 3.2 650 

5Ni/Al2O3 [76] PECS >99 1.1 20 5.8 490 

3Ni/Al2O3 [103] PECS >98 - - 4.6 766 

3Ni/Al2O3 [104] PECS >98 - - 4.5 984 

α-Al2O3 [81] Pressureless >98 5 15 3.5 380 
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4.3.2 Surface crack-disappearance. 

Figure 4.4 shows SEM images of specimen surface with introduced surface cracks 

before heat-treatment.  Fig. 4.5 shows the surface cracks after heat-treatment at 1100ºC 

for 12 and 24 h or at 1200ºC for 1 and 6 h.  The dashed lines indicate the edges of the 

Vickers indentation.  From each corner of the Vickers indentation, a crack with 55 μm in 

length propagated as observed in Fig. 4.4a.  The width of the crack near the vertex of the 

Vickers indentation was determined to be approximately 1 μm (Fig. 4.4b).  After 

heat-treatment at 1100oC for 12 h in air, oxidation product that can be observed as bright 

contrast particles was formed on sample surface, as shown in Fig. 4.5a.  The fraction of 

crack-disappearance at this condition was determined to be 75±15%.  For longer 

heat-treatment time, heat-treatment at 1100oC for 24 h, particle-like oxidation product 

formed and covered sample surface that leads to the disappearance of the cracks, as shown 

in Fig. 4.5b.  At 1200oC, complete surface crack-disappearance can be achieved with a 

short heat-treatment time such as 1 h, as shown in Fig. 4.5c.  Heat-treatment at 1200oC for 

6 h in air makes significant formation of oxidation product, as shown in Fig. 4.5d. 

 

 

 

 

 

 

Fig. 4.4. SEM images showing the top view of (a) Vickers indentation and (b) surface crack 

of as-cracked specimens before heat-treatment in the air. 

Figure 4.6 shows XRD patterns for phase identification of exposed surface before and 

after heat-treatment in air.  Before heat-treatment, there were three dominant compounds 

that were α-Al2O3, YZ and Ni detected on the sample surface.  After heat-treatment in air, 

peaks of NiAl2O4-oxidation product appeared.  With higher temperature and longer 
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heat-treatment duration, these NiAl2O4 peaks became more intensive and gradually 

replaced for appearance of metallic Ni peaks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 4.5. SEM images show the top view of as-cracked specimens after heat-treatments at 

(a) 1100ºC for 12 h, (b) 1100ºC for 24 h, (c) 1200ºC for 1 h and (d) 1200ºC for 6 h in air. 
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Fig. 4.6. XRD patterns for phase identification of exposed sample surface before and after 

heat-treatment. 

 

Self-healing mechanism of Ni/Al2O3 nanocomposites has been clarified in numerous 

articles over the past few years [65, 74-76].  Oxidation of Ni in Al2O3 matrix at high 

temperatures develops the oxidation product which fills up and covers the surface cracks.  

Self-healing function is depended on outward diffusion of Ni2+ which plays a major role in 

formation of oxidation product on top sample.  Thicker layer of the oxidation product 

leads to more effective self-healing performance.  As shown in Fig. 4.6, NiAl2O4-the only 

oxidation product, was detected regardless of heat-treatment time and temperature.   

According to the ternary phase diagram of the Ni-Al-O [82], NiO-Al2O3-ZrO2 [105] 

system, NiO does not coexist with either Al2O3 or ZrO2.  Nanko et al. [92] reported high 

temperature oxidation behavior of nano-Ni/Al2O3.  In the study, a 5-μm-thickness layer of 

NiAl2O4 and 200-μm-depth oxidized zone were observed on the surface of sample 

oxidized at 1300oC for 3 d in air.  Taking account of self-healing function and oxidation 

resistance, amount of YZ dispersion must be considered due to its specific characteristic.  

YZ is known as ion conductors which could affect diffusion of ion and cation [93, 94].  
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According to Nanko et al. [98], diffusion of oxygen ion in Ni/YZ system was significantly 

fast that caused crack propagation surrounding oxidized Ni particles.  With respect to its 

mechanical properties, larger amount of YZ dispersion in Ni/Al2O3 may induce greater 

mechanical properties.  However, it also may involve in worse oxidation resistance and 

insufficiency of self-healing function.  By 10 vol% YZ dispersion in Ni/Al2O3, the 

nanocomposite achieved improved mechanical properties and had self-healing function as 

same as Ni/Al2O3 nanocomposites.  

 
4.3.3 Self-healing-induced strength recovery. 

Figure 4.7 plotted the bending strength of as-sintered, as-cracked and as-healed sample 

as function of tested temperature.  At room temperature, bending strength of as-sintered 

samples was determined as 1218±110 MPa.  Bending strength of as-cracked samples 

(three Vickers indentations introduced on each sample) only achieved 145±5 MPa.  By 

heat-treatment at 1200oC for 6 h in air, cracks on as-healed samples disappeared 

completely as shown in Fig. 4.5d.  Nevertheless, as-healed samples only achieved 690±30 

MPa in bending strength.  At 800oC, bending strength of as-sintered samples dropped to 

525±40 MPa, while that of as-healed samples decreased to the value of 400±50 MPa.  In 

the meantime, bending strength of as-cracked samples slightly increased to 190±5 MPa.  

At 1000oC, bending strength of as-sintered, as-healed and as-cracked samples was 

640±123, 445±20 and 360±6 MPa, respectively.  At 1200oC, the value of as-sintered 

samples was 460±120 MPa, while that of as-cracked samples maintained at 375±5 MPa.  

In contrast to the mechanical behavior of as-sintered samples at high temperatures, 

mechanical behavior of as-healed samples was markedly different at high temperatures.  

Bending strength of as-healed samples was 805±110 MPa, even higher than the value that 

was determined at room temperature. 
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Fig. 4.7. Bending strength of as-sintered, as-cracked and heat-treated samples as 
function of tested temperatures. 

High temperature bending test was conducted for as-cracked samples in order to 

estimate performance of damaged samples at high temperature.  Brittle materials, such as 

alumina and other ceramics, fracture from the highest stress concentration at the largest 

defects.  During the bending tests conducted at room temperature, as-cracked samples 

fractured along the surface cracks introduced by Vickers indentations, as shown in Fig. 

4.8a.  At high temperature, bending strength of as-cracked samples increased by 

increasing testing temperatures.  Noticeably, bending strength of as-cracked samples at 

1000 and 1200oC was twice times higher than that of the samples conducted at room 

temperature.  Observation for fractures of as-cracked samples conducted at 1000 and 

1200oC indicates that the samples fractured along 2 out of 3 Vickers indentations 

introduced, as shown in Fig. 4.8(c) and (d).  Phase identification for as-cracked sample 

after high temperature bending test, as shown in Fig. 4.9, shows that NiAl2O4 peaks 

appeared clearly for the samples conducted at 1200oC.  Fig. 3.4 demonstrates the testing 

schedule of high temperature bending tests that may answer for the appearance of NiAl2O4.  

The samples were heated up to 1200oC within 2 h in air, before the tests were conducted.  

Maruoka et al. [76] investigated recovery of mechanical strength as function of surface 

crack-disappearance fraction in Ni/Al2O3 system.  They concluded that recovery of 

mechanical strength for nano-Ni/Al2O3 can be expected to be achieved when the fraction 

of surface crack-disappearance is over 50%.  The increase of bending strength for 
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as-cracked samples at high temperatures is thus implied to the self-healing mechanism.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.8. SEM images of as-cracked samples showing the fracture after bending tests 

conducted at (a) room temperature, (b) 800, (c) 1000 and (d) 1200ºC. 
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Fig. 4.9 XRD patterns of exposed sample surface for as-cracked samples after bending 
tests conducted at room temperature, 800, 1000 and 1200ºC. 

 

Bending strength of as-sintered samples was tested at room and temperatures ranging 

from 800 to 1200ºC for the performance of the nanocomposite at high temperatures, as the 

first stage when it was fabricated.  At room temperature, the as-sintered samples exhibited 

remarkably high bending strength.  Nevertheless, it dramatically decreased when the 

testing temperature reached 800ºC.  At 1000ºC, bending strength of as-sintered samples 

slightly increased compared to the value achieved at 800ºC.  This fact could be explained 

by the existence of defects observed on samples tested at 800ºC as shown in Fig. 4.10(a).  

No defect could be found at the stress concentration point of sample after bending test at 

1000ºC, as shown in Fig. 4.10(b).  Accordingly, the dashed line shown in Fig. 4.7 is 

representative for the mechanical degradation of as-sintered samples as temperature 

increases.  With regard to the degradation of the nanocomposite at high temperatures, 

Evans et al. reported that high temperature mechanical properties of general polycrystalline 

ceramics are dependent on slow crack growth caused by cavitations and/or grain boundary 

sliding [83].  In addition, Niihara et al. reported that the mechanical degradation at high 

temperatures of 5 vol% SiC/Al2O3 was getting worse than that of monolithic Al2O3 
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ceramic due to the mismatch stress between the dispersoids and the matrix [25].  The 

mismatch stress of the nanocomposite at high temperatures was caused by the difference in 

coefficients of thermal expansion (CTE) that propagated slow crack growth at cavities.  

Therefore, the difference in CTE must be taking into account with respect to high 

temperature mechanical properties of composites.     

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.10 SEM images of fractured surface observed on as-sintered samples after bending 

tests at (a) 800ºC and (b) 1000ºC. 

In order to evaluate the effectiveness of self-healing function at high temperatures, 

bending tests were conducted for as-healed samples at room temperature, 800, 1000 and 

1200ºC.  Bending strength value of as-healed samples at room temperature was only 690 

MPa, lower than that of as-sintered samples in spite of the fact that the surface cracks 

completely disappeared after heat-treated at 1200ºC for 6 h in air.  Nonetheless, the 

situation is markedly different at high temperatures.  Bending strength of as-healed 

samples at 1200ºC was 800 MPa, higher either as-healed samples tested at 1000, 800ºC or 

room temperature.  Fig. 4.11 shows the fracture of as-healed samples after bending tests 
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at various temperatures.  Fig. 4.11(a) shows the fracture of as-healed sample tested at 

room temperature propagated across one of the three Vickers indentations.  At 800ºC, the 

fracture propagated across all the three Vickers indentations, which implied that the healed 

cracks were the higher stress concentration points, as shown in Fig. 4.11(b).  At higher 

bending test temperatures, fracture of as-healed samples tested at 1000ºC propagated only 

one out of three Vickers indentations, as shown in Fig. 4.11(c), which is similar with that of 

samples tested at room temperature.  Fig. 4.11(d) shows the fracture of as-healed samples 

tested at 1200ºC was in the different region from the region that the Vickers indentations 

were introduced, which indicates the region including Vickers indentation was no longer 

being the highest stress concentration.  In order to understand this phenomenon, the 

authors suggest that the greater bending strength of as-healed samples at high temperatures 

was caused by stress relaxation between the oxidized region and non-oxidized region.  

Since the as-healed samples were heat-treated at 1200ºC for 6 h in air, metallic Ni particles 

that exposed in air were oxidized which caused volume expansion.  Similar to the 

transformation-toughened mechanism of tetragonal-ZrO2, sudden volume expansion of 

metallic Ni particles in the early stage might induce the volume expansion of nearby ZrO2 

particles due to transformation of tetragonal phase to monoclinic phase.  Nanko et al. 

reported high temperature oxidation behavior of particle-Ni dispersed Y2O3 

partially-stabilized ZrO2 composites [98], in which, only oxygen ions inward diffused and 

there was no outward diffusion of nickel cations that caused volume expansion of 

oxidation product.  The volume expansion of oxidation product within the matrix 

therefore induced appearance of cracks in oxidized region.  The volume expansion of 

ZrO2 and Ni oxide in oxidized zone might cause mismatch stress between the oxidized 

zone and non-oxidized zone.  In consideration of damaged region caused by Vickers 

indentation as shown in Fig. 4.2(b), the region including the Vickers indentation, in which, 

metallic-Ni particles exposed, was the deepest region that caused highest stress 

concentration due to the mismatch stress.  At 1200ºC, the mismatch stress of as-healed 

samples was much lower than that of the samples tested at room temperature because of 

phase transformation of ZrO2 between monoclinic phase to tetragonal phase.  Relaxation 

of the mismatch stress at high temperatures is attributed to play an important role 
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responsible for the greater mechanical properties of as-healed samples at high 

temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.11 SEM images of as-healed specimens fractured in bending tests conducted at (a) 

room temperature, (b) 800, (c) 1000 and (d) 1200ºC. 
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Figure 4.12 plotted the bending strength values of Ni/Al2O3 and Ni/(YZ+Al2O3) 

nanocomposites as the function of bending test temperatures.  YZ dispersion obviously 

influences on high-temperature strength of Ni/Al2O3 nanocomposites at room temperature 

as well as high temperatures.  As discussed in the previous chapter, Ni/Al2O3 

nanocomposites exhibits poor mechanical strength at 1200ºC as they plastic deformed with 

the speed rate of 0.5 mm/min.  With 10 vol% YZ dispersion, Ni/(YZ+Al2O3) 

nanocomposites achieved 460 MPa at 1200ºC and did not show plastic deformation. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.12 High-temperature strength as a function of bending test temperature of Ni/Al2O3 

and Ni/(YZ+Al2O3) nanocomposites. 

 
4.3.4 Oxidation resistance. 

Figure 4.13 shows SEM images observed on cross-sectioned surface of 

Ni/(YZ+Al2O3) nanocomposites after oxidations at 1300ºC for (a) 6 h and (b) 12 h.  A 

thin surface layer formed on both samples.  Thickness of the surface layer formed on 

sample oxidized at 1300ºC for 12 h (Fig. 4.13b) was approximately 1.5 µm which is 

slightly thicker than that formed on sample oxidized at 1300ºC for 6 h (1µm), as shown in 

Fig. 4.13a.  The internal oxidized zone was defined to be the region containing the matrix, 

oxidation product and the cavitations induced by diffusions.  As shown in Fig. 4.13, 

thickness of the oxidized zone developed as oxidation duration increased.  The thickness 
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of oxidized zone as a function of oxidation time at various temperatures was plotted in Fig. 

4.14.  The growth of oxidized zone obeyed the parabolic law.  Fig. 4.15 plotted the 

parabolic rate constant kp on the growth of oxidized zone in Ni/(YZ+Al2O3) as a function 

of reciprocal oxidation temperature.  The apparent activation energy for the growth of 

oxidized zone in Ni/(YZ+Al2O3) was calculated to be 503 kJmol-1, which is higher than 

that of Ni/Al2O3 nanocomposites (400 kJmol-1).  The oxidation rate of Ni/(YZ+Al2O3) 

was also one order of magnitude higher than Ni/Al2O3 nanocomposites.  In other words, 

oxidation resistance of Ni/(YZ+Al2O3) nanocomposites is worse than that of Ni/Al2O3 

nanocomposites. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.13 SEM images show the cross-sectioned surfaces of Ni/(YZ+Al2O3) specimens after 

oxidation at (a) 1300ºC for 6 h and (b) 1300ºC for 12 h. 
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Fig. 4.14 Thickness of oxidized zone as a function of oxidation time at various 
temperatures for Ni/(YZ+Al2O3) nanocomposites. 

 
 
 
 
 
 
 
 
 
 
 
Fig. 4.15 Temperature dependence of parabolic rate constant on growth of oxidized zone in 

Ni/(YZ+Al2O3) and Ni/Al2O3 systems. 
 

In general, oxidation behavior of Ni/Al2O3 composites is controlled by grain boundary 

diffusions as described in chapter II & III.  Taking account of Ni/(YZ+Al2O3) 

microstructure as shown in Fig. 4.1, the average grain size was almost equal with that of 

Ni/Al2O3 nanocomposites.  However, oxidation rate of Ni/(YZ+Al2O3) nanocomposites 
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was higher one order of magnitude than that of Ni/Al2O3 nanocomposites.  It is due to the 

dispersion of YZ.  YZ is known as an ion conductor as mentioned previously.  Doping of 

Y2O3 creates oxygen vacancies which allow oxygen ions penetrate ZrO2 crystals.  It 

means that oxygen ions can diffuse through YZ granular.  In other words, diffusion of 

oxygen ions in YZ includes grain boundary and bulk diffusions [106].  Hence, dispersion 

of YZ in Ni/(YZ+Al2O3) provides more diffusion path for oxygen ions.  Higher amount of 

YZ dispersion leads to worse oxidation resistance of Ni/(YZ+Al2O3) nanocomposites.  

Therefore, introduction of YZ for higher mechanical properties must be taken into 

consideration from the oxidation kinetic point of view. 

 
4.4 Conclusions. 

 Consolidated 5 vol% Ni/(10 vol% YZ+Al2O3) specimens were fabricated by PECS to 

investigate the self-healing function and mechanical strength at room and high 

temperatures.  Characterizations of the nanocomposites were studied via mechanical 

properties at room temperature, surface crack-disappearance, high-temperature strength, 

and oxidation resistance.  The following conclusions are based on each characteristic: 

1. Mechanical properties 

Investigations of some mechanical properties such as hardness, fracture toughness and 

bending strength of Ni/(YZ+Al2O3) nanocomposites were conducted at room temperature 

to estimate the influences of YZ dispersion.  The consolidated Ni/(YZ+Al2O3) specimens 

achieved 6.1 MPam1/2 in fracture toughness,  1218 MPa in bending strength, and 20 GPa 

in Vickers hardness.  The results of the investigation indicated that YZ dispersion 

improved the bending strength of Ni/(YZ+Al2O3) nanocomposites while maintained high 

fracture toughness.  In other words, mechanical properties of Ni/(YZ+Al2O3) 

nanocomposites are greater than that of Ni/Al2O3 nanocomposites reported in the previous 

chapter.   
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2. Surface crack-disappearance 

The investigation of surface crack-disappearance by heat-treatment in air was 

conducted at temperatures ranging from 1100 to 1300ºC for 1 to 24 h.  Results of the 

investigation indicated the surface crack-disappearance achieved by heat-treatment of 

5Ni/(10YZ+Al2O3) was similar with that of 5Ni/Al2O3.  For example, surface cracks with 

approximately 200 µm in length completely disappeared by heat-treatment in air at 1100ºC 

for 24 h or 1200ºC for 1 h.  Dispersion of 10vol% YZ shows less influences on surface 

crack disappearance of Ni/(YZ+Al2O3). 

3. Strength recovery at room and high temperatures 

Self-healing performance at high temperatures of 5Ni/(10YZ+Al2O3) nanocomposites 

is evaluated by conducting high-temperature bending tests for as-sintered, as-cracked and 

as-healed specimens.  The bending tests were carried out at temperatures ranging from 

room temperature to 1200ºC.  At room temperature, dispersion of YZ contributed high 

bending strength (1200 MPa) and fracture toughness (6.1 MPam1/2) to the nanocomposite.  

At high temperature, bending strength of the nanocomposite decreased markedly because 

of mismatch stress induced by the difference in thermal expansion coefficients of the 

matrix and dispersoids.  High bending test conducted on as-cracked samples indicated 

that partially recovery of mechanical strength can be achieved immediately when the 

nanocomposite is applied at high temperatures.  As-healed samples only achieved 690 

MPa in bending strength at room temperature despite the fact that surface cracks 

completely disappeared.  This phenomenon is caused by the mismatch stress between 

oxidized zone and non-oxidized zone.  At high temperature, the mismatch stress was 

decreased that made the as-healed samples stronger than the as-healed sample tested at 

room temperature.  Dispersion of YZ contributes to Ni/(YZ+Al2O3) nanocomposites 

higher mechanical properties either at room temperature or high temperatures.   
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4. Oxidation resistance 

Oxidation tests for Ni/(YZ+Al2O3) were conducted at temperatures ranging from 1100 

to 1300ºC for 1 to 24 h.  Oxidation zone was composed of a surface layer and internal 

oxidized zone.  The growth of internal oxidized zone obeyed the parabolic law.  The 

parabolic rate constant on growth of oxidized zone for Ni/(YZ+Al2O3) was determined to 

be 503 kJmol-1.  The oxidation rate of Ni/(YZ+Al2O3) was one order of magnitude higher 

than Ni/Al2O3.  In other words, dispersion of YZ degrades the oxidation resistance of 

Ni/(YZ+Al2O3) nanocomposites. 
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Chapter V 
Self-healing Function of Ni/mullite Nanocomposites 

5.1 Background. 

Investigation of self-healing function for Ni/mullite is conducted as an alternative 

choice for self-healing function of oxide ceramic-based composites.  As the strength 

degradation at high temperatures of Ni/Al2O3 and Ni/(YZ+Al2O3) nanocomposites, Ni 

dispersed mullite matrix composites are considered as a candidate for self-healing ceramics.  

Mullite matrix is known as a greater material than Al2O3 in terms of creep property and 

oxidation resistance [107, 108].  Lessing et al. reported the creep rate at 1450ºC of dense 

mullite was approximately one order of magnitude less than that of monolithic Al2O3 [109]. 

From the reasons above, Ni/mullite nanocomposites with self-healing function could be 

suitable for the high-temperature applications. 

In this chapter, the investigation of self-healing function for 5 vol% Ni/mullite is 

conducted. The self-healing ability is estimated through the fraction of surface 

crack-disappearance before and after heat-treatment in air at 1000 to 1200ºC for 1-24 h.  

The effectiveness of self-healing function on their strength recovery is examined by 

three-point bending tests conducted for as-sintered, as-cracked and as-healed samples.  In 

order to clarify the self-healing mechanism as well as the oxidation resistance of the 

composites, oxidation tests are carried out at temperatures ranging from 1200 to 1400ºC 

for 1 to 48 h.  Some basic information on mechanical properties of the nano-Ni/mullite 

composites such as hardness and fracture hardness are also provided.  

 

5.2 Experimental procedure. 

Samples preparations of 5 vol% Ni/mullite composite was carried out as the following 

procedure.  A slurry mixture containing Ni(NO3)2.6H2O (Kojundo Chemical Laboratory 

Co. Ltd), mullite powder (KCM Corporation, KM101, d = 0.7 µm) and distilled water was 

prepared by ball-milling for 24 h in a plastic bottle with alumina balls (5 mm in diameter).  

The slurry mixture was then dropped into a boiling flask that was pre-heated at 400ºC for 
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the dehydration.  The dried powder was ground by using a grinding alumina mortar 

before the reduction process.  The reduction process was carried out at 600ºC for 12 h in a 

stream of Ar-1%H2 gas mixture to reduce NiO to Ni.  For deagglomeration, the powder 

mixture was ball-milled in a plastic bottle with ethanol and the alumina balls for 24 h.  

Drying at 80ºC for 12 h and manual crashing by alumina mortar were carried out afterward.  

Consolidation of the powder mixture was conducted by pulsed electric current sintering 

technique (PECS) with a graphite die in a vacuum at 1550ºC for 5 min holding time and 

under 50 MPa in uniaxial pressure.  The relative density (R.D.) of all the samples 

fabricated by this procedure attained at least 99% of the theoretical density.  Fig. 5.1 

shows the scanning electron microscope (SEM) image of the fractured surface of an 

as-sintered sample.  The bright contrast dots are Ni particles that have the average 

particles size of 0.5 µm.  The average grain size of mullite is approximately 2 µm.  

Several cavities which are also observed to be the same size with Ni particles formed by 

the detachment of Ni particles during the fracture process.  

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.1 SEM image shows the fractured surface of an as-sintered sample.  Ni particles 
are visible as the bright dots.  The cavities are attributed to the result of the intergranular 
fracture mechanism, in which, the fracture propagates along the interface between Ni 
particles and the matrix.  The detachment of Ni particles during the fracture process 
induces the cavitation. 
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The evaluation of samples was conducted as the following steps.  Sintered samples 

were cut into a rectangular shape (3x4x26 mm) for three-point bending tests.  Sample 

surface was ground by a grinding wheel with diamond grains (30 µm) and then polished 

with diamond particle slurry (2 µm).  The polished samples are referred to as-sintered 

samples, hereafter.  After polishing, three Vickers indentations were introduced at the 

center of samples by applying a load of 19.6 N for 10 s to induce pre-cracks on the surface.  

The samples with the surface pre-cracks induced by Vickers indentations are referred to 

as-cracked samples, hereafter.  Each Vickers indentation produces four cracks at their 

corners, as shown in Fig. 5.2(a).  The crack size in total is approximately 180 µm in 

length.  Fig. 5.2(b) shows the cross-sectional view of the Vickers indentation observed on 

the fractured surface.  The dashed line indicates the front of the semi-elliptical crack 

introduced by the Vickers indentation.  The crack depth is approximately 90 µm.  To 

investigate the surface crack-disappearance, as-cracked samples were heat-treated in the air 

at a temperature ranging from 1000 to 1200ºC for 1-24 h with a heating rate of 400ºC/h.  

Heat-treatment temperature was monitored by using an R-type thermocouple located near 

the samples.  The surface crack-disappearance was evaluated by the fraction (∆C) of the 

twelve surface cracks length induced by three Vickers indentations before and after 

heat-treatment.  Details of this evaluation method have been reported elsewhere [76].  To 

estimate the effectiveness of the self-healing function on their strength recovery, 

three-point bending tests were carried out at a 16 mm outer span length and a crosshead 

displacement rate of 0.5 mm/min at room temperature.  Samples of bending tests were set 

into the loading geometry with the surface including Vickers indentations on the tensile 

surface, as shown in Fig. 3.4.  Phase identification and microstructure observation of 

samples were carried out by using X-ray diffraction (XRD) and SEM, respectively.  

Evaluations of some mechanical properties such as hardness (Hv) and fracture toughness 

(KIC) were evaluated by Vickers hardness method following JIS R 1610 standard, and 

Indentation fracture method [77], respectively.  To estimate the influence of Ni dispersion 

on their mechanical properties, monolithic mullite was also fabricated with the similar 

sintering process of the nanocomposite.  For investigation of oxidation resistance of the 

composites, oxidation tests were conducted at temperatures ranging from 1200 to 1400ºC 
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for 1 up to 48 h in the air with a heating rate 400ºC/h.  The tested samples were put on 

alumina balls (3 mm in diameter) in an alumina crucible and exposed in the air at the 

investigated conditions.  Oxidized samples were then cross-sectioned and polished with 2 

μm-diamond particle slurry.  Oxidation evolution of heat-treated samples was evaluated 

via the growth rate of oxidized zone observed on cross-sectioned surface by SEM.  

Analysis of tested specimens is conducted with phase identification by using XRD; 

microstructure observation by SEM and electron probe microanalysis (EPMA). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.2 SEM image shows the pre-cracks induced by Vickers indentations from the top 
view (a) and the cross-sectional view (b) of an as-cracked sample. 
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5.3 Results and discussion. 

5.3.1 Mechanical properties. 

Table 1 shows mechanical properties of 5 vol% Ni/mullite composite and monolithic 

mullite evaluated at room temperature.  At a loading of 49 N, the average length of the 

diagonal left by the pyramidal diamond indenter was approximately 85µm.  Vickers 

hardness (Hv) of 5Ni/mullite was measured to be 12.46±0.15 GPa.  Fracture toughness 

(KIC) of the composite calculated by applying Niihara’s equation [77] was 2.85±0.26 

MPam1/2.  By three-point bending tests conducted at room temperature, the Ni/mullite 

composites achieved 405±115 MPa in bending strength.  The mechanical properties of 

monolithic mullite are also shown in Table 1.  

 

Table 5.1 Mechanical properties of 5 vol% Ni/Mullite and monolithic mullite evaluated at 
room temperature. 

Sample R.D./ % 
Grain Size/ 

µm 
Hv/ GPa 

KIC/ 
MPam1/2 

σb/ MPa 

5Ni/mullite 99.6 ~2 12.46±0.15 2.85±0.26 405±115 
Mullite 99.2 ~2 12.3±0.1 2.5±0.2 - 

 

As shown in Table 1, the hardness and fracture toughness of 5 vol% Ni/mullite are 

comparable with that of monolithic mullite.  Dispersion of Ni in mullite matrix did not 

give effect to their mechanical strength.  This is attributed to low interface energy 

between Ni particles and the matrix.  If the interface energy is lower than the 

transgranular fracture energy, the fracture mode would be the intergranular one.  As 

shown in Fig. 5.1, the cavities which are the same in size with that of Ni particles appeared 

on the fractured surface due to the intergranular fracture mechanism (Fig. 3.10).  The 

fracture propagated along the interface between Ni particles and the matrix that resulted in 

the appearance of the cavities.  Similar behavior has been reported in Ni/Al2O3 system by 

Tuan et al. [85].  The intergranular fracture implies that the dispersion of Ni in Al2O3 

matrix gives less effect on improvement of mechanical properties.  This behavior is 

different with the fracture mechanism of SiC/Al2O3.  The interface energy between SiC 
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and Al2O3 matrix is higher than the transgranular fracture energy that causes their fracture 

obeys the transgranular fracture mechanism [86]. 

 

5.3.2 Surface crack-disappearance. 

Figure 5.3 presents SEM images of the introduced cracks on sample surface before 

and after heat-treatment at various conditions.  The dashed lines indicate the edges of 

Vickers indentations.  From each corner of the Vickers indentation, a crack with 50 µm in 

length propagated as observed in Fig. 5.3(a).  After heat-treatment at 1000ºC for 6 h in the 

air, the surface cracks partially disappeared as the fraction of crack-disappearance was 

determined to be 35%.  As shown in Fig. 5.3 (b), the grains like oxidation products 

formed on the sample surface.  With heat-treatment at 1000ºC for 24 h in the air, surface 

cracks still partially disappeared as the fraction of crack disappearance was determined to 

be 85%.  Fig. 5.3(c) shows the cracks completely disappeared after heat-treatment at 

1100ºC for 6 h in the air.  The cracks were totally filled up with the oxidation products 

that formed by the oxidation of Ni particles.  For this reason, the as-healed samples were 

prepared by heat-treatment of as-cracked samples at 1100ºC for 6 h in the air.  

Heat-treatment at the same condition but in the Ar-1%H2 flow which is the reduction 

environment of Ni particles did not show any healing ability, as shown in Fig. 5.3(d).  

Results of surface crack-disappearance are plotted in Fig. 5.4.  

Figure 5.5 shows XRD patterns for phase identification of the exposed surface before 

and after heat-treatment at various conditions.  Two dominant compounds which are Ni 

and mullite (3Al2O3.2SiO2) were detected in as-sintered one.  Only NiO phase appeared 

after heat-treatment at 1000 and 1100ºC for 6 h in the air.  Because of the reduction 

environment of Ni metal, the NiO phase did not appear after heat-treatment at 1100ºC for 6 

h in the Ar-1%H2 gas mixture. 
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Fig. 5.3. SEM images of surfaces of as-cracked sample (a) and samples heat-treated at 

1000ºC for 6 h in air (b), 1100ºC for 6 h in air (c), 1100ºC for 6 h in Ar-1%H2 gas flow (d). 
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Fig. 5.4 The fraction of surface crack-disappearance as a function of heat-treatment time 

at various heat-treatment temperatures. 

 

 

 

 

 

 

 
 
 
 
 
Fig. 5.5 XRD patterns obtained from the sample surface before and after heat-treatment at 

various conditions. 
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requires a lower heat-treatment temperature for surface crack-disappearance than the others 

nanocomposites.  For example, Ni/mullite requires a heat-treatment at 1100ºC for 6 h to 

have a complete crack-disappearance.  While heat-treatment at the same condition, 

Ni/(ZrO2+Al2O3) and Ni/Al2O3 only achieved 65% and 45% of the fraction of 

crack-disappearance, respectively.  This phenomenon is caused by the difference of 

outward Ni2+ diffusion in various matrices.  Diffusion of Ni2+ is more active in mullite 

matrix than that in Al2O3 and (ZrO2+Al2O3) matrices.  Fig. 5.7 shows the cross-sectional 

view of a sample after heat-treatment at 1200ºC for 48 h in the air.  The oxidation of Ni at 

high temperatures induced the diffusion of ions and cations.  The diffusions created an 

oxidation product layer as well as the oxidized zone where metallic Ni particles no longer 

existed.  With heat-treatment at the same condition, the oxidation products layer formed 

in Ni/mullite system was thicker than that formed in Ni/Al2O3.  While the thickness of 

oxidized zone formed in Ni/mullite was less than that formed in Ni/Al2O3 system.  In 

other words, the diffusion rate of Ni2+ in Ni/mullite was faster than that in Ni/Al2O3.  In 

contrast, diffusion rate of O2- in Ni/mullite was much slower than that in Ni/Al2O3.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.6 The fraction of surface crack-disappearance as a function of heat-treatment 
temperature for 5Ni/mullite, 5Ni/(ZrO2+Al2O3) and 5Ni/Al2O3. 
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Fig. 5.7 The cross-sectional view of 5Ni/mullite heat-treated at 1200ºC for 48 h in air.  
Nickel particles are visible as the bright dots, existing at the non-oxidized zone.  The 

voids in the oxidized zone are developed by the outward diffusion Ni2+. 

 

5.3.3 Strength recovery induced by self-healing. 

Figure 5.8 shows the bending strength of as-sintered samples and samples heat-treated 

at various conditions.  The as-sintered samples achieved 405±115 MPa in bending 

strength.  With three Vickers indentations introduced on the tensile surface, bending 

strength of as-cracked samples was only 113±10 MPa.  By heat-treatment at 1100ºC for 6 

h in air, the as-healed samples exhibited a bending strength of 434±60 MPa which is 

comparable with that of as-sintered samples.  The samples heat-treated in the Ar-1%H2 

gas mixture at 1100ºC for 6 h did not show any strength recovery as their bending strength 

only achieved 126±8 MPa. 
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Fig. 5.8 Bending strength of as-sintered samples, as-cracked samples, samples heat-treated 

at 1100ºC for 6 h in air and samples heat-treated at 1100ºC for 6 h in Ar-1%H2. 
 

Figure 5.9 shows the fractures of samples by bending tests conducted for as-cracked, 

as-healed and sample heat-treated in the Ar-1%H2 gas mixture.  Fig. 5.9(a) shows the 

fracture of as-cracked sample propagated across all the Vickers indentations as they were 

the highest concentration points.  The bending strength of as-cracked samples increased 

from 113 MPa to 443 MPa by heat-treatment at 1100ºC for 6 h in air.  The value after the 
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was caused by the crack-disappearance after heat-treatment.  Fig. 5.10 shows the 

cross-sectional view of cracks after heat-treatment at 1100ºC for 6 h in air.  It means that 

all of the cracks were not only healed from the top view but also from the cross-sectional 

view.  As the cracks completely disappeared, the fracture of as-healed samples did not 

propagate across the Vickers indentations, as shown in Fig. 5.9(b).  They were no longer 

the highest stress concentration points.  Cracks did not disappear after heat-treatment in 

Ar-1%H2 at 1100ºC for 6 h.  As a result, the fracture of samples heat-treated at this 

condition propagated across all the three Vickers indentations, as shown in Fig. 5.9(c).  

They did not show any recovery in strength as their values of bending strength were as 

same as that of as-cracked samples.  In other words, the recovery of bending strength was 

caused by the self-healing mechanism which was originated from the oxidation of Ni 
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particles at high temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.9 SEM images show the fractures of samples by bending tests conducted for 

as-cracked (a), as-healed sample (heat-treated at 1100ºC for 6 h in air) (b) and sample 

heat-treated at 1100ºC for 6 h in Ar-1%H2 gas mixture (c).  The σBD indicates the 

orientations of stresses applied on the Vickers indentations by bending tests. 
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Fig. 5.10 SEM images show the cross-sectional view of the cracks after heat-treatment at 
1100ºC for 6 h in air. 

 

5.3.4 Oxidation resistance. 

Oxidation tests were conducted at temperature range of 1200-1400ºC for 1-48 h to 

study the oxidation behavior as well as self-healing mechanism of Ni/mullite composites.  
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oxidized zone, x, was determined.  Ni particles are visible as bright contrast dots in the 

region following the oxidized zone.  The region containing Ni particles was thus 

considered as the non-oxidized zone.  Fig. 5.12 shows the SEM images observed on the 
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cross-sectioned surface of Ni/mullite samples after oxidations at 1300ºC for various 

oxidation times.  Oxidation behavior of Ni/mullite at 1300ºC for less than 6 h was similar 

with that oxidized at 1200ºC.  Fig. 5.12(a) and (b) shows the surface seems to be 

composed by a single phase.  Fig. 5.12(c) and (d) show composition of surface layer 

which includes dark contrast and bright contrast phases.  Fig. 5.13 shows the 

cross-sectioned surfaces of samples oxidized at 1400ºC where the contrast can be easy 

noticed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.11 SEM images show the cross-sectioned surfaces of Ni/mullite specimens after 
oxidation at 1200ºC for (a) 6 h, (b) 12 h, (c) 24 h and (d) 48 h. 
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Fig. 5.12 SEM images show the cross-sectioned surfaces of Ni/mullite specimens after 
oxidation at 1300ºC for (a) 1 h, (b) 6 h, (c) 12 h and (d) 24 h. 
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Fig. 5.13 SEM images show the cross-sectioned surfaces of Ni/mullite specimens after 
oxidation at 1400ºC for (a) 1 h, (b) 6 h, and (c) 12 h. 
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NiAl2O4 and Ni2SiO4 spinels have the same structure, it is not clear to determine the 

oxidation products.  Fig. 5.15 shows XRD patterns of samples oxidized at 1400ºC for 

1-12 h.  Ni/mullite sample oxidized at 1400ºC for 1 h containing NiO and the spinel as 

similar as that of samples oxidized at 1300ºC.  For longer time, signals of NiO phase 

gradually lessen and disappear.  For example, phase composition on surface of sample 

oxidized at 1400ºC for 12 h was mainly the spinels.  

Figure 5.16 plotted the thickness of oxidized zone as a function of oxidation time.  

With increasing oxidation time, the thickness of oxidized zone increased.  The growth of 

oxidized zone obeyed the parabolic law.  Fig. 5.17 shows the parabolic rate constant, kp, 

of Ni/mullite as a function of reciprocal oxidation temperature.  The value of apparent 

activation energy for the growth rate of oxidized zone in Ni/mullite was calculated to be 

462 kJmol-1.  As shown in Fig. 5.17, the oxidation rate of Ni/mullite is one order of 

magnitude less than that of Ni/Al2O3 nanocomposites and two order of magnitude less than 

that of Ni/(YZ+Al2O3) nanocomposites.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.14 XRD patterns obtained from the sample surface before and after oxidations at 

1300ºC for various condition durations. 
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Fig. 5.15 XRD patterns obtained from the sample surface before and after oxidations at 

1400ºC for various condition durations. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.16 Thickness of oxidized zone as a function of oxidation time at various 
temperatures for Ni/mullite composites. 
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Fig. 5.17 Temperature dependence of parabolic rate constant on oxidation of Ni/mullite, 
Ni/Al2O3 and Ni/(YZ+Al2O3)systems. 

 

Figure 5.18 shows the SEM images observed on fractured surface of Ni/mullite 

sample after oxidation at 1400ºC for 12 h.  Microstructure of the top layer (Fig. 5.18a) 

was apparently different with that of the oxidized zone.  It implies the surface layer is 

composed of oxidation products only.  Fig. 5.19 shows the EPMA images to determine 

the composition of the surface layer.  The arrows in Fig. 5.19(b) indicate the two distinct 

phases on the surface layer as mentioned in Fig. 5. 13(b) and (c).  With the same positions, 

these arrows indicated the two distinct phases were NiAl2O4 and Ni2SiO4 as shown in Fig. 
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the surface layer.  Whereas, Fig. 5.19(f) shows the Ni element mapping in which Ni 

element mostly located at the surface layer.  For the reasons above, the surface layer is 

attributed to the composition of NiAl2O4 and Ni2SiO4 when Ni/mullite oxidized at 1400ºC 

for 12 h (Fig.5.20).   
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Fig. 5.18 SEM images show the fractured surface of Ni/mullite specimen oxidized at 
1400ºC for 12 h. The microstructure of the surface layer is obviously different with the 

oxidized zone.  
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Fig. 5.19 EPMA images show the phase-patched map at (a-b) surface layer for (c) Ni-Al-O, 
(d) Ni-Si-O, (e) Al-Si-O and (f) Ni-element distribution of Ni/mullite specimen oxidized at 

1400ºC for 12 h. 
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Fig. 5.20 SEM images observed on (a) the cross-sectioned surface of Ni/mullite specimen 
oxidized at 1400ºC for 12 h, showing the composition of (b) surface layer and (c) the 

border between oxidized zone and non-oxidized zone. 
 

Table 5.2 Composition of the surface layer formed on Ni/mullite samples at various 
oxidation conditions. 

Oxidation conditions Composition 
1200ºC, up to 48 h NiO (dominant) and Spinel 
1300ºC, up to 24 h NiO and Spinel 

1400ºC 
1~6 h NiO and Spinel 
> 12 h Spinels 

NiAl2O4 Ni2SiO4 

Oxidized 
Not oxidized 

Voids 
Ni 

2 µm 2 µm
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5.4 Conclusions. 

Fully-densified mullite nanocomposites with 5 vol% nano-Ni dispersion are fabricated 

by pulsed electric current sintering technique to investigate their self-healing function. The 

investigation on self-healing is conducted at the temperature ranging from 1000 to 1200ºC 

for 1-24 h in the air.  Ni/mullite composite requires lower heat treatment conditions to 

have self-healing function than the other composites such as Ni/Al2O3, Ni/(ZrO2+Al2O3).  

Ni/mullite composites also have a greater oxidation resistance than Ni/Al2O3 and 

Ni/(ZrO2+Al2O3) nanocomposites.  The following conclusions are based on the 

mechanical properties, surface crack-disappearance by thermal oxidation, 

self-healing-induced strength recovery and oxidation resistance of Ni/mullite composites. 

1. Mechanical properties. 

Some basic information on mechanical properties of fabricated Ni/mullite composites 

are provided.  Hardness, fracture toughness and bending strength of the composites were 

determined to be 12.46 GPa and 2.85 MPam1/2, 405 MPa respectively.  Investigation on 

mechanical properties on monolithic mullite indicated that dispersion of Ni in mullite 

matrix did not give effect to their hardness and fracture toughness.  Observation on 

microstructure of Ni/mullite suggests the toughening mechanism in Ni/mullite system may 

follow the intergranular fracture mechanism. 

 

2. Surface crack-disappearance via thermal oxidation. 

The surface crack-disappearance in Ni/mullite system can be achieved by 

heat-treatments in the air at temperatures ranging from 1000 to 1300ºC.  For example, 

surface cracks with a total length of 180 µm completely disappeared by heat-treatment at 

1100ºC for 6 h in air.  By heat-treatment in Ar-1%H2 gas mixture at 1100ºC for 6 h, 

surface cracks on Ni/mullite samples did not disappear.  It clarifies the self-healing 

mechanism of Ni/mullite is caused by oxidation of Ni phase within the mullite matrix. 
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3. Self-healing-induced strength recovery. 

Three-point bending tests were conducted at room temperature for as-sintered, 

as-cracked and as-healed samples to estimate the effectiveness of self-healing on strength 

recovery.  As the surface cracks completely disappeared by heat-treatment at 1100ºC for 6 

h in the air, the bending strength of as-healed samples recovered from 113 MPa (as-cracked 

ones) to 434 MPa which is comparable with that of as-sintered samples (405 MPa).  

As-cracked samples heat-treated in Ar-1%H2 gas mixture at 1100ºC for 6 h did not show 

the strength recovery, as they only achieved 125 MPa in bending strength. 

4. Oxidation resistance. 

Investigation for oxidation behavior of Ni/mullite composites was conducted at 

temperatures ranging from 1200~1400ºC for 1~48 h.  Oxidation resistance of Ni/mullite 

composites was examined through the growth rate of oxidized zone after heat-treatments in 

air.  Oxidation of Ni phase within mullite matrix creates the formation of a surface layer 

and the oxidized zone.  The growth of oxidized zone and the surface layer obeyed the 

parabolic law.  The apparent activation energy for the growth of oxidized zone was 

determined to be 462 kJmol-1.  Oxidation rate of Ni/mullite is one order of magnitude less 

than that of Ni/Al2O3.  The composition of the surface layer was determined to be mainly 

NiO at temperatures below 1300ºC.  Above 1400ºC, the surface layer is composed of 

NiAl2O4 and Ni2SiO4 spinels.  Formation mechanism of the surface layer was attributed 

to a combination of internal and external oxidations. 
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Chapter VI 
Conclusions and Suggestions for Future Works 

6.1 Conclusions. 

The overall aim of the present dissertation is to develop self-healing ceramics for high 

temperature applications.  Self-healing functions of Ni/Al2O3, Ni/(ZrO2+Al2O3) and 

Ni/mullite nanocomposites were investigated and discussed from the kinetic point of view.  

Ni/Al2O3 nanocomposites exhibit a great self-healing performance at high temperatures 

caused by the oxidation of Ni particles.  Ni/Al2O3 nanocomposites could be suitable for 

the components in hot sections of gas turbine engines.  However, high-temperature 

strength of Ni/Al2O3 nanocomposites must be improved.  Dispersion of YZ is one of the 

solutions for high-temperature strength of Ni/Al2O3 nanocomposites.  YZ dispersion does 

not influence significantly on self-healing performance.  Nevertheless, YZ accelerates the 

oxidation rate of the composites.  For further studies, the oxidation resistance of 

Ni/(YZ+Al2O3) could be improved by dopants of silicon carbide (SiC), silicon (Si) or 

yttrium (Y).  Ni/mullite nanocomposites possess the best self-healing performance among 

the investigated composites.  With a great oxidation resistance and excellent self-healing 

performance, Ni/mullite nanocomposites are potential for high-temperature applications.  

For further applications, mechanical properties of Ni/mullite must be improved.  The 

main conclusions are summarized as follows: 

 
6.1.1 Self-healing function of Ni/Al2O3 nanocomposites. 

Nickel dispersed Al2O3 nanocomposites have attracted much interest because of 

excellent self-healing function and magnetic properties.  Unlike the volume 

expansion-induced self-healing of SiC dispersed ceramic-based composites, active 

diffusion of Ni2+ along the Al2O3 grain boundaries creates a surface layer composed of 

NiAl2O4-the oxidation product which induces the self-healing function of Ni/Al2O3.  With 

the diffusion mechanism, self-healing of Ni/Al2O3 is expected to achieve repeatedly.  

Moreover, it is expected to extend their service life and increase reliability.  For the 
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reasons above, self-healing function of 5 vol% Ni dispersed Al2O3 nanocomposites was 

investigated via the major characteristics such as surface crack-disappearance, strength 

recovery and oxidation resistance.    

The surface crack-disappearance was investigated at temperatures ranging from 

1100-1300ºC for 1-24 h in the air.  The surface cracks with approximately 200 µm in 

length introduced by Vickers indentions completely disappeared after heat-treatments at 

1200ºC for 6 h or 1300ºC for 1 h in the air.  The self-healing mechanism was clarified to 

be the oxidation of Ni phase which induced the formation of the NiAl2O4 surface layer.  

In comparison with the self-healing of SiC/Al2O3, the volume expansion factor (ϕ) of 

Ni/Al2O3 was 1.2 times, smaller than that of SiC/Al2O3 (ϕ=2 times).  However, the 

surface crack-disappearance of Ni/Al2O3 with diffusion mechanism requires lower 

heat-treatment conditions than that of SiC/Al2O3.  

Investigation of strength recovery obtained by the self-healing effects was conducted 

by three-point bending tests at 25-1200ºC for as-sintered, as-cracked and as-healed 

samples.  The as-sintered samples achieved approximately 1000 MPa in bending strength 

at room temperature, 400 MPa at 1000ºC and 200 MPa at 1200ºC.  The degradation of 

high-temperature strength of the composites was attributed to the intergranular fracture 

mechanism of Ni/Al2O3 and the mismatch stress caused by the difference in thermal 

expansion between dispersoids and matrix.  Due to the low interfacial energy, dispersion 

of Ni exhibits poor effects on inhibition of grain boundary sliding.  As-cracked samples 

with introduced Vickers indentations obtained only 120 MPa at room temperature and 130 

MPa at 1200ºC.  By heat-treatment at 1200ºC for 6 h in the air before the bending tests, 

as-healed samples exhibited the bending strength values which are comparable with that of 

as-sintered samples regardless of the bending test temperatures.  Results of the 

investigation indicated the self-healing function of Ni/Al2O3 is available at high 

temperatures as well as room temperature.  

Oxidation resistance of Ni/Al2O3 was investigated at temperature ranging from 

1100-1300ºC for 1-48 h in the air to clarify the self-healing mechanism, as well as the 

development of oxidized zone.  The oxidation of Ni particles within Al2O3 matrix at high 

temperatures induced the outward diffusion of Ni2+ and inward diffusion of O2-.  The 
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outward diffusion of Ni2+ creates the surface layer which is responsible for the self-healing 

effectiveness.  The inward diffusion of O2- creates an oxidized zone composed of NiAl2O4 

grains and Al2O3 matrix which may influence on self-healing effectiveness, as well as 

mechanical properties of the composites.  From the results of this investigation, the 

growth of oxidized zone obeyed the parabolic law with the apparent activation energy of 

400 kJmol-1.  Based on the investigation, an equation was established to describe the 

influence of Ni volume fraction and grain boundary diffusion as following: = ln ; 

where X is thickness of the oxidized zone; t Oxidation time; Volume fraction of 

Ni;  Molar volume of the matrix; kgs Grain size factor. 

Since the diffusion path in Ni/Al2O3 system is attributed to the grain boundaries of the 

matrix, the grain size factor (kgs) is taken into account.  The kgs is representative for the 

influence of Al2O3 grain sizes.  As shown in the equation, the parabolic rate constant of 

the growth of oxidized zone is directly proportional with the grain size factor and inversely 

proportional with the volume fraction of Ni.  

  
6.1.2 Self-healing function of Ni/(ZrO2+Al2O3) nanocomposites. 

The surface crack-disappearance obtained by heat-treatment in the air of 

Ni/(YZ+Al2O3) was similar to that of Ni/Al2O3.  According to the results of this 

investigation, Ni/(YZ+Al2O3) showed slightly higher efficiency in surface 

crack-disappearance than Ni/Al2O3.  For example, surface cracks on Ni/(YZ+Al2O3) 

sample completely disappeared by heat-treatment at 1200ºC for 1 h in air.  While surface 

cracks on Ni/Al2O3 sample only disappeared 80% by heat-treatment at the same conditions.  

Results of the investigation for high-temperature strength indicated the positive influence 

of YZ dispersion on the bending strength of the composites.  The bending strength at 

1200ºC of Ni/(YZ+Al2O3) was 460 MPa which was higher than that of Ni/Al2O3 (200 

MPa).  Dispersion of YZ also increased the bending strength of as-healed samples which 

was even higher than that of as-sintered samples at high temperatures.  Nonetheless, the 

oxidation resistance of Ni/(YZ+Al2O3) was worse than that of Ni/Al2O3.  The growth of 
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oxidized zone in Ni/(YZ+Al2O3) obeyed the parabolic law with the apparent activation 

energy of 503 kJmol-1. 

 
6.1.3 Self-healing function of Ni/mullite nanocomposites. 

Fully-densified mullite nanocomposites with 5 vol% nano-Ni dispersion exhibit a 

greater self-healing performance than that of Ni/Al2O3 or Ni/(YZ+Al2O3) nanocomposites.  

Surface cracks with a total length of 180 µm completely disappeared by heat-treatment at 

1100ºC for 6 h in the air.  Bending strength of the as-cracked samples which were 

prepared with three Vickers indentations on the tensile surface only achieved 113 MPa.  

By the surface crack disappearance, as-healed samples exhibited a recovered bending 

strength of 434 MPa which was comparable with that of as-sintered samples (405 MPa).  

With heat-treatment in Ar-1%H2 at 1100ºC for 6 h, the samples showed neither surface 

crack-disappearance nor strength recovery.  It clarified that the oxidation of Ni particles at 

high temperatures induced the self-healing mechanism.   

Results of the investigation for oxidation resistance indicated the Ni/mullite 

nanocomposites had a greater oxidation resistance than that of Ni/Al2O3 or Ni/(YZ+Al2O3).  

The oxidation of Ni within the mullite matrix created the significant formation of a surface 

layer composed of NiO, NiAl2O4 and Ni2SiO4.  The oxidized zone was defined to be the 

region containing only the mullite matrix.  The growth of oxidized zone obeyed the 

parabolic law with the apparent activation energy of 462 kJmol-1.  The growth rate of 

oxidized zone in Ni/mullite was one order of magnitude less than that of Ni/Al2O3.  For 

mechanical properties of Ni/mullite nanocomposites, dispersion of Ni showed less effect 

on toughening of mullite matrix due to the intergranular fracture mechanism.  The values 

of hardness and fracture toughness of Ni/mullite were comparable with that of monolithic 

mullite.   
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6.2 Suggestions for future works. 

Self-healing function of ceramic-based composites are potential solutions for 

high-temperature applications.  The composites could be utilized as an environmental 

barrier coating (EBC) layer for hot section components of gas turbine engines being used 

today, or even utilized as based materials in the further future.  Nowadays, the 

components utilized in the hot section of gas turbine engines are made of Ni-based 

superalloys.  The components are operated under a severe environment combined of high 

temperatures, complicate corrosion environment, high stresses such as fracture, creep, 

fatigue failures and so on.  To survive at such high temperatures, thermal barrier coating 

layers and cooling methods are applied for the superalloys.  Even though, the superalloys 

still can be operated at temperatures which almost reach to their melting temperature.  

With the demands for higher efficiency of gas turbine engines, development of novel 

materials which are able to withstand at higher temperatures is necessary.   

SiC fiber reinforced SiC matrix composite (SiC/SiC) is one of the most promising 

ceramic matrix composites (CMC) for the high-temperature applications because of their 

outstanding properties.  Over the past decades, numerous studies have been conducted to 

develop SiC/SiC composites which are expected to be utilized for the next generation of 

gas turbine engines.  As a non-oxide ceramic, corrosion of SiC/SiC at high temperatures 

in the air/steam environments must be taken under advisement.  SiC/SiC and other silica 

formers degrade with time in the high steam environment of the gas turbine combustor due 

to accelerated oxidation and subsequent volatilization of the silica due to reaction with 

high pressure water.  As a result, an EBC is required in conjunction with the SiC/SiC 

composites in order to meet long life goals.  In further future, novel CMC’s composed of 

oxide ceramics must be also developed for these applications.  Self-healing ceramic-based 

composites could meet all the requirements of either EBC for SiC/SiC or the novel CMC’s 

in further future.  
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6.2.1 Development of self-healing ceramic composites for EBC. 

Self-healing function of ceramic based composites could be excellent solutions for 

EBC layers which play a major role in protection of the substrate at high temperatures in 

corrosion environments.  Cracking of the EBC layers induced by either foreign object 

damage or a time of operation could cause the degradation of their protection ability.  

With the self-healing ability of the EBC, cracks can be healed by itself at the operated 

conditions.  Healing of cracks leads to the recovery of the EBC protection ability which is 

expected to extend their service life as described in Fig. 6.1.   

 

 

 

 

 

 

 

 

 

 

Fig. 6.1. Illustration describes the self-healing performance for EBC. 
 
 

Some potential candidates for EBC are listed in Table 6.1.  Dispersoids of metals 

such as Ni, Co, NiAl produce stable oxidation products at high temperatures.  

Nonetheless, the differences in coefficient of thermal expansion (CTE) between 

dispersoids and the matrices could be a biggest challenge in fabrications and operations of 

the composites.  Some MAX phases exhibit excellent self-healing performance due to 

their protective oxidation products (Al2O3, ZrO2, TiO2 and so on).  However, dispersion of 

these MAX phases in the matrices could degrade their oxidation resistance rapidly.  For 

further applications, self-healing functions of these composites must be studied carefully. 

 

 

Substrate 

EBC 

O2 H2O 

Substrate 

EBC 

O2 
H2O 

cracks 
healing 
of cracks Self-healing 

at high temperatures 



Chapter VI                                          Conclusions & Suggestions 
 

Pham, Vu Hai  99 
 

Table 6.1. Potential candidates for EBC categorized by types of dispersoids and 

ceramic-based matrices. 

Functions Materials Advantages Disadvantages 

Dispersoids 

Metals NiAl, Ni, Co Great self-healing CTE, density 

MAX phases 
Zr2Al4C5 

Ti2AlC2 

Protective oxidation 

products 

Worse oxidation 

resistance 

Ceramic-based 

matrix 

Mullite (3Al2O3.2SiO2) 
CTE, Low cost 

production 

Low mechanical 

properties. 

Yttrium silicate (Y2SiO5, Y2SiO7) 

Ytterbium silicate (Yb2SiO5) 

CTE, excellent 

oxidation resistance 

High cost 

production 

 

6.2.2 Development of self-healing ceramic composites for hot section components. 

As described in the previous section, corrosion and oxidation of the non-oxide ceramic 

matrix composites such as SiC/SiC CMC’s and other silica formers must be concerned.  

The SiC/SiC CMC’s still can be oxidized after a time of operation when the EBC loses 

their protection functions.  Therefore, development of self-healing function of oxide 

ceramic-based composites for the hot section components is proposed as shown Figure 6.2.   
 

 

 

 

 

 

 

 

 

 

 

Fig. 6.2. Illustration describes the self-healing performance of oxide ceramic-based 
composites for the hot section components of gas turbine engines. 

 

The potential candidates for the oxide ceramic matrix could be Al2O3, mullite and so 

on.  Some possibilities for healing agents are metals (Ni, Co, NiAl) or some MAX phases 
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(Zr2Al4C5; Ti2AlC2).  In consideration of mechanical properties at high temperatures for 

the matrices, multi-dispersions such as Ni-SiC, Ni-Si, Ni-NiAl2O4 could be potential 

solutions for the healing agents.  To apply the self-healing ceramics for this purpose, a 

comprehensive study must be carried out with all aspects such as self-healing ability, 

oxidation behavior, and mechanical properties at high temperatures. 

For expectations, the development of CMC’s with self-healing function is expected to 

be a great solution for the high-temperature applications.  With the self-healing ability, the 

novel EBC can have a greater protection function that results in longer service life, more 

reliability, lower maintaining and operating costs and so on.  For a bright future, the hot 

section components can be made of self-healing ceramic composites which have excellent 

heat and corrosion resistance, greater-high temperature strength.  Moreover, success of 

this study may bring many benefits and improvements for the next generation gas turbine 

engines which have higher efficiency, produce less CO2 emission and so on. 
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