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Preface 

This studies presented in this thesis were carried out under the supervision of 

Professor Tohru Sekino at The Institute of Scientific and Industrial Research, 

Graduate School of Engineering, Osaka University during 2015-2018. 

Al 2O3 is one of the most promising structural ceramics with excellent bending 

strength, good wear behavior, high temperature resistance and good chemical 

stability. However, the relatively low fracture toughness greatly limited their 

applications. The present study aims to solve the brittleness of Al2O3 ceramics by 

incorporating with dispersed Ti metal particles and develop new functions, such 

as electrical properties, photochemical and crack-healing ability to realize 

multifunctional applications of ceramic-based materials. In addition to properties 

investigated in this study, more functions remain to be developed. 

The authors hope that the concepts and findings obtained in this study will 

contribute to the progress in science and engineering. 

 

SHENGFANG SHI 

July, 2018 
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1.2 Self-healing ceramics 

 

Owning to essential brittleness, cracks easily occur on the surface and/or inside of 

ceramics causing strength degradation and resultant lowering of reliability even during 

general machining process and use as well. During application of ceramics, it is 

essentially important to prevent these surface cracks as well as various defects such as 

pores, micro- and nano-sized voids which were often induced during ceramic 

fabrication (i.e. sintering). Although toughening of ceramics is an effective way to stop 

the propagation of cracks, it is impossible to eliminate cracks completely. In order to 

avoid these surface cracks, precise polishing or lamping with high cost and low 

efficiency is necessary. Inducing self-healing ability into ceramics is considered to be 

promising method to solve these problems. At present, self-healing ability induced by 

heat treatment in ceramic-based composites has been already reported[10,11,12,13,14,15,16]. 

At high temperature, crack healing behavior is ascribed to the filling of cracks by oxides 

while in monolithic ceramics, crack healing is owned to the re-sintering of cracks. For 

instance, by heat-treatment at 1900 ºC, bending strength of Al2O3 recovered from 35.9 

to 148 MPa[17]. However, re-sintering needs high temperature which is usually higher 

than application temperature of ceramics. Therefore, dispersing second phases, e.g., Si, 

Ti, Si3N4, SiC, into ceramic matrix to form oxides by thermal heating is a general way 

to heal cracks. Schematic illustration of self-healing mechanism at high temperature is 

given in Figure 1.2[18]. 
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(a) Before heat treatment           (b) After heat treatment 

Figure 1.2 Schematic illustrates of the self-healing mechanism of ceramic-based 

composites. 

 

There are several advantages to induce self-healing ability in ceramics. For example, 

if the surface cracks are self healed after an efficient machine operation, there is a great 

advantage in fabrication efficiency and fabrication cost. If surface cracks can be healed 

completely, a full recovery of flexural strength could be achieved or even higher than 

that of matrix. Nevertheless, self-healing ability reported nowadays for ceramic is 

induced only at high temperature with long time. It is necessary to introduce and verify 

new self-healing methodoly which could allow the healing of cracks at relatively low, 

hopefully at room temperature. 

 

1.3 Al2O3/Ti composites 

 

1.3.1 Toughening of Al2O3 ceramics 

Al2O3 ceramics are widely used in the aerospace, electronics, and chemical industries 

along with other fields because of their high bending strength, good wear behavior, high 
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temperature resistance, good chemical stability, relatively low production cost and 

abundance of element[19,20,21]. Due to their high wear resistance and strength, Al2O3 

ceramics are also used as bio-compatible materials such as artificial bone, hip-joint and 

so on. However, the application of Al2O3 ceramics as structural components is limited 

by their brittleness, which is attributed to low fracture toughness[22,23].  

Nowadays, various methods have been developed to improve mechanical properties 

of Al2O3 ceramics. Lach et al[22] prepared Al2O3/YAG (aluminum-yttrium garnet) 

composites and increased fracture toughness from 4.5 MPa·m1/2 of monolithic Al2O3 to 

6.6 MPa·m1/2 of Al2O3/10%YAG composite. Sekino et al[24] achieved the dispersion of 

nano-sized tungsten particles into Al2O3 matrix indicating improved fracture toughness. 

Lee et al[25] reported at 1200ºC, Al2O3/10 wt% FeNi composite showed the highest 

fracture toughness of 5.1 MPa·m1/2 while it was 2.6 MPa·m1/2 of monolithic Al2O3. 

However, among all these composites, as mentioned above, when the second phase is 

metal, dispersing metal particles into ceramic matrix has been widely attempted to 

improve mechanical properties. In addition to showing improved mechanical properties, 

compared to the corresponding monolithic ceramics, ceramic/metal composites also 

exhibit new electrical, optical, and magnetic properties along with metal-like 

machinability and superplasticity[4,6, 26, 27 , 28 ]. In order to realize high mechanical 

properties and new functions, it is essentially important to choose appropriate second 

metal phases to disperse into Al2O3 matrix to improve brittleness and apply 

multifunctions. In the present study, I have focused and chosen Ti meal dispersion into 

Al2O3 ceramics to develop the multifunctional ceramic-metal system. 
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1.3.2 Metallic Ti  

Titanium (Ti) with high strength-to-weight ratio makes it a quite ductile metal with 

low density. Ti and its alloys are widely used as structural components and 

biocompatible metal materials because of their high fracture toughness, relatively low 

density (~4.5 g·cm-3), and good biochemical stability[ 29,30]. Owning to the good 

physicochemical consistency with Al2O3, Ti was chosen as second metal phase to 

prepare Al2O3/Ti composites in this study in order to improve mechanical properties of 

Al2O3 ceramic and to realize multifunctionality simultaneously. 

 

1.3.3 Preparation of Al2O3/Ti composites 

Al2O3/Ti composites can be formed by dispersing Ti particles into Al2O3 matrix. 

Considering these characteristics of Al2O3 and Ti along with the advantages of 

ceramic/metal composites mentioned above, incorporating nanosized Ti into Al2O3 

might produce a composite with both the high strength of Al2O3 and high fracture 

toughness of Ti. Such a composite would have promising applications in advanced 

structural materials and biomaterials (e.g., artificial joints).  

There are different preparing processes to obtain Al2O3/Ti composites, which lie in 

the differences of raw materials and sintering methods. At first, there are two kinds of 

raw Ti materials. One is direct use of raw Ti powder by mixing with Al2O3 powder. The 

other is utiliz ing the decomposition of titanium hydride (TiH2) during sintering to obtain 

fine Ti particle in situ. The decomposition temperature of TiH2 into metal Ti is 400 - 600 

ºC. Liu et al[1] prepared Al2O3/Ti composites with pure Ti as original sintering material 

and the bending strength was higher than 5 MPa·m1/2. Meir et al[31] reported that 

Al2O3/Ti composites prepared by sintering the mixture of Al2O3 and TiH2 powders 
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greatly limits its fracture toughness[36]. Therefore, it is necessary to further control the 

interfacial reaction for optimized mechanical properties. 

Nowadays, rare earth elements have been used as sintering additives to accelerate 

densification and increase mechanical properties by inhibiting the formation of these 

unfavorable phases in fabricating Al2O3/Ti composites. The detail results available at 

present are concluded in table 1.2.  

The pinning effect of additives to prevent grain boundary mobility for inhibiting the 

growth of grain size was reported and the change of morphology as a function of 

additive content is shown in Figure 1.3[48]. Owning to the pinning effect, crack 

propagation could be prevented. However, the increased content in additives changed 

the combination mode of pinning particles from pinning to adhesion which changed the 

interfacial bonding mode between Al2O3 and Ti lading to a decrease in bending strength 

and fracture toughness. Therefore, it is essentially to determine the content of additive 

for improving mechanical properties. 

Among these sintering additive, Y2O3 is reported as effective additives in preparing 

ceramics to improve mechanical properties by suppressing interfacial reactions, 

strengthening grain boundaries, refining grain size, increasing oxidation resistance and 

accelerating densification[32,37,38,39]. During sintering, Y2O3 reacts with Al2O3 to form 

stable yttrium aluminum garnet (Al5Y3O12, YAG) phases which shows superior high 

fracture toughness, high Vickers hardness and high temperature creep resistance[40,22]. 

YAG particles, serving as reinforcing phase, are considered to homogenize stress field 

distribution [41] and plays an important role in crack deflection which is recognized as an 

effective toughening mechanism[42,43,44]. Phase diagram of Al2O3-Y2O3 system is shown 

in Figure 1.4[45]. It indicates that when Y2O3 content is below 30 mol% and sintered at 
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1500 ºC, YAG phase could be formed. 

 

Table 1.2 Properties of different sintering additives added Al2O3/Ti composites. 

Sintering 

additives 

Sintering 

temperature 

Appropriate 

addition 

content 

Bend 

strength 

(MPa) 

Vickers 

hardness 

(GPa) 

Fracture 

toughness 

(MPa·m1/2) 

Ref. 

Nb 1420°C 2 vol% 390 (320)  9.8 (7.8) [46] 

Y2O3 1450°C 1 vol% 488 (280) 16.3 (10) 8.2 (5.5) [33] 

Y2O3 1420°C 1 vol% 302 (267) 16.8 (14.7) 6.5 (4.9) [32] 

Nd2O3 1420°C 3 vol% 412 (302) 15.8 (10.5) 8.8 (6.3) [1] 

CeO2 1420°C 3 vol% 406 (335) 15.7 (13.3) 6.4 (4.4) [47] 

Pr6O11 1420°C 2 vol% 457 (335) 16.2 (11.8) 7.8 (4.5) [48]  

* Data in () is the value of corresponding properties of additive-free Al2O3/Ti 

composites reported in each reference. 

 

 

Figure 1.3 Change of morphology of pinning particles as a function of additive content. 
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addition, ceramic-metal composites with better electrical properties can be potentially 

used in a wide application range. For example, when composites show electrical 

resistivity behavior with positive temperature coefficient (PTC), which is usually found 

in metallic materials, it is possible to build devices sensible to temperature variation[49].  

As the proportion of metal phase increases to a certain level, namely the percolation 

threshold, metal particles start to connect with each other, forming a 3D network within 

a bulky-body, which exhibits a significant increase in the effective electrical 

conductivity. In composite materials that contain insulating and conducting phases, 

there is an important phenomenon that the insulating to conducting transition happens in 

a narrow percolation range by depending on the size and distribution of conductive 2nd 

phase. The value of percolation threshold is represented by volume percent of 

conductive phase. At the value of the percolation threshold, a conducting network 

spanning the whole composite occurs.  

 

 

Figure 1.5 Possible current pathways in ceramic-metal composites. 
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Table 1.3 The advantages and disadvantages of suspended and immobilized 

photocatalysis. 

 Advantages Disadvantages 

Suspended 

powder 

·Fairly uniform catalyst distribution 

·High surface photocatalytic area 

·Limited mass transfer 

·Well mixed particle suspension 

·Require post-process filtration 

·Important light scattering and 

adsorption in the particle 

suspended medium 

Immobilized 

material 

·Continuous operation 

·Improved removal of organic 

material from water phase while using 

a support with adsoption properties 

·No need for an additional separation 

operation 

·Low light utilization efficiencies 

·Restricted processing capacities 

·Possible catalyst deactivation and 

catalyst wash out 

 

There are various methods to prepare immobilized TiO2 photocatalysis on various 

substrates, such as sol-gel method[64,65,66,67]. Chemical and heat treatments of metallic Ti 

or its alloys are considered one of the advantageous way for the purpose, and thus they 

have been developed to be a simple method to generate nano-porous layer on the 

surface of metals to induce photocatalytic ability[68,69]. Among these methods, chemical 

treatment such as alkaline- (NaOH, KOH, etc.) or acidic-solution (HNO3, H2SO4, etc.) 

oxidation of Ti might be one of the advantageous way to fabricate TiO2 photocatalyst 

immobilization on Ti or various substances due to its simple and facile processability 

without using high-temperature. The forming mechanism by NaOH treatment is given 

in following equations[70]. 
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high-temperature thermal healing is not an optimal solution. Decreasing healing 

temperature is a challenging for healing ceramics. At present, self-healing polymer 

composites at room temperature have been reported[71,72,73]. However, no reports about 

healing cracks inside ceramics at low temperature, especially at room temperature are 

available until now. In this study, I try to develop another way to induce self-healing 

ability in ceramic-based composites at room temperature. 

On the base of crack-healing mechanism caused by crack filling by oxides, 

electrochemical anodization, which is an effective method for forming metal oxides at 

room temperature, has been taken into consideration. In order to apply anodization on 

ceramic, one should solve two problems in advance. First is appropriate intermediate 

metal phases embedded into ceramic matrix, which could be changed into oxides after 

anodization to heal cracks. Second requirement is that these embedded metal particles 

must change insulated ceramics into conductor. In this study, I have hypothesized that, 

if these two aspects would be met, self-healing ability in ceramic induced by 

anodization at room temperature could be achieved. As mentioned above, the dispersion 

of Ti particles into Al2O3 matrix could change insulated Al2O3 ceramic to conductor. It 

is expected that cracked Al2O3/Ti composites could be healed by anodization associated 

healing procedure with recovered bending strength. The schematic diagram of 

crack-healing behavior of Al2O3/Ti composites by anodization hypothesized in this 

study is given in Figure 1.7. 
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Figure 1.7 Schematic illustrates of crack-healing behavior in composite via anodization. 

 

1.4.5 Other plausible multifunctional properties 

In addition to properties mentioned above, it is believed that more new functions of 

Al2O3/Ti composites may be developed, such as fracture sensing and biomaterials which 

were clarified in detail as follows.  

Fracture sensing: 

With better electrical properties, Al2O3/Ti composites are considered to be used as 

fracture sensing during in-operation. When fracture including micro-crack formation 

occurs inside composite body, due to the interrupt of current pathways, electrical 

conductivity might be decreased. According to the change of electrical conductivity, the 

damage in materials is expected to be detected in-situ even during the use of the 

composites. 

Similar to the fracture sensing, deformation (i.e. strain) sensing may also be possible 

for the ceramic/metal composites. In general, the electrical resistivity of a conductor 

such as metals depends upon strain induced in a body, which is well-known as an 

application of strain-gauge. In such a way, ceramic-based composites with electrical 
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conductivity due to dispersed metal phase, a small variation of conductivity due to the 

elastic deformation of the body may be used to detect the strain inside of the composite.  

Biomaterials:  

Since NaOH and heat treatment employed on metal Ti and its alloys can obtain 

bioactive surface layers to increase surface roughness and the specific surface area, 

bioactivity could be improved and induce apatite forming ability in a simulated body 

fluid (SBF)[68,69,74,75]. This is because Ti and its alloys with smooth surface cannot 

directly bond to living bonds due to the absence of bioactivity and the formation of 

fibrous tissues isolating them from living bones[70,75]. The formation of apatite layer on 

the surface makes Ti and its alloys bond to living bone through this layer[69,76,77,78]. It is 

expected that Al2O3/Ti composites could be also applicable as biomaterials owning to 

the biocompatibility of Ti. If nanoporous layer could cover the whole surface of 

Al2O3/Ti composite by NaOH treatment, after immersed into SBF, apatite is also 

expected to be generated to make Al2O3/Ti composite suitable for biomaterials. When 

Al2O3/Ti composites are used as biomaterials, as Al2O3-based composites, Al2O3/Ti 

composites have crucial advantages than metal Ti, such as high bending strength, better 

wear behavior, high-temperature oxidization, corrosion resistance, good chemical 

stability and low elastic modulus[20,21,79].  

 

1.5 Objective of this study 

The main objective of this study is to fabricate and investigate Al2O3/Ti composites 

for improving fracture toughness of brittle Al2O3 ceramics and applying electrical 

properties on insulated Al2O3 ceramics simultaneously and develop and confirm other 

novel functions for multifunctional applications. This work also provides the basic study 
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for other ceramic/metal composite systems in addition of Al2O3 and Ti.  

 

 

Figure 1.8 Schematic drawing for novel features of Al2O3/Ti composites with various 

multifunctionalities based on the controlled structures. 

 

In the present work, Al2O3/Ti composites were firstly fabricated. In order to further 

prevent interfacial reaction and improve mechanical properties, Y2O3 is added as 

sintering additive during preparing Al2O3/Ti composites. On the base of biological 

performance of metal Ti, the potential photocatalytic ability of Al2O3/Ti composites was 

measured. On the base of conductive properties, anodization was firstly utilized to 

induce self-healing ability in Al2O3/Ti composites at room temperature. This thesis 

consists of following seven chapters. Chapter 1 and chapter 2 focus on the fabrication of 

Al2O3/Ti composites while other chapters focus on developing potential multifunctions. 
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In chapter 1, the backgrounds of this study including properties of Al2O3/Ti 

composites and their multiple functions were reviewed, and the objectives, strategies 

and contents of this study were described. 

In chapter 2, Al2O3/Ti composites were prepared by hot press sintering method, and 

their mechanical and electrical properties were evaluated. 

In chapter 3, Y2O3 was added into Al2O3/Ti composites to further prevent interfacial 

reactions and improve mechanical and electrical properties. 

In chapter 4, Al2O3/Ti composites were treated by NaOH to generate porous surface 

layer in nanometer scale for photocatalytic application. Appropriate NaOH treatment 

conditions were searched for generating a complete surface layer on the composites. 

The degradation efficiency of RhB was used to evaluate the photocatalytic activity of 

composites subjected to NaOH, HCl and heat treatment at various temperatures. 

In chapter 5, I investigated crack-healing behavior in Al2O3/Ti composites induced by 

anodization under the controlling of electrolytic current and anodization time. 

Crack-healing ability was characterized by the change of surface crack and the recovery 

of flexural strength before and after anodization procedure at room temperature. 

In chapter 6, a new method of simple heat treatment to generate nano-rod structure on 

the surface of Al2O3/Ti composites for photocatalytic application was attempted. The 

preliminary study of treatment conditions was conducted and the photocatalytic 

efficiency was evaluated. A reasonable interpretation of formation mechanism of 

nano-rod structure was provided. The relationship between surface morphologies and 

heat treatment time was explained.  

In chapter 7, the results of present work are summarized. 
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                                            Chapter 2 

Fabrication of Al 2O3/Ti composites containing dispersed fine 

Ti particles and investigation of their mechanical and 

electrical properties 

 

2.1 Introduction  

 

Al2O3 ceramics are widely used in the aerospace, electronics, and chemical 

industries along with other fields because of their high bending strength, good wear 

behavior, high temperature resistance, good chemical stability, and relatively low 

production cost[ 1 , 2 , 3 ]. However, the application of Al2O3 ceramics as structural 

components is limited by their brittleness, which is attributed to low fracture 

toughness[ 4,5]. Investigations on ceramic/metal nanocomposites have revealed that 

dispersing nanosized metals into a ceramic matrix can prevent crack propagation caused 

by plastic deformation, thereby increasing fracture toughness[6,7,8]. The toughening 

mechanism can be attributed to the plastic deformation of metal phases, crack deflection, 

and crack bridging by the dispersed metal nanoparticles[9]. In addition to showing 

improved mechanical properties compared to the corresponding monolithic ceramics, 

ceramic/metal nanocomposites also exhibit new electrical, optical, and magnetic 

properties along with metal-like machinability and superplasticity[6,7,8,10,11]. 

Titanium (Ti) and its alloys are widely used as structural components and 
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Figure 2.3 Optical microscope images of Al2O3/10vol%Ti composites prepared by (a) 

commercial Ti (350mesh) powder and (b) TiH2 (initial size: 350 mesh) powder.  

 

The composite microstructures in current study were observed by SEM and EDX. 

The bright and dark phases in Figure 2.4 correspond to Ti and Al2O3, respectively. No 

spontaneous micro-cracks formed on the surfaces of any samples, the titanium phases 

were homogeneously distributed. However, the sizes and shapes of the Ti particles 

varied depending on the Ti content. For a small Ti content of 5 vol%, most Ti particles 

were in submicron-sized and isolated from each other. The particle size increased with 

increasing Ti content, and the particles became more interconnected, especially at Ti 

contents greater than 15 vol% [Figure 2.4(c)]. The Ti particles were polygonal rather 

than spherical (round), and this phenomenon became more apparent as the Ti content 

increased. That is to say the shape of Ti depends on the content of added Ti. The 

interface reaction might become more dominant with the increase in the amount of Ti, 

which would result in the increase in reaction products such as Ti-O and TiAl2O5. These 

products existing mainly at the exterior of Ti particles might affect the shape of Ti 

because of the elemental diffusion, reaction and resultant formation of new phases. The 
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Figure 2.4 SEM micrographs of the polished surfaces of Al2O3/Ti composites with 

different Ti contents: (a) 5 vol%, (b) 10 vol%, (c) 15 vol%, (d) 20 vol%, and (e) 30 

vol%. (f) SEM image of the thermally etched surface of the Al2O3/20 vol% Ti 

composite. 
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to the Ti/Al2O3 interface while the tensile stress parallel to the interface is regarded to be 

formed during the cooling down process of sintering. Such local residual stress is 

known to affect the interactions between cracks and microstructures[36]. In the present 

composites, when cracks reached Ti particles, the direction of crack propagation 

changed so that the cracks passed through the Ti particles. This resulted in the 

transgranular fracture of Ti particles. The toughening mechanism can be further clarified 

from the features of the fracture surfaces, as discussed below. 

 

 
Figure 2.11 SEM micrographs showing the propagation pathways of cracks introduced 

on the surface of the Al2O3/20 vol% Ti composite by Vickers indentation (98 N). 

 

Figure 2.12 shows the fracture surfaces of monolithic Al2O3 and the composite 

containing 20 vol% Ti. The inset in Figure 2.12(b) shows transgranular fracturing in a Ti 

particle. In contrast, the fracture of monolithic Al2O3 was completely intergranular 

[Figure 2.12(a)]. After the addition of Ti, the fracture mode became a mixture of trans- 

and intergranular, with transgranular being dominant [Figure 2.12(b)]. This change in 

fracture mode was considered to reflect a strengthening in interfacial bonding and 

increase in fracture toughness[9]. This result differs from the report of Meir[14], who 

found that cracks mostly propagated along the weak Ti/Al 2O3 interface, and all samples 
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increase strength and toughness simultaneously. It might be necessary to optimize 

preparation conditions to disperse finer and nanometer-sized Ti particles for further 

improvement of mechanical properties, especially fracture strength of Al2O3/Ti 

composites. The addition of more than 15 vol% Ti changed Al2O3 from an insulator to a 

conductor at room temperature. The composite containing 20 vol% Ti exhibited a good 

balance of mechanical and electrical properties. The enhanced fracture toughness and 

electrical properties are expected to generate new applications of Al2O3 such as in 

electro-discharge machining, fracture sensing and electropotential-assisted crack 

healing. 
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3.2.3 Characterization of electrical properties 

Electrical resistivity was measured by the Van-der Pouw method using polished disks 

(diameter = 12 mm and thickness = 1.5 mm). This method is based on four-probe resistivity 

and Hall coefficient measurements, which were carried out using an electrical resistivity 

measurement system (Resitest 8310, Toyo Technica Corp., Tokyo, Japan) under an air 

atmosphere at room temperature. Three specimens and more than six measurements were 

conducted and averaged for each composite. 

 

3.3 Results and discussion 

 

3.3.1 Phase development and composition 

The typical microstructure and distribution of added yttrium were confirmed by SEM and 

EDX analysis. Results are shown in Figure 1 and Table 1. Ti phase, which could be seen as 

the bright contrast particles, was typically at micrometer size and dispersed between Al2O3 

grains that were dark ones [Figure 3.1(a)]. EDS analysis revealed that yttrium was only 

observed at grain boundaries. More specifically, yttrium only located at triple points formed 

by Al2O3 and Al2O3 [Point 1 and 2 in Figure 3.1(a)] or Al2O3 and Ti [Point 3 and 4 in Figure 

3.1(b)]. All these analyzed regions contained Ti, Al, and O meaning that no monolithic Y2O3 

phase existed. The corresponding phase was then identified by considering the composition 

and XRD analysis results as shown below. 
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  Microstructure was observed by SEM and EDS. Fracture surfaces of composites are shown 

in Figure 3.5. Inset in each graph shows transgranular fracturing in a Ti particle. All the 

composites showed dense structures having well bonding interface between each constituent 

grain. In all Y2O3 added composites, transgranular fracture was observed to be dominant. The 

existence of transgranular fracture indicates relatively high fracture toughness[36]. According 

to the previous reports[30,37], the interface between Al2O3 and Ti is weaker than that of 

monolithic Al2O3 due to weak bonding between Al2O3 and Ti. Cracks, thus, tend to propagate 

along weaker interface, resulted in intergranular fracture. In the current investigation, after 

adding Y2O3, crack propagation along interface might become difficult owing to the 

reinforced interface by inhibiting interfacial reaction by the formation of YAG phases. Hence, 

cracks tended to propagate through Ti particles, resulting in the transgranular fracture of Ti 

particles as mentioned above. 

 

Figure 3.5 Fracture surface of Y2O3 added Al2O3/20 vol% Ti composites having different 

Y2O3 content of (a) 1 wt%, (b) 2 wt%, (c) 3 wt%, and (d) 5 wt%. 
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photocatalytic activity. 

Nowadays, to develop Ti metal and Ti-based alloys for artificial and implants, the materials 

are often treated with sodium hydroxide (NaOH) and heat to obtain bioactive surface layers to 

increase the surface roughness and specific surface area[10,11,12,13,14]. After NaOH treatment, a 

nanometer-scale porous oxide layer has been found to form on the surface of Ti and its alloys, 

and TiO2 with different crystalline phases appears on the surface after heat treatment[15,1617]. 

With the surface morphology controlled at nanometer scale and with high specific surface 

area, Ti after treatment with NaOH and heat has been reported to be effective in 

methylene-blue decomposition under visible light[13]. 

Recently, because of its good chemical stability, high oxidizability, and non-toxicity, TiO2 

photocatalysts have been applied extensively to water purification, environmental cleaning, 

and the decomposition of organic pollutants[18,19,20,21]. However, most of the reported TiO2 

photocatalysts were in the form of suspended powder. When used to deal with organic 

pollutants, suspended TiO2 powder diffuses easily into water, thereby causing a secondary 

pollutant. Because it is difficult and costly to separate photocatalysts from aqueous solution, 

increasing attention is being paid to immobilized TiO2 photocatalysts[22,23,24]. Compared with 

powdered photocatalysts, immobilized photocatalysts can be used continuously and require 

no additional catalyst separation. 

It is believed that NaOH treatment has the same effects on Ti within Al2O3/Ti composites 

which could generate a nano-porous layer on Ti surface to induce photocatalytic ability. When 

Al2O3/Ti composites are used for photocatalysis, being based on Al2O3 they have crucial 

advantages over Ti metal, such as higher bending strength, better wear behavior, 

high-temperature oxidization, corrosion resistance, good chemical stability, and low elastic 

modulus[25,26,27,28,29]. However, to the best of our knowledge there have been no reports to date 

on using simple chemical treatments to form bioactive surfaces on ceramics or ceramic-based 
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Figure 4.2 shows some representative micrographs of Al2O3/Ti composites subjected to 

NaOH treatment at different NaOH concentrations and temperatures for various times from 

0.5 to 24 h. The inset is a high-resolution micrograph of the Ti surface. In all the 

NaOH-treated composites, the Al2O3 phase is clearly distinguishable. At the higher NaOH 

concentration of 10 M and with treatment at room temperature, after 1 h the nano-porous 

structure had formed only on the Ti surface while a complete surface layer remained [Fig. 

4.2(a)]. Extending the treatment time to 1 h, it was found that the porous layer formed on the 

Ti surface was partially removed and a bare interface between the surface of Al2O3 and Ti 

was revealed. After treatment for 24 h, no porous structure was visible and the formed porous 

layer had been removed completely. 

In the case of 5-M NaOH, when treated at room temperature for 3 h or at 60°C for 1 h, the 

entire composite surface regardless of Al2O3 or Ti was covered with a complete nano-porous 

layer devoid of cracks or defects. When treated the composites for the longer time of 24 h, a 

nano-network was still formed on the entire surface, but now the Al2O3/Ti interface was 

exposed and obvious Ti collapse was observed. After treatment with 5-M NaOH at 60°C for 1 

h, the formed continuous fibrous networks were less than 20 nm in diameter. 
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Figure 4.2 Representative FE-SEM micrographs of surface morphologies of 5M or 

10M-NaOH treated Al2O3/Ti composites for different time at various temperatures. 

 

4.3.2 Surface structures after subsequent HCl or water treatment 

Figure 4.3 shows surface micrographs of the composites after HCl or water treatment 

following 5-M NaOH treatment at 60°C for 1 h. The dashed line in each micrograph indicates 

the Al2O3/Ti boundary, with the Al2O3 surface to the left. Figure 4.3 indicates that the 

subsequent HCl or water treatment did not remove the porous layer from the Al2O3 surface. 

As shown in Fig. 4.3(a) and (c), after HCl treatment, a nano-porous network remained on the 

surface and then changed into nano-rods after heating at 600°C. Meanwhile, after water 
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Figure 4.5 FE-SEM micrographs of surface structures of Al2O3/Ti composites heat-treated at 

400°C, 500°C and 600°C following 5M-NaOH treated at 60°C for 1 h and HCl treated at 

room temperature for 24 h. 
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exhibited photocatalytic activity. The RhB degradation efficiency increased with 

heat-treatment temperature. The sample heated at 600°C gave the highest photocatalytic 

efficiency. After UV exposure for 2 h, 14.5%, 17.5%, and 30.1% of the RhB was removed by 

the composites that had been heated at 400°C, 500°C, and 600°C, respectively. 

 

 

Figure 4.7 Degradation of RhB under UV light immersed with Al2O3/Ti composites 

heat-treated at 400 °C, 500 °C and 600 °C after 5M-NaOH treated at 60 °C for 1 h and HCl 

treated at room temperature for 24 h. 

 

4.4 Discussion 

 

4.4.1 Formation mechanism of titanate on composite 

When Ti metal is treated with NaOH, HTiO3 ·̄nH2O forms and then combines with Na+ 

ions to form sodium hydrogen titanate, the formation mechanism of which has been clarified 

in detail[30,31]. In the case of Al2O3/Ti composites, it should expect treatment with NaOH and 

heat to have the same effect on the Ti contained therein while having no effect on the Al2O3 

matrix. However, under some strictly controlled treatment conditions, it was possible to 
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the defect concentration, which might make the Ti in the Al2O3/Ti composites more reactive 

when subjected to NaOH. To obtain a nano-porous structure over the entire surface of an 

Al2O3/Ti composite while maintaining good bonding between the Al2O3 and Ti, it must exert 

strict control over the NaOH treatment conditions while Ti metal and Ti alloys are flexible in 

a wider range of treatment conditions. In the case of Ti metal and Ti alloys, with NaOH 

treatment at 60°C for even as long as 7 d, a nano-porous structure has been observed on the 

surface without obvious cracks or defects[32]. For the following discussion, because Al2O3/Ti 

composites subjected to 5-M NaOH at 60°C for 1 h form the most homogeneous nano-porous 

layers on their surfaces, all the NaOH treatments were conducted with 5-M NaOH at 60°C for 

1 h. 

 

4.4.3 Crystal morphology and composition 

Because the Na+ ions released from the sodium titanate that forms during NaOH treatment 

have adverse effects on living cells in the human body, it is necessary to remove Na+ ions 

from the surface[33,34]. It has been reported that simple water or HCl treatment is effective for 

removing Na+ ions completely[35,36,37]. In the present study, after immersion in HCl or water 

for 24 h, the change in surface morphology was different and became obvious after heat 

treatment at 600°C. The quite different surface structures shown in Fig.4.3 indicate that the 

surface morphology of a sample after heat treatment depends strongly on that before heat 

treatment. A relatively thin nano-fibrous network possibly turns into rods, whereas a broader 

network possibly turns into particles. After treatment with water at 80°C for 2 h, the 

remaining porous structure and the existence of anatase show the possibility of the formation 

of apatite, as reported by Uchida et al[35] . Because surface roughness is considered not to 

affect the formation of apatite, which forms instead because of a positively charged surface[34], 

composites treated with HCl (with or without heat treatment) are expected to exhibit the same 
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ability to form apatite after being immersed in SBF while non-porous surface structure 

disappeared after heat treatment. 

Regarding photocatalytic ability, having removed the Na+ ions, it might be able to convert 

the sodium titanate into sodium-free titania gel and then into anatase and/or rutile after heat 

treatment to increase the photocatalytic efficiency. According to our EDX and XRD analysis, 

the HCl and water treatments used in the present study could both remove Na+ ions 

completely. 

Because NaOH treatment does not affect Al2O3, the decrease in the relative ratio of Ti to Al 

as given in Table 4.1 is considered to indicate that the NaOH treatment removed some of the 

Ti. When Al2O3/Ti composites are treated with NaOH, the Ti metal might dissolve in the 

NaOH solution, thereby decreasing the elemental Ti content. The FE-SEM micrographs 

shown in Fig. 4.2 can be used to assess that hypothesis. For NaOH treatment times in excess 

of 3 h (room temperature) or 1 h (60°C), an obviously collapsed Ti surface suggested that 

some Ti was removed from the surface. It is considered that the NaOH treatment removed 

some Ti under all conditions. Nevertheless, because relatively little Ti was removed from 

those composites treated with NaOH for 3 h (room temperature) or 1 h (60°C), no obvious 

collapse was observed on the surface. More Ti was removed as the treatment time increased. 

To retain the maximum amount of elemental Ti and achieve a complete nano-porous layer on 

the surface for increased photocatalytic efficiency, strict control must be exerted over the 

temperature-based treatment time, which is consistent with the aforementioned conclusion. In 

addition, after immersion in HCl or water for 24 h, the further decrease in elemental Ti 

content was attributed to the removal of the sodium hydrogen titanate layer formed on the 

Al2O3 surface. We reason that the porous layer that forms on the Al2O3 surface after NaOH 

treatment is weakly bonded with the Al2O3 matrix. During the subsequent HCl or water 

treatment, it is that porous layer that is removed rather than the one formed on the Ti surface. 
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4.4.4 Effects of heat treatment on titanate layer 

After the NaOH and HCl treatments, there was a nano-porous layer over the entire surface 

of a composite, as shown in Fig. 4.3(a). This surface with a nano-porous network structure 

remained when heated at temperatures up to 400°C but changed to nano-particles when 

heated at 500°C or nano-rods when heated at 600°C. In the case of Ti metal or its alloys, the 

homogeneous nano-porous structure remained unchanged even when heated up to 700°C[34]. 

The differing levels of impurities and defects between (i) the Ti contained in Al2O3/Ti 

composites and (ii) Ti metal and its alloys might account for this phenomenon. Upon HCl 

treatment, Na+ ions are released into the HCl solution and are replaced by H+ ions, leading to 

the formation of hydrogen titanate as shown in Fig. 4.4. Because of the dehydration of 

hydrogen titanate and the formation of amorphous TiO2, no new phases were detected upon 

heating the samples at 400°C. Increasing the heat-treatment temperature to 500°C or 600°C, 

the amorphous TiO2 was converted to crystalline anatase and rutile. The XPS analysis shown 

in Fig. 4.6(b) further confirms the existence of TiO2, which is consistent with the TF-XRD 

analysis results. Given their different surface areas and crystalline phases, these different 

surface structures are expected to affect the photocatalytic activity. 

 

4.4.5 Photocatalytic activity of surface modified Al2O3/Ti composites 

Increasing the heat-treatment temperature changes both the surface morphology and phases. 

Therefore, was investigated how the heat-treatment temperature affects the photocatalytic 

activity of samples. The first effect that I have considered is that on specific surface area. As 

shown in Fig. 4.5, when heated the NaOH- and HCl-treated samples at different temperatures, 

their surface morphologies differed, leading to different surface areas. Photocatalysts with 

higher surface area exhibit greater photocatalytic ability. With the change of surface 

morphology from nano-porous to nano-rods by increasing the heat-treatment temperature 



98 
 

from 400°C to 600°C, the surface area decreases. Next, I have considered the effect on the 

crystalline phases. Among the three different crystalline phases of TiO2 (i.e., anatase, rutile, 

and brookite), anatase-type TiO2 exhibits the highest photocatalytic activity. When samples 

are subjected to NaOH and HCl treatments followed by heating at 400°C, although the 

remaining nanometer-scale porous structure gives these samples the highest surface area, the 

crystalline phases of samples heated at 400°C are amorphous. When samples were heated at 

600°C, the presence of anatase improved the photocatalytic ability despite the decreased 

surface area. From this, it is concluded that compared with the surface area, the crystalline 

phases of TiO2 affect the photocatalytic activity more. 

By the NaOH, HCl, and heat treatments, we confirmed the photocatalytic activity of 

Al2O3/Ti composites. Nevertheless, the RhB decomposition efficiency was not too high. A 

crucial factor is the small amount of formed TiO2. In evaluating the photocatalytic activity, 

because of the limited experimental conditions, four pieces of specimen plates sized 15 mm × 

15 mm × 1.5 mm were used. By image analysis using the Image J software, the percentage 

area of Ti on the surface was calculated to be 25%. Then the amount of TiO2 (be it amorphous, 

anatase, or rutile) formed on the surface after heat treatment was calculated as approximately 

0.1 mg. This minimal TiO2 content greatly limits the efficiency of RhB degradation under UV 

light. Possible ways to increase the amount of TiO2 are to increase the Ti content in Al2O3/Ti 

composites and increase the thickness of the formed active surface layer, both of which would 

improve photocatalytic efficiency. 

 

4.5 Summary 

 

The surface morphologies, phases, and photocatalytic activity of Al2O3/Ti composites 

subjected to NaOH, HCl, and heat treatments were investigated. The results show that the 
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NaOH treatment conditions are dictated mainly by the NaOH concentration, treatment 

temperature, and time. To achieve (i) good bonding between the Al2O3 and Ti and (ii) a 

homogeneously formed porous active layer at nanometer scale, it is determined that the 

NaOH treatment should be soaking in 5-M NaOH at 60°C for 1 h. Both HCl and water 

treatment removed Na+ ions completely. The surface morphologies of the heated composites 

depended strongly on those before heat treatment. After the NaOH, HCl, and heat treatments, 

all the Al2O3/Ti composites exhibited photocatalytic activity in degrading RhB under UV 

irradiation. Those Al2O3/Ti composites that were heated at 600°C for 1 h after NaOH and HCl 

treatments showed the highest photocatalytic activity despite the decreased surface roughness, 

indicating that the type of crystalline phase has more effect on the photocatalytic efficiency 

than does the surface morphology. Having confirmed their photocatalytic activity, Al2O3 

ceramics are expect to be promising materials for multifunctional applications, not just for 

structural components. However, the present research was focused mainly on finding the 

optimal treatment conditions for inducing photocatalytic activity in Al2O3/Ti composites, and 

only the RhB degradation efficiency was evaluated. Future work should involve a further 

complete characterization of the photocatalytic performance. 
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                                            Chapter 5 

Electrochemical assisted room-temperature crack healing of 

ceramic-based composite 

 

5.1 Introduction  

 

Ceramics such as Al2O3 demonstrate excellent wear behavior, high-temperature 

resistance, and chemical stability[1,2,3]. However, they are brittle by nature; thus, surface 

cracks and/or defects are easily introduced during machining processes or during 

operations when ceramics are used in practical applications as structural components. 

Ceramics are sensitive to these surface cracks. When cracks occur, fracture strength and 

reliability are considerably reduced[4,5] because the cracks function as fracture initiation 

sites upon stress concentration at the crack tips. Lapping and precise polishing are 

necessary to remove these harmful cracks and prolong service life; however, these 

processes result in low fabrication efficiencies and high machining costs.  

Two approaches have been developed to eliminate these surface cracks. The first 

approach is to improve fracture toughness to increase crack resistance during 

subsequent machining processes and operations. This approach has long been 

extensively investigated as a method to overcome the brittleness of ceramics. The 

second approach is to introduce self-crack-healing ability into ceramics to eliminate 

existing surface cracks and recover lost mechanical strength and reliability. Methods to 

reduce the brittleness of ceramics include that of Sekino et al.[6,7], who reported that 

metal-dispersed Al2O3 materials showed increased fracture toughness. However, despite 
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the increased fracture toughness, surface cracks still could not be avoided completely 

during machining and/or operation. Therefore, self-crack-healing ability is an important 

method to eliminate surface cracks to improve fabrication efficiency as well as to repair 

damaged ceramic parts by recovering their strength and, hence, their reliability and 

service lifetime.  

Because of the high chemical and thermal stability of ceramics, self-healing in 

monolithic ceramics is intrinsically difficult. Currently, as far as we know, 

high-temperature heat treatment is the only method reported to realize 

self-crack-healing in ceramics. In these cases, the ceramics had been composited with 

other phases such as SiC and Ni. The ability of these ceramic-based composites to 

recover their mechanical strength through self-crack-healing after a high-temperature 

treatment has been extensively studied[8,9,10,11,12,13,14,15]. The mechanism of heat-induced 

crack healing is attributed to the re-sintering of cracks by secondary sintering[ 16], 

followed by filling of the cracks by reaction, diffusion of the constituent elements, and 

oxide formation[11,17,18]. However, thermal healing at high temperatures is not an ideal 

solution because it often leads to unexpected further reaction of the constituent phases, 

excess grain growth by secondary sintering, and resultant phase changes. In addition, 

the thermal treatment can only be applied to standalone ceramic parts, which limits the 

scenarios in which the recovery process can be practically applied. Decreasing the 

healing temperature for recovering the mechanical properties of ceramics is thus a 

challenge.  

A self-healing function at room temperature has been reported for polymer 

composites[19,20,21,22] and for some sol-gel-derived composite coatings such as silica/clay 

coatings[23]. However, to our knowledge, the literature contains no report of the healing 
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Figure 5.4 shows one of the possible current pathways in Al2O3/20 vol% Ti 

composite and surface morphologies after anodized under condition A2. Before 

anodization, dark and bright phases in Figure 5.4(a) correspond to Al2O3 and Ti 

respectively. For Ti particles which connect with surroundings, a complete pathway was 

formed. Electrical current can pass through this pathway. Only particles existed at 

conductive pathways could be oxidized. On the other hand, for the isolated Ti particles, 

due to the absence of complete pathway, electrical current cannot pass through these 

particles. After anodized under condition A2 shown in Figure 5.4(b), dark phases and 

bright phases are still corresponded to Al2O3 and Ti, while relatively brighter phases are 

corresponded to titanium oxides. It was found that on the surface, some Ti particles 

were oxidized while some Ti particles remained unchanged. 

 

 

Figure 5.4 SEM micrographs of Al2O3/20 vol%Ti composite surface morphologies  

(a) One possible current pathway before anodization (b) surface morphologies aftre 

anodization under condition A3. 

 

The effects of current density on crack-healing ability were investigated in 20Ti and 

FE-SEM micrographs are shown in Figure 5.5. In all of the SEM micrographs shown in 

this text, dark phases and bright phases correspond to Al2O3 and Ti before anodization, 
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Figure 5.5 SEM micrographs of cracked Al2O3/20vol%Ti composites with a crack of 

140 um (a) before and after crack-healed under condition (b) A1 (c) A2 (d) A3. 
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