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摘要 

 

為了改善陶瓷材料先天的脆性，在過往二、三十年陶瓷基複合材料研究當

中，起初添加金屬強化相作為研究，但因金屬材料的熔點較低而限制了其應用

面。在陶瓷韌化材方面，一般添加強度、硬度較高的顆粒、鬚晶及板晶等，但韌

性的提升效果有限。本研究主要為提供一個新的陶瓷韌化概念，以強度相較於基

地相較低，但含有弱介面之層狀陶瓷韌化材作為第二相，利用其層間弱介面的特

性，使得脆性的陶瓷材料在破壞時破壞能量由此韌化材的層間弱介面吸收而產生

韌化。 

本研究使用三種材料系統，分別以氧化鋁與硼矽酸鹽玻璃基低溫共燒陶瓷

（LTCC）作為基材，添加積層陶瓷電容（MLCC）以及碳化鈦矽（Ti3SiC2）層

狀陶瓷作為韌化相進行無壓或熱壓燒結成試樣，進行強度與韌性的量測，確立強

韌化機制，並輔以理論計算。此外，也以 X 光與奈米壓痕技術分析試樣內部的

應力對於強度韌性之影響。有別於一般陶瓷基複合材料在基地相與第二相間的裂

縫轉折或架橋，此一特殊的韌化機制的設計使得裂縫在含有弱介面的第二相內部

產生轉折而吸收破壞能，可更進一步的改善陶瓷材料的韌性。 

 

關鍵字：陶瓷基複合材料; 弱介面; 韌化機制; 破壞能。 
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Abstract 

 

Since ceramic materials have various advantages to demonstrate their functions, 

they can be applied in many areas. However, ceramics are brittle and show 

catastrophic failure. The objective of many researches on structural ceramics is the 

development of materials with high reliability. Low-cost ceramic composite materials 

that exhibit excellent mechanical properties have attracted considerable interest for 

advanced engineering applications. For such materials, toughening remains one of the 

most important issues in enhancing the reliability. 

In the present study, three different kinds of ceramic-matrix composites are used 

as model systems to demonstrate the feasibility of using toughening agents with weak 

interfaces as a new approach. The reinforcements, such as BaTiO3 platelet containing 

weak interfaces and Ti3SiC2 compound can be incorporated to toughen the composite. 

The material selection is based on the higher thermal expansion coefficient and the 

lower elastic modulus of the reinforcement than those of the matrix. The toughening 

mechanism and the energy dissipation during crack propagation are investigated via 

different skills, such as residual stress analysis and nano-indentation. The role of the 

shape of the reinforcement and the effect of pullout during toughening is also 

discussed with theoretical calculation. 
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Keywords: Weak interface; BaTiO3 platelet; Ti3SiC2; Residual stress; 

Nano-indentation; Pullout. 
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Chapter 1: Objective and Outline 

 

The applications of ceramic materials are often limited by their brittleness. Even 

the toughness of ceramics can be improved by incorporating hard and strong particles, 

whiskers or fibers; the damage tolerance remains poor afterwards. The objective of 

this study is to develop a new concept of adapting reinforcement within weak 

interfaces into ceramic matrix in order to characterize the toughening effects and the 

crack resistance behavior via microstructure, internal stress analysis and 

nano-indentation measurements. The materials of reinforcements used for this study 

all contain lamellae structure, such as platelet with multilayer structure, Ti3SiC2 and 

conventional multilayer ceramic capacitor (MLCC) with inner Ni electrodes. 

Chapter 2 introduces the basic toughening mechanisms of ceramic-matrix 

composites, the theory of residual stress analysis and also different methods of 

measuring the fracture toughness which were used in the present study. 

 Chapter 3 focuses on the first model system of Al2O3/BaTiO3-platelet composite. 

We tried to use the BaTiO3 platelet as reinforcement to toughen the alumina matrix. 

The hot-pressed composite was carefully investigated by mechanical properties, 

residual stress analysis and also the elastic properties. Although this concept was 

successfully developed, due to the limit of reinforcement size, the crack branching 
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toughening phenomena cannot reflect the global increment of toughness. We discuss 

the advantages and also the disadvantages of this system in chapter 2. 

 In chapter 4, the BaTiO3 platelet within Ni electrode was selected for the 

reinforcement added into glass ceramic matrix. The sintering temperature is lower 

than the former one. The difference is there is no reaction on the interface between 

matrix and reinforcement. The indentation-fracture-strength method is used to 

investigate the R-curve behavior under biaxial strength measurement. 

In chapter 5, the metal-like Ti3SiC2 was added into alumina matrix as the 

toughening agent. According to its high toughness and also high elastic modulus, the 

toughening effects in this model are very obvious. The special toughening 

mechanisms of crack deflection inside the Ti3SiC2 and pull-outs of the lamellae 

ligaments in this composite are discussed from microstructure and also residual stress 

analysis in this chapter in detail. Due to the special nano-lamellae structure of Ti3SiC2 

reinforcement and the radial tensile stress on Al2O3/Ti3SiC2 interface after 

hot-pressing, the crack will penetrate into the Ti3SiC2 grain and be deflected between 

the ligaments during crack propagation. The aspect ratio analysis of Ti3SiC2 grains 

was also investigated. The plastic deformation inside the ductile Ti3SiC2 grain has a 

minor influence on the energy absorption (dissipation) and decrease the crack 

propagation ability. 
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At last, in chapter 6, we summarize our present research and make several 

conclusions. Several possible future research directions are also briefly suggested in 

chapter 7. 
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Chapter 2: General Theory 

 

2.1 Biomimetic concept 

 

As existing structural materials reach their performance limits, one of the major 

scientific challenges for the 21st century is the development of new stronger and 

tougher lightweight structural materials to support advances in diverse application 

fields from building to transportation or energy. This is a challenge that can only be 

reached through an understanding of the relationships between materials architecture 

and mechanical response, spanning not only the microstructure but also the influence 

of structural parameters acting at multiple length scales, from the atomic to the macro 

levels, and their interactions. The design of this new and superior structural materials 

can be done by mimicking the architecture of natural/biological materials and 

structures [1,2]. The natural materials usually combine both inorganic ceramics and 

organic protein, which typically exhibit poor macroscale mechanical properties 

individually, to produce far stronger and tougher composites, such as enamel dentin, 

nacre and bone. Their superb mechanical properties have been related to their unique 

hierarchical structure [3,4] by shielding an extending crack from an applied load 

inside this hierarchical structure. From a fracture mechanics perspective, they 
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generate a characteristic crack resistance curve (R-curve) behavior where the fracture 

resistance actually increases with crack extension. In other words, this layered 

hierarchical structure develops the majority of its toughening during crack growth and 

not during crack initiation [5], which can be adapted to toughen the brittle materials, 

such as ceramics. A model of this kind of bio-composites is illustrated in Fig.2-1 [6]. 

 There are two approaches to mimic the structure and to synthesize the materials. 

The first approach starts with the evaluation of the benefit of using natural-produced 

structure as engineering material, and then to find engineering solution to re-produce 

it (the “bottom–up” approach). However, this approach is generally difficult for 

making synthetic materials in practical sizes with severe time constraints. Although 

there are several outstanding examples of materials fabricated in the laboratory by 

applying physicochemical principles taken from the growth of natural composites, 

these are invariably limited to thin films or microscopic samples [7-11]. To solve this 

problem comes to the second approach (the “top-down” approach). Namely, it is to 

produce a biomimetic structure through novel processing first, then to determine the 

performance of such structure [12], but only a few systems are successful. Among 

these successful attempts, the freeze casting technique has attracted much attention 

[3,4,12,13]. This technique is capable to produce a laminated structure with layer 

spacing as small as only 3 μm. By using the technique, the fracture energy of an  
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Fig. 2-1. A model of biocomposites. (a) A schematic diagram of staggered mineral 

crystals embedded in protein matrix. (b) A simplified model showing the 

load-carrying structure of the mineral–protein composites. Most of the load is carried 

by the mineral platelets whereas the protein transfers load via the high shear zones 

between mineral platelets. [6] 
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Al2O3/PMMA laminate reaches 300 times that of Al2O3 alone, and the fracture 

toughness of an Al2O3/Al–Si laminate reaches 40 MPa√m [3,4-12-14]. In the present 

study, the second approach is adapted by designing different kinds of reinforcements 

with layered structure as toughening agents to improve brittle ceramic matrix. 

 

2.2 Toughening mechanisms of ceramic-matrix composites 

 

 The objective of research concerned with structural ceramics is the generation of 

materials having high reliability. To achieve this objective, there are two 

fundamentally different approaches: flaw control and toughening. The flaw control 

approach accepts the brittleness of the material and attempts to control the large 

extreme of processing flaws. The toughening approach attempts to create 

microstructures that impart sufficient fracture resistance (Fig. 2-2), and the strength 

becomes insensitive to the size of flaws. [15] 

The resistance of brittle solids to the propagation of cracks can be strongly 

influenced by their microstructure and by the use of various reinforcements. For most 

cases, toughening results in resistance-curve characteristics (Fig. 2-2), wherein the 

fracture resistance systematically increases with crack extension. The resulting 

material strengths then depend on the details of the resistance curve and the initial  
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Fig. 2-2. Resistance-curve behavior characteristically encountered in tough ceramics: 

KR is the fracture resistance and Δa is the crack advance. [15] 
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crack lengths [16-17], such that toughness and strength optimization usually involve 

different choices of microstructure. The general toughening mechanisms of 

ceramic-matrix composites include: (1) microcrack, (2) crack branching, (3) crack 

deflection, (4) crack bridging, (5) crack pinning, (6) transformation and (7) load 

transfer, which can be schematically described in Fig. 2-3. For the normal cases, 

several different kinds of toughening effects are involved during one toughening 

process. The total toughness of composite can be expressed as: 

 

IC
T

IC
m

IC
c KKK Δ+=             (2-1) 

 

Where IC
cK is the total toughness of composite, IC

mK  is the toughness of matrix 

material and IC
TKΔ  is the sum of toughness increment by each existing toughening 

mechanism. 

Due to the thermal expansion coefficients (CTEs) and elastic moduli for matrix 

and reinforcement of the composite are different, the internal stress between matrix 

and reinforcement will be generated after sintering process. Wei and Becher [18] 

addressed that the residual thermal stress inside the composite will deflect the crack. 

If the CTE of reinforcement is higher than that of matrix, it will produce the tensile 

radial stress field inside the matrix around the reinforcements. And the compressive  



 

10 
 

 

 

                                          

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-3. Seven different kinds of toughening mechanisms. [16-17] 
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hoop stress field will penetrate through the reinforcements. When a crack propagates 

close to the reinforcement, it will be attracted by the tensile stress field and be 

deflected around the reinforcement, which is shown in Fig. 2-4. During the crack 

propagation, the roughness of fracture surface increases because of the deflection. 

This phenomenon causes the change of crack propagating direction and decreases the 

ability of crack extension. [19] 

In the present study, we use three different kinds of ceramic-matrix composites 

which all include higher CTEs of reinforcements. The toughening mechanisms of the 

composites will be discussed in detail. 

 

2.3 Fracture toughness measurement 

 

 Fracture toughness is an important parameter for the ability of crack-growth 

resistance. For brittle materials like ceramics, the value of fracture toughness is 

normally determined by crack length, shape and the loading system of the surface or 

inside the material. The following section will introduce three kinds of fracture 

toughness measurement methods which were used in the present study for different 

ceramic-matrix composite systems. 
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Fig. 2-4. Deflection of crack by particle( αp>αm) and associated matrix stress. Crack 

moving in plane particle will first be deflected (compressive hoop stress axis in matrix 

is normal to crack plane, (σm)g). As crack moves around particles, it can be attracted 

to particle interface (normal to tensile radial stress axis in matrix, (σm)r). [19] 
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2.3.1 Single edge notched beam (SENB) method 

The most widely used fracture toughness test configuration is the single edge 

notched beam (SENB). The compact tension specimen has the advantage that it 

requires less material, but is more expensive to machine and more complex to test 

compared with the SENB specimen. Also, special requirements are needed for 

temperature control (e.g. use of an environmental chamber). The SENB specimens are 

typically immersed in a bath for low temperature tests. Although the compact 

specimen is loaded in tension, the crack tip conditions are predominantly bending 

(high constraint). If limited material is available, it is possible to fabricate SENB 

specimens by welding extension pieces (for the loading arms) to the material sample. 

(Electron beam welding is typically used, because the weld is narrow and causes little 

distortion). 

The sample size for SENB test is 3 mm*4 mm*45 mm. After grinding and 

polishing process, a 0.15 mm thick diamond saw is used to notch the sample on the 

center position of tension surface during 4-pt bending test. The depth of the notch was 

approximately 1 mm. The width of the notch was approximately 0.3 mm. The 

schematic of the SENB toughening test is shown in Fig. 2-5. The fracture toughness, 

which measured by 4-pt-bending with rectangular shape samples, is calculated by 

using the following equation: 
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Fig. 2-5. Schematic of the single edge notch beam toughening test. 
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aYKIC πσ=                                                (2-2) 

with Y = 1.99 - 2.47(a/b) + 12.97(a/b)2 - 3.17(a/b)3 + 24.8(a/b)4b 

 

a is the length of pre-crack, σ is the strength, Y is the shape factor and b is the height 

of the sample, respectively. 

 

2.3.2 Single edge V-notched beam (SEVNB) method 

The investigation made by the Christian Doppler Laboratorium für 

Hochleistungskeramik, Leoben, Austria, using five different fracture toughness 

testing methods pointed that the single edge notched beam-saw cut (SENB-S) 

technique seems to provide the most reproducible result [20], which involves using 

small beam samples, sawing a suitable notch to depth a0 and then loading to fracture 

in four-point bending test.  

The single edge V-notched beam (SEVNB) technique is a further modification of 

this method. The notch preparation is expanded with a razor blade and several kinds 

diamond pastes (6 µm, 3 µm and 1 µm) to sharpen the notch, as specified by Kübler 

[21-22], (Fig. 2-6). Therefore the notch tip radii of less than 10 µm can be produced 

with this technique. 
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 Fig. 2-6. A microscopic photograph of a notch produced by SEVNB technique.   
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It is important to note that the depth L produced with the razor blade and 

diamond pastes should be at least 1.5 times the notch radius ρ1 produced by saw cut 

(Fig. 2-6, right) during the sample preparation. Otherwise, the measured toughness 

will be influenced not only by the notch radius ρ2, but possibly also by ρ1. After the 

preparation, specimens are tested in a four-point bending cell. Fig. 2-7 shows 

schematically the associated arrangement. 

The fracture toughness, which measured by four-point-bending with rectangular 

profile samples, is calculated by using the following equation [23]: 
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s is the difference of the support roller distance, b is the width, and h the height of the 

specimen. ΓM(α) the geometric factor. This equation can be used to determine both 

the fracture toughness KIC after unstable fracture, stable crack growth, and the actual 

stress intensity KI at a crack length a. 
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Fig. 2-7. Schematic arrangement of the sample in a four-point bending cell.  
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2.3.3 Indentation method 

Indentation has already become the simplest technique for fracture toughness 

determinations for over two decades [24]. Surface cracks generated by Vickers 

indentation are now used extensively as model surface flaws in fracture research of 

brittle materials such as ceramics and glasses [25-28]. Plastic deformed zone at the 

center of these cracks exerts a residual crack-opening force. Such a residual stress 

plays an important role in the determination of the fracture toughness of brittle 

ceramics with indentation method. The following equation was used to calculate the 

toughness, KIC, from one crack length as [29]:  

 

2

3

)/(15.0/ ackaHKIC =φ             (2-4) 

 

Where φ, k are respectively constant of 3 and 3.2, H is the hardness, a is half the 

indent impression length and c is the length of one crack. 

  

2.4 X-ray residual stress analysis [30] 

 

2.4.1 Introduction of residual stress 
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 Residual stresses are those stresses that are contained in a body which has no 

external traction (excluding gravity or another source such as a thermal gradient). 

Residual stresses belong to the larger group of internal stresses which apply to a body 

even while it is externally loaded. The two are often used interchangeably because 

both may be determined with X-ray diffraction, indirectly, from a measurement of the 

existing strains. To obtain the value of stress, a calculation is always necessary, which 

requires knowledge of elastic constants of the material and a calibration procedure. 

 The residual stress was generally defined as three types. The first type, termed 

macroscopic, is long range in nature extending over regions millimeters in dimension. 

Macro residual stresses and applied stresses add algebraically at least up to the elastic 

limit and are thus important in determining load carrying capabilities. These stresses 

may develop from mechanical processes such as surface working, forming and 

assembly, thermal processes such as heat treatments, casting and welding and 

chemical processes such as oxidation, corrosion and electro-polishing. This class of 

stresses is measurable by mechanical means (by examining distortions after removing 

layers or boring, for example, often with strain gages) and also gives rise to shifts of 

peaks in an X-ray diffraction pattern. 

 The second kind of residual stress exists over dimensions of microns and is 

termed a micro-stress. It may be caused by yield anisotropy between grains or by a 
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difference in the mechanical properties of different phases or regions in a material 

(such as the surface and the interior). While not detected by mechanical methods, 

these stresses give rise to both a peak shift and if they vary from point to point, line 

broadening in X-ray patterns.  

 The third kind, which ranges over dimensions of 1-1000Ǻ, gives rise to X-ray 

line broadening only. These stresses arise from the varying stress fields of individual 

dislocations, dislocation pile-ups, kink boundaries and other microstructural 

phenomena with discontinuous nature. Actually, the magnitude of these stresses 

cannot be determined with X-rays, only their range or variance from Fourier analysis 

of diffraction peak. 

 

2.4.2 Principles of X-ray stress measurement 

 Each form of identical planes of atoms in a polycrystalline material has an 

average interplanar spacing, dhkl, which, when acted upon by an elastic stress, changes 

to a new value dependent on the direction and magnitude of that stress. A change, 

Δdhkl, in the interplanar spacing will cause a corresponding change, Δθ, in the Bragg 

angle of diffraction by the planes (Bragg's law: λ = 2dsinθ, where λ is the wavelength 

of the incident X-rays). The strain Δd/d, can be measured by the change in the 
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diffraction angle and the stress is obtained from the strain with formulae usually 

derived from linear isotropic elasticity theory. 

 The principal stresses σ1, σ2 (usually assumed to lie in the surface) and σ3 

(perpendicular to the surface) in the solid are defined as a coordinate system. It’s 

assumed that the axes of a sample define as S1, S2 (on the sample surface) and S3 

(perpendicular to the sample surface). The Axes of the X-ray diffraction are defined 

as L1 (σ1), L2 (σ2) and L3 (σ3). L3 (σ3) is perpendicular to the (h k l) plane. The 

included angle between L3 (σ3) and S3 is defined as Ψ, and the included angle 

between L2 (σ2) and S2 on the sample surface is Φ, which can be found in Fig. 2-8. 

The ε’ij represents the strain of the coordinate system. Assume that the stress-free 

condition of d-spacing, d0, is known. 

                                

 

 

The correlation between the strain and the coordinates of the sample is: 

 

          (2-5)  
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The elastic theory of material assumes that the material is a homogeneous isotropic 

continuum material. Then (ε'33)φψ can be substituted into: 

 

             (2-6) 

 

E: Young’s modulus 

ν: Poisson’s ratio 

 

To consider the plane stress condition, due to the incontinuity of the material surface 

in the vertical direction, σ33 and all the shear stresses should be zero. Therefore, the 

equation (2-6) can be simplified as: 

 

(2-7) 
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                      (2-8) 
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33 ; dz is the actual plane-spacing along the S3 

direction. The Eq. 2-8 can be replaced as: 

 

(2-9) 

 

θz is the X-ray diffraction angle when ψ= 0° and θψ is the X-ray diffraction angle 

when ψ= ψ°. 

 

                                     (2-10) 

 

Hence, it’s necessary to measure two or more different ψ angles of d-spacing to obtain 

σψ (one is at ψ= 0, and the other is over 45°). The incident X-ray beam is directed 

toward the specimen surface at a fixed angle from the surface normal, and the bisector 

angle of the plane normals corresponding to the two measuring directions are 

measured for dhkl. If one measures the Bragg angle at two positions on the cone by 

recording the cone on film, the diffraction ring will be asymmetric if the interplanar  
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Fig. 2-8. Orientation of crystal planes with respect to sample coordinate system: The 

principal stresses σ1, σ2 (usually assumed to lie in the surface) and σ3 (perpendicular 

to the surface) in the solid are defined as a coordinate system. The axes of a sample 

are defined as S1, S2 (on the sample surface) and S3 (perpendicular to the sample 

surface). The Axes of the X-ray diffraction are defined as L1 (σ1), L2 (σ2) and L3 

(σ3). L3 (σ3) is perpendicular to the (h k l) plane. The included angle between L3 (σ3) 

and S3 is defined as Ψ, and the included angle between L2 (σ2) and S2 on the sample 

surface is Φ. [30] 
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spacings of the diffracting crystallites are different as a result of residual strains. Since 

we do not know the directions of S1 and S2, if we want to obtain the values of σ11 and 

σ22, we can use the axis of S3 (perpendicular to the surface) and pick S1 randomly for 

the values of σϕ, σϕ+45 and σϕ+90. According to φσφσσ φ
2

22
2

11 sincos += , the value 

of σϕ residual stress can be obtained. In the present study, we pick 6 values of ψ 

angles for each composition of different composites to obtain the residual stress. 

 In the present work, we try to build a new landscape of toughening in the 

ceramic matrix composites based on the biomimetic concept. Several different 

material systems are investigated carefully by both theoretically and experimentally 

methods. The details will be given in chapter 3, 4 and 5. 
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Chapter 3: Feasibility Study of Using Multilayer Platelet as 

Toughening Agent 

 

3.1 Introduction 

 

The brittle nature of ceramics imposes limits on their applications as structural 

components. To improve the toughness of ceramics is therefore a long-standing 

pursuit for many ceramists. One approach adopting the addition of toughening agents, 

such as ceramic whiskers or platelets, has attracted a lot of attention. A triple 

enhancement on the toughness of alumina ceramics by adding SiC whiskers has been 

reported [31]. However, the health issue associated with the large aspect-ratio 

whiskers has prohibited further research on using of ceramic whiskers. There is no 

health concern for the use of ceramic platelets. Several reports had demonstrated that 

the toughness of ceramic matrix is improved by 10 to 50% after the addition SiC 

platelets or Al2O3 platelets, despite that the strength of the platelet-toughened 

ceramics is usually compromised [32-34]. However, the strength of the 

platelet-toughened ceramics was usually lower than that of matrix alone. Furthermore, 

due to the anisotropic shape of platelet, the microstructure anisotropy as well as the 

toughness anisotropy were observed. The shortcoming of using ceramic platelets is its 
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sources are very limited. The cost of the SiC and Al2O3 platelets is therefore relatively 

high.  

Many passive components, such as ceramic capacitors, are in the shape of 

platelet. Due to the demand on the miniaturization of electronic components, the 

passive components nowadays are usually manufactured by employing multilayer 

technology [35-36]. The size of the multilayer components decreases from 1206 (0.12 

inch in length and 0.06 in width; ~3.2x1.6x1.5 mm) to 0201 (~0.6x0.3x0.3 mm) in the 

last decade. Even smaller components, such as 01005 (~0.3x0.2x0.2 mm) components 

are now available. Such downsizing trend does not show any slowing down. It 

demonstrates that the processing technology for manufacturing multilayer 

components is moving forward very quickly. Furthermore, the price of multilayer 

components is also decreasing. To give a specific comparison, the price of 0402 

(1.0x0.5x0.5 mm) multilayer capacitors (with Ni inner electrodes) per unit weight is 

in fact lower than that of SiC platelets. These multilayer components are in the shape 

of platelet, it is therefore of interest to investigate the feasibility of using multilayer 

components as the toughening agents.  

 

3.2 Experimental Procedures 
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3.2.1 Raw material 

An alumina powder (TM-DAR, Taimei Chem. Co. Ltd., Tokyo, Japan) was used 

to prepare the ceramic matrices in the present study. A BaTiO3-based ceramic powder 

was mixed with several solvents and binders to prepare green tapes. Several tapes 

were laminated together and subsequently cut into small platelets. The dimensions of 

the green platelets were 1.28 x 0.64 x 0.41 mm, which is demonstrated in Fig. 3-1.  

 

3.2.2 Al2O3/BaTiO3-platelet composite 

The Al2O3 powder and green dummy platelets (without inner electrodes) were 

dry mixed together in a PE jar for 1h. The amount of green platelets was 3, 7 and 14 

wt%. The mixture was then hot-pressed in vacuum at 1400°C under a load of 25 MPa 

for 1 h (High-multi-5000, Fujidempa Kogyo Co., LTD., Japan). The dimensions of 

the hot-pressed specimens were 50 mm in diameter and roughly 4.5 mm in thickness. 

The phase of Al2O3/BaTiO3-platelet composite was characterized with a synchrotron 

X-ray source (Beam-line BL-17B1 in the National Synchrotron Radiation Research 

Center, NSRRC, Hsinchu, Taiwan). The diffraction angle (2θ) varied from 20° to 50°. 

The microstructure was observed with SEM (Philips XL-30, Netherlands). Artificial  
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Fig. 3-1. Morphology of dummy platelets. 
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cracks were generated by Vickers hardness tester (AKASHI AVK-A, Japan) under a 

load of 98N. A nano-indenter (UNAT®, ASMEC, Germany) was also used in the 

present study to determine the elastic modulus, hardness and fracture energy of each 

phase in the composite. The tip was a Berkovich type nano-indenter (radius = 200 

nm). The load was 50 mN. The 4-point bending and single-edge-notched beam 

(SENB) techniques were used to determine the flexural strength and toughness of 

Al2O3/BaTiO3-platelet composites, respectively. The indentation technique [29] was 

also used to determine the toughness anisotropy. The details and the used equation 

can be found in section 2.3.3.  

The values of elastic modulus and Poisson’s ratio of the bulk composites were 

measured by the ultrasonic reflection method [37]. A frequency of 5MHz was applied 

(Wavepro 7000, LeCroy Co., USA); the longitudinal velocity (Vs) and transverse (Vp) 

velocity within the specimens were determined as follows:  

 

ρ
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where λ and μ are Lame’s constants (GPa), and ρ is the density (g/cm3); E and ν are 

the elastic modulus and Poisson’s ratio of the bulk material. 

The residual stress of the composite was measured by an X-ray diffractometer 

(Siemens D-5000, Germany) using the sin2ψ method [30].  The residual stress was 

calculated based on the displacement of plane spacing for different orientations of 

X-ray beams relative to the specimen. In the present study, several orientations 

including 0°, 18.43°, 26.56°, 33.21°, 39.23°, 45° were chosen and the residual stress 

was calculated by the following equation [30] as: 

 

)
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= εσ
v

E                        (3-5) 

 

where E is the Young’s modulus, υ is Poisson’s ratio and ε is the lattice strain of the 

material. The (4 1 6) plane of the Al2O3 matrix was chosen to measure the residual 

stress due to its high diffraction angle and high diffraction intensity. 

 

3.3 Results 
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Fig. 3-2 shows the XRD pattern of the Al2O3/BaTiO3-platelet composite after 

hot-pressing at 1400 C for 1 hr. Apart from  Al2O3 and a small amount of BaTiO3, 

two reaction phases, Ba4(Ti0.833Al0.167)12O27 and BaAl13.2O20.8 are found. A typical 

platelet within the Al2O3 matrix after hot pressing is shown in Fig. 3-3(a). A reaction 

layer is present between Al2O3 matrix and BaTiO3 platelet. Within the platelet, there 

are two phases: a white phase and a gray phase (Fig. 3-3(b)). The energy-dispersive 

X-ray (EDX) analysis was conducted to determine the composition of each phase, 

which listed in Table 3-1. By combining the XRD and EDX results, the reaction layer 

(denoted with 1 in Fig. 3-3(b)) between matrix/platelet is a BaAl13.2O20.8 phase. The 

gray phase within the platelet is a Ba4(Ti0.833Al0.167)12O27 phase (denoted with 2 in Fig. 

3-3(b)), the white one is the residual BaTiO3 phase (denoted with 3 in Fig. 3-3(b)). 

The amount of BaTiO3 phase is the lowest. 

Two Vickers indentations were introduced near the platelet. The indentation at the 

left-hand side of the platelet (Fig. 3-3(b)) induces four cracks at each indent corner. 

One crack goes straight into the platelet then disappears within the platelet. The 

indentation at the right-hand side of the platelet is much closer to the platelet. The 

indentation also produces four major cracks in the matrix. One matrix crack 

penetrates into the interfacial reaction layer, and then forms many small crack 

branches within the platelet, Fig. 3-3(b).  
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Fig. 3-2. XRD pattern of Al2O3 /14 wt% BaTiO3-platelet composite hot-pressed at 

1400℃. 
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(b) 

Fig. 3-3. (a) A typical BaTiO3-platelet in an Al2O3/BaTiO3-platelet composite. (b) 

Interactions between an indentation-induced crack and platelet. 
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Table 3-1. The EDX results for positions 1, 2, and 3 in Fig. 3-3 and the corresponding 

phases. 

 

 

 

 

 

Element 

(at%) 

Position 1 Position 2 Position 3 

O 29.8 38.6 59.3 

Al 38.7 44.0 6.7 

Ba 2.5 10.9 5.2 

Ti 0.3 4.9 27.0 

Phase BaAl13.2O20.8 Ba4(Ti0.833Al0.167)12O27 BaTiO3 
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 Table 3-2 shows the characteristics of each phase within the composites. These 

values are determined by using the nano-indentation technique at a very small load of 

50 mN. No crack was observed after the nano-indentation, though micro-cracks may 

still be formed under the surface [38]. This technique allows us to determine the 

in-situ physical characteristics of each phase in the composite. The measured elastic 

modulus of Al2O3 and BaTiO3 and is 411 GPa and 180 GPa, respectively. The 

measured value for Al2O3 is close to the values reported in literature [39]. The 

measured elastic modulus of BaTiO3 is 180 GPa, which is higher than the reported 

values for barium titanate (107~120 GPa [40]). It may partly due to that the BaTiO3 

phase is surrounded by the rigid Al2O3 matrix. It may also result from the solution of 

Al ions into BaTiO3 grain.  

The values in Table 3-2 demonstrate that the hardness of each phase follows the 

order as Al2O3>BaAl13.2O20.8>Ba4(Ti0.833Al0.167)12O27>BaTiO3. Previous study also 

indicated that the strength of BaTiO3 is lower than that of Al2O3 [41]. Differ from the 

previous studies on SiC-platelet toughened Al2O3 [32-34], the platelet used in the 

present study is much weaker than the matrix. Furthermore, a dense reaction phase is 

formed at the interface. However, the fracture energy (Wtot) as calculated from the 

area under the stress-strain curve during nano-indentation shows a different trend with 

that of hardness. It suggests that the Ba-containing phases are weak and easily to be  



 

38 
 

 

 

 

 

 

 

Table 3-2. Elastic modulus, hardness and fracture energy (Wtot) for the phases in the 

Al2O3/7 wt%BaTiO3-platelet composite as determined by using the nano-indentation 

technique. 

 

 

 

 

 

 

 

Al2O3 BaAl13.2O20.8 Ba4(Ti0.833Al0.167)12O27 BaTiO3 

Elastic 

modulus 

/GPa 

411±13 286±11 253±3 180±11 

Hardness 

/GPa 
19.2±2.7 16.8±0.4 14.5±0.8 9.7±0.7 

Wtot /nJ 5.8±0.2 6.9±0.4 7.5±0.2 10.3±0.5 
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fractured. The fracture energy is high due to the possible formation of many 

microcracks. 

Fig. 3-4 demonstrates the residual strains of Al2O3 and Al2O3/BaTiO3 platelet 

composites hot-pressed at 1400℃ measured by XRD. Table 3-3 shows the calculated 

residual stress in the alumina phase of composites. A very small residual stress is 

present in the monolithic alumina specimen. Such residual stress may be induced by 

the surface grinding process. As the platelets were added to form the Ba-containing 

phases, tensile residual stresses were found in the alumina matrix. It is due to that the 

thermal expansion coefficient of the Ba-containing phases (11 ppm/K for BaTiO3) [42] 

is higher than that of alumina (8 ppm/K). Compressive hoop stresses and tensile radial 

stresses are expected to form at the interface. The crack could deflect around the 

interface. The nano-indentation analysis demonstrates that the toughening agent used 

in the present study is softer than that of the matrix. The crack is thus attracted to the 

platelets because they are elastically softer than the alumina matrix. 

 

3.4 Discussion 

 

The interactions between crack and platelet are demonstrated in Fig. 3-3. As a 

major crack penetrates into the dense BaAl13.2O20.8 interphase, many crack branches  
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Fig. 3-4. Residual strains of monolithic Al2O3 and Al2O3/BaTiO3 platelet composites 

hot-pressed at 1400℃. 
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Table 3-3. Residual stress, strength and toughness of Al2O3/BaTiO3-platelet 

composites. The elastic modulus and Poisson’s ratio used to calculate the residual 

stress are also shown. 

 

a note: determined by X-ray sin2ψ technique. 

b note: determined by ultrasonic technique. 
c note: determined by 4-point bending technique. 

* note: “-“ denotes compressive stress. 

 

 

 

 

 

 Monolithic 

Al2O3 

3 wt.% BaTiO3 

-platelet 

7 wt.% BaTiO3 

-platelet 

14 wt.% BaTiO3 

-platelet 

Elastic 

modulusb  

/GPa 

400 355 257 231 

Poisson's 

ratiob 
0.24 0.27 0.14 0.15 

Residual 

stressa /MPa 
-14  25  36  73  

Strengthc  

/MPa 
378±19 185±14 161±19 87±7 

Toughness 

/MPa*m1/2 
4.8±0.3 3.8±0.3 4.0±1.1 2.8±0.6 
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are formed to consume the fracture energy. The crack resistance of the composite is 

expected to be high. A schematic to demonstrate the toughening behavior is shown in 

Fig. 3-5. The flexural strength of the composites decreases with the increase of 

platelet content, Table 3-3. It is mainly due to that the size of the platelet is far too 

large (length > 500 μm). The presence of such large second phase acts as a stress 

concentrator, or flaw, to the composites. The strength of the composite is therefore 

lower than that of monolithic alumina.  

The fracture energy for the weak materials in the platelet is higher than that of 

the matrix, Table 3-2, the toughness of the platelet composite is expected to be higher. 

However, as the single edge notched beam (SENB) technique was used to determine 

the global toughness of the composites. The toughness is not meaningful due to that 

the crack induced from the notch seldom interacts with any platelet. It is mainly due 

to that the size of multilayer platelet used in the present study is large and the number 

of platelets is low. It is thus difficult to determine the global toughness of the 

composites by using the SENB technique. The Vickers indentation technique is thus 

employed instead to determine the localized toughening behaviour. Each indentation 

introduces 4 cracks at the tips of the indentation (see Fig. 3-3). By placing the 

indentation close to the multilayer platelet, the interactions between crack and platelet 

can then be investigated. By using the crack length induced by Vickers indentation  
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Fig. 3-5. Interactions between a major crack and a weak platelet. 
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and Eq. 2-4, the toughness anisotropy is observed. Table 3-4 shows the toughness by 

using the crack length induced by Vickers indentation. The toughness as calculated 

from the crack toward the BaTiO3 platelet is much higher than that calculated from 

the crack moves away from the platelet. It demonstrates that the addition of BaTiO3 

platelets do consume more fracture energy. The platelets with much smaller size 

should be available from market soon. The use of small dummy platelets as 

toughening agent is expecting.  

 

3.5 Conclusions 

 

The feasibility of using weak platelets as toughening agent for brittle matrices was 

evaluated in the present study. The platelets are prepared by using the techniques 

employed for the manufacture of multilayer components. Many interfaces are 

presented within the platelets. Though the platelets are soft and may be reactive with 

the matrix, the major cracks can be attracted by the platelets. The crack is then 

stopped within the platelet by forming many minor cracks. The shape of MLCCs is 

similar to that of ceramic platelets. The benefit of such MLCC platelet is its 

availability. 
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Table 3-4. Anisotropic toughening effect near a platelet.  

 

 Crack in 

monolithic 

Al2O3 

Crack moves 

away from 

platelet 

Crack moves 

toward platelet 

Crack length / μm 190±10 275±25 127±20 

Fracture toughnessa 

/ MPam0.5 

4.8±0.3 3.1±0.2 7.8±0.5 

 

a note: determined by indentation technique. 
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Chapter 4: Crack Extension Resistance Behaviour in 

Lamellae Inclusions Toughened Ceramic-Matrix Composite 

 

4.1 Introduction 

 

All tough ceramics exhibit crack extension resistance curves (R-curve). There are 

three main effects which can lead to a rising R-curve: interaction of the crack borders 

in the wake of the advancing crack, phase transformation around the crack tip of the 

advancing crack, and an increase in the size of the process zone due to micro-cracking 

[43-45]. In addition to the increase in flaw tolerance due to higher fracture toughness, 

toughened ceramics with R-curves also have the potential to exhibit greater reliability 

due to smaller strength variability. There is a strong incentive, therefore, to develop 

and characterize structural ceramics with pronounced R-curve behavior. Recently, 

Lawn et al. used indentation-fracture-strength method with controlled indentation 

flaws in different kinds of ceramic materials [46-48] to demonstrate that the R-curve 

strongly stabilizes crack growth, such that the critical flaw may extend several times 

its original dimension prior to failure [49]. 

In the present study, we investigate the indentation-fracture-strength of LTCC 

matrix with 0, 2, 4 and 10 wt% additions of BaTiO3-based platelets to determine the 
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flaw tolerance and toughness-curve characteristics. Microstructural observations for 

the fracture surface are also presented to demonstrate the toughening mechanism by 

crack propagation during fracture. 

 

4.2 Experimental Procedures 

 

4.2.1 Raw material 

The glass consists of a borosilicate powder (major phase) and alumina fillers 

(minor phase). A BaTiO3-based ceramic powder was mixed with several solvents and 

binders to prepare green tapes. A Ni paste was applied onto the green tape by using 

screen-printing technique. Several tapes were laminated together and subsequently cut 

into small platelets. The dimensions of the green platelets were 1.28 x 0.64 x 0.41 

mm. 

 

4.2.2 LTCC/BaTiO3-platelet composite 

The glass powder and sintered platelets (with inner electrodes) were dry mixed 

together in a PE jar for 1 h. The amounts of sintered platelets to glass powder were 2, 

4 and 10 wt%. The cylindrical discs were prepared by die-pressing, and pressureless 
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sintered at 900 oC for 2 h. The dimensions of the sintered specimens were 20.6 ± 0.1 

mm in diameter, around 3.7 ± 0.1 mm in height. The apparent density of the 

specimens after sintering was determined by using the Archimedes water immersion 

method. The hardness was measured by a Vickers hardness tester (AKASHI AVK-A, 

Japan). The values of elastic modulus (E) of the specimens were determined by using 

the ultrasonic reflection method [37]. Prior to the measurement of strength, the disc 

surface was polished to 1 μm with diamond slurry.  After polishing, the specimens 

were indented at their center of the tensile surface with a Vickers diamond pyramid at 

contact loads of 0 N, 10 N, 50 N and 100 N. The biaxial strength of the composites 

was determined by using the one-ball-on-three-ball testing technique (MTS-810, MTS 

Co., USA). After the strength test, the fracture surface was observed by an optical 

microscope and a conventional scanning electron microscope (SEM, Philips XL-30, 

the Netherlands). 

 

4.3 Results 

 

Fig. 4-1 shows the biaxial strength of monolithic LTCC and composites with 2, 4 

and 10 wt% addition of platelets. A summary on all the parameters used to calculate  
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Fig. 4-1. Biaxial strength of LTCC/BaTiO3-based platelet composites as function of 

platelet content. 
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the biaxial strength is given in Table 4-1. The biaxial strength of the composites 

decreases with the increase of platelet content. Fig. 4-2(a) shows the fracture surface 

of LTCC/4wt%-platelet composite as observed by optical microscope. The fracture is 

not taken place at the interface between matrix and reinforcement but at the interface 

between the inner Ni electrode and the BaTiO3 tape inside the platelet. More obvious 

evidence is shown in Fig. 4-2(b) observed by SEM. Since the interface between 

matrix and reinforcement is relatively stronger than that between the inner Ni 

electrode and the BaTiO3 tape inside the platelet, the cleavage within the platelet is 

thus occurred during fracture (see Fig. 4-2). 

Fig. 4-3 plots the measured biaxial strengths as a function of indentation load for 

the composite with different addition of platelets. Each datum point represents the 

mean and standard deviation of an average five indentation-flaw failures. The strength 

decreases with increasing indentation load for monolithic LTCC. The decreasing 

trend seems to be alleviated by adding the platelets within lamellae structure. After 

the addition of platelet up to 4 wt%, the strength appears to be a constant with the 

indentation load up to 100 N. 

 

4.4 Discussion 
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Table 4-1. Apparent density, elastic modulus and Poisson’s ratio of LTCC and 

LTCC/BaTiO3-based platelet composites. 

 

 

*note: determined by Archimedes water immersion method. 

**note: determined by ultrasonic reflection technique at 5 MHz. 

 

 

 

 

LTCC 

LTCC/2 wt% 

platelet 

LTCC/4 wt% 

platelet 

LTCC/10 wt% 

platelet 

Density* 

(g/cm3) 

2.69 ± 0.02 2.71 ± 0.01 2.77 ± 0.02 2.84 ± 0.01 

Elastic 

modulus** 

(GPa) 

71 73 74 80 

Poisson’s 

ratio** 

0.09 0.1 0.11 0.14 



 

52 
 

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

(b) 

Fig. 4-2. Fracture surfaces of LTCC/BaTiO3-based platelet composites: (a) optical 

microscopy for over-view, (b) SEM for close-view inside one platelet. The black 

arrow indicates the position of Ni electrode. 
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Fig. 4-3. Plot of indentation-fracture-strength versus indentation load for 

LTCC/BaTiO3-based platelet composites. 
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In Fig. 4-2, the ultra-large size of the platelet (length > 500 μm) plays the major 

role in the presence of a stress concentrator, or flaw, to the composites. The strength 

of the composite is therefore lower than that of monolithic LTCC. One thing should 

also be noticed that the thermal expansion coefficient of LTCC (~5.5 ppm/k [50]) is 

lower than BaTiO3-based platelet (11 ppm/k [42]), therefore, the compressive hoop 

stresses and tensile radial stresses are expected to form on the matrix/reinforcement 

interfaces. The fracture route should be deflected on the interface. Instead, the 

observed fracture surface in Fig. 4-2 reveals that the fracture route penetrate through 

the matrix/reinforcement interface and be deflected within the lamellae structure of 

the platelet.  

Chantikul et al. indicated that the tendency of indentation-fracture-strength is a 

manifestation of the R-curves for materials [47]. Since the R-curve behaviour for 

glass ceramics is still lack of literature, the present results are compared with the 

former results from Chantikul [47] and are shown in Fig. 4-4. The R-curve behavior 

of LTCC/BaTiO3-platelet system is close to the grain size range between 47.6 μm and 

79.8 μm of monolithic alumina, which indicates the crack extension resistance of 

LTCC material is significantly improved by the addition of platelets within weak 

interfaces. 
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Fig. 4-4. Plot of indentation-fracture-strength versus indentation load for 

LTCC/BaTiO3-based platelet composites compared with the former results from 

Chantikul et al [47]. The black solid lines are from the present work and the dotted 

lines are from ref. 47. 
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In order to have a further insight for the toughening effect in 

LTCC/BaTiO3-based platelet composites, the strength equation corresponding to 

flaws induced by indenters of given geometry takes the form from [46]: 

 

3/13/12/14 /])([ P
E

H
Kc=σ                          (4-1) 

 

Where σ is the measured strength, Kc is the toughness, H is the hardness, E is the 

elastic modulus and P is the indentation load. The toughness curve can thus be 

obtained by indentation-fracture-strength with different indentation loads. In the 

present study, the monolithic LTCC and the composition of LTCC with 4 wt% 

BaTiO3 platelets are taken as representatives for this calculation. The measured 

hardness of monolithic LTCC is 5.8 ± 0.1 GPa and that of composite is 6.5 ± 0.3 GPa. 

The toughness curves are thus shown in Fig. 4-5, which indicates that the toughening 

effect increases with increasing indentation load up to 90 N (the length of indent 

diagonal = 225 μm) for monolithic LTCC and this increasing trend is postponed by 

the platelet addition with the load to over 110 N (the length of indent diagonal > 250 

μm). To trace back the fitting curves to the flaw-free point (without indent), the 

crack-tip toughness of LTCC is about 3.8~4 MPa√m and will be increased up to 7.5 

MPa√m by adding 4 wt% platelets. The value of the indent load to the corresponding  
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Fig. 4-5. Toughness curves for monolithic LTCC and LTCC/4 wt% BaTiO3-based 

platelet composite as a function of indentation load. 
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Table 4-2. The value of the indent load to the corresponding crack size for the 

composites sintered at 900oC. 

 

Material 

Load (N) 

LTCC 

LTCC/2wt% 

platelet 

LTCC/4wt% 

platelet 

LTCC/10wt% 

platelet 

0  - - - - 

10  40 ± 4 μm 41 ± 1 μm 37 ± 7 μm 36 ± 3 μm 

50  150 ± 12 μm 131 ± 11 μm 150 ± 3 μm 132 ± 7 μm 

100  241 ± 11 μm 199 ± 6 μm 235 ± 3 μm 245 ± 26 μm 
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crack size for the composites sintered at 900oC is listed in Table 4-2. The lower load 

(10 N) shows a decreasing trend of crack size from 40 μm to 36 μm with increasing 

the addition of BaTiO3-platelets up to 10 wt%. The reason is due to the presence of 

the second phase will stop the crack propagation. On the other hand, when increasing 

the indent load, there’s no obvious trend for the different addition of platelets. The 

reason is supposed to be the influence of the ultra-large size of the platelet. Moreover, 

after the yield point, the slope of the decreasing part of composite for the toughness 

curve is smaller than that of monolithic LTCC. Another evidence is also given from 

the microstructure of fracture surface in Fig. 4-2. The trans-reinforcement fracture 

was occurred within the lamellae structure of platelets. The fracture energy can be 

dissipated by crack deflection inside the reinforcement. Therefore, the flaw tolerance 

of the material can thus be improved. 

 

4.5 Conclusions 

 

The crack extension resistance of lamellae inclusions toughened ceramic is 

characterized by indentation-fracture-strength method. The LTCC/BaTiO3-based 

platelet with inner Ni electrode system is used as the model system. Many inner weak 

interfaces are present between the BaTiO3 and inner Ni electrodes within the platelets. 
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The cleavages of such inner weak interfaces can dissipate more fracture energy than 

that of the brittle matrix. Furthermore, the fracture route is deflected within the 

platelets. The toughness of LTCC is therefore enhanced. The glass/BaTiO3-based 

platelet composites are prepared to demonstrate the feasibility of using such 

reinforcement to improve the toughness of brittle ceramics. The damage resistance of 

glass is considerably improved after the addition of platelets. 
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Chapter 5: Toughening Alumina with Layered Ti3SiC2 

Inclusions 

 

5.1 Introduction 

 

The application of ceramics is often limited by their poor toughness. To improve 

the toughness of ceramics is therefore a long-standing pursuit for many ceramists. The 

addition of hard and strong ceramic whiskers or platelets can usually enhance the 

toughness of ceramics. For example, the toughness of Al2O3 is tripled as 25 wt.% SiC 

whiskers were added [31], or enhanced by 10-50% after the addition of 5-30 vol.% 

SiC platelets [33]. The strength and hardness of these reinforcements are high. 

However, the paradox of using these reinforcements is that the hardness and strength 

of reinforcement affect little on the toughening behavior. Instead, a weak interface 

between matrix and reinforcement plays the most important role on the toughness 

enhancement.  

For the ceramic matrix composite containing hard and strong reinforcement, the 

reinforcement can carry partly the load from the matrix before fracture. Once a major 

crack is introduced, the hardness and strength of the reinforcement are no longer 

required. The interface between matrix and reinforcement should be de-bonded before 
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the reach of a major crack [51]. Major crack can then either deflect from or propagate 

along the weak interface. The toughness is then enhanced. Due to the weak interface 

is essential to the toughness enhancement, any reaction or sintering between the 

matrix and reinforcement should be avoided. Such requirement limits the choice of 

reinforcement. However, if the weak interface is located within the reinforcement, 

such reinforcement can then be added into any brittle matrices. Even when the 

reinforcement is reacted with the matrix to form a strong bonding, crack can still be 

deflected by the weak interface within the reinforcement.  

Titanium silicon carbide (Ti3SiC2) is a ternary compound consisting of three 

planes of Ti-C separated by layers of Si [52]. Unlike other transition metal carbides, 

Ti3SiC2 is relatively ductile due to the presence of weak internal layers. Many kink 

bands and delamination cracks are formed within the Ti3SiC2 crystal under an external 

load [52]. In the present study, the Ti3SiC2 particles are used as the reinforcement for 

alumina. Since the thermal expansion coefficient (α) of Ti3SiC2 (α = 8-9x10-6 K-1 [53]) 

is very close to that of Al2O3 (α = 8-9x10-6 K-1 [53-54]), the residual stress is expected 

to be small. The Al2O3-Ti3SiC2 composite can thus be treated as a model system. 

Several research groups had determined the mechanical properties of the 

Ti3SiC2-toughened Al2O3 [55-57]. A summary on the previous reported toughness 

values is given in Table 5-1. The Table demonstrates that the addition of Ti3SiC2 
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particles can indeed enhance the toughness of Al2O3. Luo et al had suggested that the 

toughening is contributed by the pull-out and plastic deformation of Ti3SiC2 particles 

[55-57]. However, no direct evidence on the plastic deformation was given. The 

toughness increase as resulted from crack deflection also depends strongly on the 

shape of the second phase particles. However, the shape factor is not considered in the 

previous studies. Furthermore, it is common that more than one toughening 

mechanism may be active during the fracturing of one composite. In a recent study, 

Sarkar et al. also analyzed the fracture mechanism and characteristic R-curve of 

monolithic Ti3SiC2 [58]. It indicates that delamination along the weaker basal planes 

leads to the creation of microlamellae within a single grain and consequently, the 

deformation and distortion of such lamellae provides a potent contribution to 

toughening. When a crack propagates through bulk Ti3SiC2, crack deflection occurred 

along the weak interface between lamellae ligaments continually, leading to a 

fluctuating crack path, and correspondingly an extended effective crack length is 

formed which absorbed more fracture energy. In the present study, the toughening 

mechanism for the Al2O3/Ti3SiC2 composites is investigated carefully. The role of 

plastic deformation of Ti3SiC2 on toughening is also estimated by using different 

theories. 
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Table 5-1. Reported toughness increase values for the Al2O3/20 vol%Ti3SiC2 

composite [55-57].  

 

Process 

Sintering 

temp. / °C 

Measurement 

method for 

toughness 

ΔKIc / 

MPa√m

Toughening 

mechanism 

References

SPS* 1300 Indentation  2.5 

Pull-out, 

micro-plastic 

deformation  

55 

HP** 1600 SENB*** 3 Same as above 56 

HP** 1600 SENB*** 3 Same as above 57 

 

* note: SPS denotes spark plasma sintering, the technique is also termed as pulse 

electrical current sintering.  

** note: HP denotes hot pressing.  

*** note: SENB denotes single-edge-notched beam.  
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5.2 Experimental Procedures 

 

5.2.1 Samples preparation 

The raw materials used were Al2O3 (TM-DAR, d50 = 0.2 μm, Taimei Chem. Co. 

Ltd., Tokyo, Japan) and Ti3SiC2 powders (d50 = 4.0 μm). The preparation procedures 

for the Ti3SiC2 powder can be found in a previous study [59]. Fig. 5-1 shows the 

morphology of the Ti3SiC2 particles. The Al2O3 and Ti3SiC2 powders were dry-mixed 

for 1 hr and then sieved. The amount of Ti3SiC2 powder added was 10 vol.% or 20 

vol.%. After sieving, the powder mixture was hot-pressed at 1400°C and 1450°C in a 

graphite mould under a load of 25 MPa for 1 hr (High-multi-5000, Fujidempa Kogyo 

Co., LTD., Japan) in Ar. The temperatures were chosen to avoid the decomposition of 

Ti3SiC2 at higher temperature [59-61]. The dimensions of the hot-pressed specimens 

were 50 mm in diameter and roughly 4.5 mm in thickness. The hot-pressed specimens 

were cut into rectangular bars with a diamond saw. The rectangular specimens were 

then ground longitudinally with a 44 μm grit resin-bonded diamond wheel at cutting 

depths of 5 μm/pass. The final dimensions of the specimens were 4 x 3 x 45 mm.  

5.2.2 Phase and structure analysis 
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The X-ray diffractometry (XRD, PW1830, Philips Co., Netherlands) was used 

for phase analysis. The XRD was operated at 35 kV and 20mA with a scanning rate of 

3° 2θ/min. The densities of the specimens after sintering were determined by using 

the Archimedes water replacement method. The relative density of composite was 

calculated by using 3.98 g/cm3 for Al2O3 [62] and 4.53 g/cm3 for Ti3SiC2 [59].  

In order to carry out the microstructure observation, the specimens were ground 

with SiC abrasive papers and polished with 0.1μm diamond particles. The 

microstructure was observed with a conventional scanning electron microscope (SEM, 

Philips XL-30, the Netherlands) and a field-emission scanning electron microscope 

(FE-SEM, model 1530, Leo Electron Microscopy Ltd., U. K.).  

 

5.2.3 Bulk mechanical properties 

The flexural strength of the specimens was determined by four-point bending 

technique with the upper and lower spans of 10 and 30 mm, respectively (MTS-810, 

MTS Systems Co., USA). The rate of loading was 0.48 mm/min. The hardness was 

measured by a Vickers hardness tester (AKASHI AVK-A, Japan). The indentation 

technique [29] was used to determine the toughness of Al2O3/Ti3SiC2 composites. The 

values of elastic modulus and Poisson’s ratio of the bulk composites were measured 

by the ultrasonic reflection method [37]. 
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The residual stress of the composite was measured by X-ray diffractometer 

(Siemens D-5000, Germany) using the sin2ψ method [30]. The ψ was the angle 

between the diffraction plane normal and specimen surface normal. In the present 

study, the chosen ψ values were 0°, 18.43°, 26.56°, 33.21°, 39.23° and 45°. The Al2O3 

(416) plane was used for its high diffraction angle and relatively high diffraction 

intensity [39]. The shift of the Al2O3 (416) plane was used to estimate the residual 

strain, ε. The residual stress can then be calculated by Eq. 3-5. 

 

5.2.4 Nanoindentation tests 

The Ti3SiC2 particles were dispersed within the Al2O3 matrix. Since the plastic 

deformation behaviour of a ductile phase under constraint was different from that of 

its constrain-free state [63], the load-deformation behaviours of Ti3SiC2 particles 

within Al2O3 matrix were determined by using a nano-indenter (UNAT®, ASMEC, 

Germany). The tip of the nano-indenter was Berkovich type (radius = 200 nm). The 

elastic modulus of the constrained Ti3SiC2 particles was derived from the contact 

stiffness during the unloading process, following the standard Oliver and Pharr 

method [64] as following:  
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Fig. 5-1. Morphology of the Ti3SiC2 particles. 
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AES effπ
β 2=             (5-1) 

and  

i

i

eff EEE

22 111 νν −+−=            (5-2) 

 

where S was the measured unloading stiffness; A was the projected contact area at 

onset of unloading; β was the indenter geometry dependent dimensionless parameter; 

E and ν were the elastic modulus and Poisson’s ratio of the test material (Ti3SiC2); Ei 

and νi were the elastic modulus and Poisson’s ratio of the indenter material (diamond). 

For diamond, the Ei and νi were 1140 GPa and 0.07, respectively. 

 

5.2.5 Crack-extension-resistance behaviour(R-curve) tests 

In the present work, we determined the R-curve of Al2O3/Ti3SiC2 composite with 

Single Edge V-Notch Beam (SEVNB) method in 4-point bending with stable crack 

growth. The V-notches were cut into the rectangular samples with a diamond saw and 

sharpened with a razor blade as specified by the SEVNB technique [65] (also see 

section 2.3.2). The tip radius of pure alumina was about 12.5 μm, and that of the 

composite was about 20 μm. The prepared initial crack lengths were about 1.9 mm. 

The polished surfaces of all specimens were sputtered with 100 nm thick gold 
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coatings, which significantly improve the optical observation of the crack. The 

toughness KR(α) was calculated according to [66] and the details can be found in 

section 2.3.2 and Eq. 2-3. The mechanical experiments were performed in a very stiff 

displacement controlled 4-point bending device, where the support rollers have 

distances of 10 mm and 20 mm [67]. Stable crack growth was conducted 

semi-automatically via a computer aided control system [68]. This technique, based 

on a force-displacement evaluation, enabled stable crack growth even without visible 

crack advance on the sample surface [69]. 

 

5.3 Results 

 

5.3.1 Phase analysis and physical properties 

 Fig. 5-2 shows the XRD patterns of starting Ti3SiC2 powder and of the 

Al2O3/20%Ti3SiC2 composites after hot-pressing at 1400°C and 1450°C for 1hr. The 

XRD results reveal that the major phase of the starting powder is a hexagonal-Ti3SiC2, 

the minor phases are TiO2, TiC and Ti5Si3. Two minor phases, TiO2 and TiC, remain 

in the Al2O3/Ti3SiC2 composites after hot pressing. The Ti5Si3 phase is no longer 

existed after hot-pressing.  
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Fig. 5-2. XRD patterns for the starting Ti3SiC2 powder and Al2O3/20%Ti3SiC2 

composites after hot-pressing at 1400 C and 1450oC. 
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The relative density of all the composites is higher than 96% (Table 5-2). The 

addition of Ti3SiC2 particles reduces slightly the final density. A typical SEM 

micrographs of the sintered composite prepared by hot-pressing at 1450°C is shown 

in Fig. 5-3. The brighter phase is Ti3SiC2 and the grey matrix is Al2O3. The Ti3SiC2 

inclusions distributed uniformly within the Al2O3 matrix and their size is about 4~5 

μm. Pores are hardly observed on the cross-section. 

 

5.3.2 Mechanical properties 

Fig. 5-4 shows the flexural strength of the Al2O3/Ti3SiC2 composites as a 

function of Ti3SiC2 content. The strength increases with increasing Ti3SiC2 content 

and hot-pressing temperature. By adding 20 vol.% Ti3SiC2 particles into Al2O3, the 

strength is increased by around 15%. Fig. 5-5 and Fig. 5-6 show the Vickers hardness 

and fracture toughness of the Al2O3/Ti3SiC2 composites as a function of Ti3SiC2 

content, respectively. As far as the hardness is concerned, the addition of Ti3SiC2 

reduces slightly the hardness of alumina. Nevertheless, the toughness of Al2O3 is 

enhanced after the addition of Ti3SiC2 inclusions. For the specimen prepared by 

hot-pressing at 1450oC, a 40% toughness enhancement is observed for the composite 

containing 20 vol.% Ti3SiC2. 
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Table 5-2. Relative density, elastic constants and residual stress of monolithic Al2O3 

and Al2O3/Ti3SiC2 composites. 

 

* note: determined by ultrasonic method 

** note: “-“ denote compressive stress, determined by the X-ray sin2ψ method 

 

 

 

 

Hot-press

ing 

temperat

ure / oC 

1400°C 1450°C 

Materials Al2O3 

Al2O3/10 

vol.% 

Ti3SiC2 

Al2O3/20 

vol.% 

Ti3SiC2 

Al2O3 

Al2O3/10 

vol.% 

Ti3SiC2 

Al2O3/20 

vol.% 

Ti3SiC2 

Relative 

density / % 
99 98 96 99 98 97 

Elastic 

modulus* / 

GPa 

400 386 371 390 375 366 

Poisson’s 

ratio* 
0.24 0.18 0.24 0.24 0.19 0.19 

Residual 

stress** / 

MPa 

-14 2 8 -11 -13 -21 
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(b) 

Fig. 5-3. Typical SEM micrograph for the Al2O3/10%Ti3SiC2 composite. 
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Fig. 5-4. Flexural strength of Al2O3/Ti3SiC2 composites as function of Ti3SiC2 

content. 
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Fig. 5-5. Hardness of Al2O3/Ti3SiC2 composites as function of Ti3SiC2 content. 
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Fig. 5-6. Fracture toughness of Al2O3/Ti3SiC2 composites as function of Ti3SiC2 

content. 
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Fig. 5-7 shows the fracture surfaces of monolithic Al2O3 and Al2O3/10%Ti3SiC2 

composite prepared by hot-pressing at 1450°C for 1hr. The fracture mode of 

monolithic Al2O3 is an intergranular type, which is shown in Fig. 5-7(a). The fracture 

mode is changed to transgranular mode as Ti3SiC2 inclusions are added, which is 

shown in Fig. 5-7(b). Many cleavages within Ti3SiC2 inclusions are observed in Fig. 

5-7(c). Since many fracture facets within Ti3SiC2 inclusions are observed, indicating 

that the cleavage is taken place at the weak layers within the Ti3SiC2 crystal. The 

interactions between a major crack induced by Vickers indentation and Ti3SiC2 

inclusions are demonstrated in Fig. 5-8. Crack is mainly passing through the Ti3SiC2 

inclusions, and occasionally propagating along the Al2O3/Ti3SiC2 interface.  

5.3.3 Residual stress analysis 

Fig. 5-9 shows the residual strain as measured from the shift of Al2O3 (4 1 6) 

peak as a function of sin2ψ. The slope of the fitted lines, reflects the magnitude of 

residual stress (see Eq. 3-5), is very close to each other. It suggests that the residual 

stress in monolithic Al2O3 is very close to that in Al2O3/Ti3SiC2 composite. Table 5-2 

shows the elastic modulus and Poisson ratio as determined by the ultrasonic methods. 

These values are then used to calculate the residual stress with Eq. 3-5. The calculated 

residual stress is also shown in the Table. Compressive stress is found in both 

monolithic Al2O3 and Al2O3/Ti3SiC2 composites. These compressive stresses are  
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(a) 

 

 

 

 

(b) 

 

 

 

 

(c) 

Fig. 5-7. Fracture surface of (a) monolithic Al2O3 and (b) (c)Al2O3/10 vol.%Ti3SiC2 

composites. 
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(a) 

 

 

 

 

 

(b) 

Fig. 5-8. Interactions between crack induced by indentation and Ti3SiC2 inclusions. 
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(a) 

 

 

 

 

 

 

 

(b) 

Fig. 5-9. Relationship of residual strain and the sin2ψ of the monolithic Al2O3 and 

Al2O3/Ti3SiC2 composites hot-pressed at 1400°C and 1450°C. (a) Hot-pressing at 

1400℃ with 10 and 20 vol.% Ti3SiC2 addition, and (b) Hot-pressing at 1450℃ with 

10 and 20 vol.% Ti3SiC2 addition. 
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small and varied within a small range, indicating that the addition of Ti3SiC2 affects 

little on the resulting residual stress. It further confirms that the difference between 

the thermal expansion coefficients of Al2O3 and Ti3SiC2 is small. 

 

5.3.4 Nanoindentation results 

In order to modify the localized toughening effects in the composite, the 

nanoindentation skill is introduced to analyze the elastic modulus and 

energy-absorbing ability of the matrix and reinforcement individually. During the 

nano-indentation test, the load-displacement curve is recorded. Fig. 5-10 shows the 

typical load–displacement curves by using the nano-indentation with a load of 50 

mN. The localized elastic modulus and hardness for Al2O3 matrix and Ti3SiC2 

inclusion within the composite can be calculated from these curves. The fracture 

energy can also be calculated by measuring the area under the curve. The area under 

the curve for Ti3SiC2 inclusion is larger than that for Al2O3 matrix. The calculated 

results are shown in Table 5-3. Both the elastic modulus and hardness of Ti3SiC2 are 

lower than those of Al2O3. However, the fracture energy absorbed by the Ti3SiC2 

inclusion is larger than that of Al2O3 matrix.  
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(a) 

 

 

 

 

 

 

(b) 

Fig. 5-10. Typical load-displacement curves for (a) Al2O3 matrix and (b) Ti3SiC2 

inclusion in the composite prepared by hot-pressing at 1450oC. 
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Table 5-3. Localized elastic modulus, hardness and fracture energy of the Al2O3 

matrix and Ti3SiC2 inclusion in the composites as determined by nano-indentation. 

 

 

 

 

 

 

 

 

 

Hot-pressing 

temperature / 
oC 

1400°C 1450°C 

Materials 
Al2O3 

matrix 

Ti3SiC2 

inclusion 

Al2O3 

matrix 

Ti3SiC2 

inclusion 

Elastic 

modulus / 

GPa 

418±13 378±10 400±3 353±4 

Hardness / 

GPa 
21.1±2.7 18.3±1.5 18.5±1.1 15.4±0.3 

Fracture 

energy 

(load:50 

mN)/ nJ 

6.0±0.2 6.2±0.5 5.8±0.1 7.1±0.6 
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Fig. 5-11(a) and Fig. 5-11(b) plot the load–displacement results of Ti3SiC2 

phase in the Al2O3/20 vol.%-Ti3SiC2 composite hot-pressed at 1400°C and 1450°C 

with the load from 50 mN to 1500 mN, respectively. The area under the 

load-displacement curves increases with the increase of load. The elastic modulus of 

the Ti3SiC2 particles as evaluated from the unloading curve is shown in Fig. 5-12. The 

elastic modulus is close to a constant value as the maximum load is smaller than 900 

mN, then decreases rapidly above 900 mN. It indicates that a load > 900 mN is 

needed to induce significant delamination within the Ti3SiC2 particle. Generally, the 

elastic modulus of Ti3SiC2 phase in the composite hot-pressed at 1400°C is higher 

than 1450°C, which shows a good agreement to the ultrasonic analysis results in 

Table 5-2.  

Fig. 5-13(a) represents the total fracture energy (Wtot) of Ti3SiC2 phase in the 

Al2O3/20 vol.%-Ti3SiC2 composite hot-pressed at 1400°C and 1450°C measured by 

nanoindentation with the load from 50 mN to 1500 mN, respectively. The results of 

Wtot were calculated from the measures of the curves shown in Fig. 5-11. The results 

of elastic fracture energy (We) can also be obtained from the elastic region of the total 

integration area, which is shown in Fig. 5-13(b). To subtract We from Wtot, we can 

obtain the plastic fracture energy (Wp), which was plotted in Fig. 5-13(c). A similar 

trend was observed in these three figures. With lower indentation load (50~500 mN),  
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          (a) 

 

 

 

 

 

 

                                  (b) 

Fig. 5-11. Load–displacement results of Ti3SiC2 phase in the Al2O3/20 vol.%-Ti3SiC2 

composite with the load from 50 mN to 1500 mN. (a) hot-pressed at 1400°C, (b) 

hot-pressed at 1450°C. 
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Fig. 5-12. Elastic moduli of Ti3SiC2 phase in the Al2O3/20 vol.%-Ti3SiC2 composites 

measured by nanoindentation with the load from 50 mN to 1500 mN, respectively. 
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Fig. 5-13. Fracture energy of Ti3SiC2 phase in the Al2O3/20 vol.%-Ti3SiC2 composite 

hot-pressed at 1400°C and 1450°C measured by nanoindentation with the load from 

50 mN to 1500 mN. (a )Wtot, (b)We and (c)Wp, respectively. 
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the Wtot, We and Wp of Ti3SiC2 phase in the composite hot-pressed at 1400°C are 

about the same as those in the composite hot-pressed at 1450°C. With higher 

indentation load (1000~1500 mN), the Wtot, We and Wp of Ti3SiC2 phase in the 

composite hot-pressed at 1450°C are higher than those in the composite hot-pressed at 

1400°C. Moreover, the Wp of Ti3SiC2 phase hot-pressed at 1400°C seems to have a 

sudden decrease at a load of 900 mN and the standard deviation becomes larger from 

this load. And the Wp of Ti3SiC2 phase hot-pressed at 1450°C also seems to have a 

larger standard deviation as the load is larger than 900 mN. 

 

5.3.5 R-curve measurements 

The four-point bending experiments with SENVB samples under stable crack 

growth were successfully performed. The investigated R-curves are given in Fig. 5-14. 

Due to the possible inaccuracy of the measurement of crack lengths by using in-situ 

optical microscopy during 4-point bending test under stable crack growth, the 

optically determined crack length on the sample surface had to be corrected by a 

constant offset. The first data points in Fig.5-14 for both materials (at ∆a = 0) were 

calculated by using Eq. 2-3 with the prepared initial crack lengths and the maximum 

attained force. Assuming that the compliance of the sample changes only due to crack 

propagation, the offset, which is supposed to be independent of the crack length, can  
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Fig. 5-14. Crack-growth-resistance curves of Al2O3 and Al2O3/20 vol.%-Ti3SiC2 

composite hot-pressed at 1450oC under stable-crack-growth behavior. The crack-tip 

toughness of alumina [71,72] are also added as references. 
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be determined by comparing two measurements (of the same material) with different 

initial notch lengths. The details can be found in ref. 69. The constant offset for the 

present study is 120 µm. This crack length was added to all the optically determined 

crack lengths during the measurement. The given crack lengths values in Fig. 5-14 

were already corrected. 

The monolithic alumina exhibits a constant value of toughness, which is equal to 

(3.02 ± 0.06) MPa√m. The Al2O3/20 vol.%-Ti3SiC2 composite also shows a constant 

toughness of (3.90 ± 0.10) MPa√m, which has the toughness increase of 0.9 MPa√m. 

The first data point of the Al2O3/20 vol.%-Ti3SiC2 composite in Fig. 5-14, which is 

equal to 3.7 MPa√m, can be influenced and over-estimated by the finite notch root 

radius [69]. The amount of over-estimation depends on notch radius, rN, and the 

pre-existing defect [20]. If the crack has propagated by more than ∆a = 1.5 rN, there is 

no more significant influence of notch radius on the fracture toughness [70]. In the 

present study, each measurement was performed under ∆a > 1.5 rN. Therefore, the 

notch effect can be neglected. 

The former studies of crack-tip toughness for alumina, which in the range of 

2.3~2.8 MPa√m, are also listed in Fig. 4-14 as a comparison [71,72]. To compare 

with the measured values, there might be a very steep R-curve before the first data 

point. Considering the further calculation of theoretical toughness increase in the 
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present study, the average value of 2.5 MPa√m was shown in this figure as a typical 

value.  

 

5.4 Discussion 

 

5.4.1 Strengthening mechanism 

The thermal expansion coefficient and elastic modulus of Al2O3 are very close to 

those of Ti3SiC2, therefore the addition of Ti3SiC2 inclusions affects little on the 

magnitude of the residual stress within the Al2O3 matrix. The influence of residual 

stress can thus be ignored. The Al2O3-Ti3SiC2 composite can be seen as a model 

system. The strength of Al2O3/Ti3SiC2 composites is slightly higher than that of Al2O3 

alone. The particle size of monolithic Al2O3 (~3.5 μm) is slightly larger than that of 

Al2O3 matrix in the composites (~3 μm). The size of the Ti3SiC2 inclusions is close to 

that of Al2O3 grains. The pinning effect inserted by the Ti3SiC2 inclusions on the 

growth of Al2O3 matrix is thus limited. Nevertheless, the microstructure refinement 

can contribute partly to the strength enhancement. However, it is also worth noting 

that the fracture mode is changed from intergranular type for Al2O3 to transgranular 

type for composite. The change of fracture mode may also affect partly the resulting 
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strength [71-72]. Unlike the other composites, the presence of weak 

matrix/reinforcement interface is detrimental to the strength of composites. Since the 

length of weak interface is smaller than that of inclusion, the presence of such weak 

layers is not harmful to the strength of the brittle ceramic matrix. 

 

5.4.2 Toughening mechanism 

Barsoum et al. indicated that polycrystalline Ti3SiC2 can be compressed 

cyclically with a load up to 1 GPa, around 25% mechanical energy is consumed 

during cyclic loading. It has been related to the formation of kink bands [75]. Apart 

from kink bands, TEM observation reveals the presence of delamination within single 

crystal after nano-indentation at a load of >20 mN [53,76]. It suggested that the weak 

layers within the Ti3SiC2 crystal dominated the fracture behavior.  

In the present study, it demonstrates that the addition of Ti3SiC2 inclusions  

enhances the toughness of Al2O3. The toughness values as shown in Fig. 5-6 are 

obtained by using the indentation technique. The crack induced by the indentation is 

around 200 μm. The length of the indentation crack is much larger than the size of 

Ti3SiC2 inclusions. The large data scatter for the 10% composite (Fig. 5-6) implies 

that the distribution of the Ti3SiC2 inclusions within Al2O3 matrix is not very uniform. 

However, the data scatter is reduced by increasing the Ti3SiC2 content to 20%. It 
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suggests that the microstructure uniformity is improved by adding more Ti3SiC2 

inclusions. 

The elastic modulus (Table 5-2) and Vickers hardness (Fig. 5-5) of alumina is 

decreased after the addition of Ti3SiC2 inclusions. These values represent the average 

properties of the composites. However, the toughening behaviour of the composite is 

dominated by the mechanical behaviour of each phase in the composites. In order to 

determine the mechanical properties of each phase within the composite, the 

nano-indentation is conducted. The load applied is 50 mN. By using such load, an 

indent with a displacement of 0.3 μm is introduced into the Al2O3 grain and Ti3SiC2 

inclusion (Fig. 5-10). Such indent size is smaller than the size of Al2O3 grain and 

Ti3SiC2 inclusion. The mechanical properties of each phase can thus be measured. 

From Table 5-2, the elastic modulus of the Ti3SiC2 inclusion is indeed lower than that 

of Al2O3 matrix. The hardness of the Ti3SiC2 inclusion is therefore lower than that of 

Al2O3 matrix. Since the thermal expansion coefficient is similar for the Al2O3 and 

Ti3SiC2 phases, the difference in elastic constant plays an important role on the 

interaction between crack and inclusions. The crack tends to propagate into the phase 

with lower elastic modulus [77] and the crack is thus attracted to the Ti3SiC2 

inclusions, as demonstrated in Fig. 5-8.  
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Although no reaction layer is observed at the Al2O3/Ti3SiC2 interface, the 

interface is suspected to be a strong one. It is based on the fact that the pull-out of 

complete Ti3SiC2 inclusions is hardly observed on the fracture surface (Fig. 5-7(b)). 

Furthermore, a major crack tends to penetrate into Ti3SiC2 inclusions (Fig. 5-8(b)). In 

any case, it implies that the strength at Al2O3/Ti3SiC2 interface is higher than the 

strength of the weak layer within the Ti3SiC2 inclusions. Due to the presence of weak 

layers within the Ti3SiC2 inclusions, the major crack can then propagate through the 

weak layers. The nano-indentation analysis indicates that the Ti3SiC2 inclusion can 

consume more fracture energy (Table 5-3). It can be related to the delamination and 

fracture of the weak layers within the Ti3SiC2 inclusion (Fig. 5-7(c)). The toughness is 

therefore enhanced. A schematic to demonstrate the toughening mechanism is shown 

in Fig. 5-15. In the figure, a crack is propagating into a Ti3SiC2 inclusion, deflecting 

by the weak internal layers for several times. The same crack deflection process can 

also take place in a nearby Ti3SiC2 inclusion. 

Previous studies indicated that both the strength and toughness of Al2O3 can be 

improved by adding Ti3SiC2 inclusions [55-57]. The strengthening effect is related to 

the pinning effect provided by the Ti3SiC2 inclusions. The microstructure refinement 

contributes to their strength enhancement. In the present study, the microstructure 

refinement after the addition of Ti3SiC2 inclusions is also noted. One more  
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Fig. 5-15. Schematic for the interactions between crack and the reinforcement with 

weak internal layers. The crack is deflected within the reinforcement. 
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strengthening mechanism, grain boundary strengthening, may also take place. The 

toughening mechanism for the Al2O3/Ti3SiC2 composite has received relatively less 

attention. In the present study, the nano-indentation analysis reveals that more fracture 

energy is consumed during the fracturing of Ti3SiC2 crystal. Assisted by the detailed 

microstructure observation, the cleavages within Ti3SiC2 inclusion are also observed. 

It demonstrates that the toughness enhancement is contributed by the delamination at 

the weak internal layers within the toughening inclusions. 

 

5.4.3 Contribution of plastic deformation of Ti3SiC2 to the crack deflection in the 

Al2O3/Ti3SiC2 composites 

The distribution of the Ti3SiC2 particles within Al2O3 matrix is uniform. The 

aspect ratio of the Ti3SiC2 particles is larger than unity and thus plays an important 

role for toughening. A quantitative metallographic technique [78], which had been 

developed to estimate the aspect ratio of elongated silicon nitride grains, is adopted in 

the present study to determine the aspect ratio of Ti3SiC2 particles. The size of the 

Ti3SiC2 particles and their aspect ratio is shown in Table 5-4. The coarsening of 

Ti3SiC2 particles in the Al2O3 matrix after hot-pressing is not observed. The aspect 

ratio of the Ti3SiC2 particles is similar in the 10% and 20% composites. The electrical 

resistance of the Al2O3/20%Ti3SiC2 composite is much lower than that of the  
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Table 5-4. Microstructure characteristics and mechanical properties of monolithic 

Al2O3 and Al2O3/Ti3SiC2 composites. The specimens were hot-pressed at 1450oC. 

 

Material Al2O3 Al2O3/10%Ti3SiC2 Al2O3/20%Ti3SiC2

Relative density / 

% 

99 98 96 

Size of Al2O3 

grains / μm 

~3.5 ~3 ~3 

Size of Ti3SiC2 

particles / μm 

- 4~5 4~5 

Aspect ratio of 

Ti3SiC2 particles 

- 2.4 2.5 

Hardness / GPa 22.6±1.2 19.1±2.6 18.6±1.4 

Elastic modulus* / 

GPa 

390 375 366 

Fracture 

toughness** / 

MPam0.5 

4.5±0.1 5.1±0.3 6.2±0.1 

 

*note: determined by ultrasonic reflection technique at 5 MHz. 

**note: determined by indentation technique at 98 N.  
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Al2O3/10%Ti3SiC2 composite, indicating that the percolation threshold for the Ti3SiC2 

particles is in the range between 10 vol% and 20 vol%. The inter-connectivity of the 

Ti3SiC2 particles has little effect on the coarsening of the Ti3SiC2 particles. It may due 

to that the hot-pressing temperature is not high enough for the Ti3SiC2 particles to 

grow. The size of the Ti3SiC2 particles in the composites is the same as that of the 

starting particles. It suggests that the size and shape of the starting Ti3SiC2 particles 

remain the same after densification. The Ti3SiC2 particles were prepared by a reaction 

process [59-61], followed by a milling process. Since the dislocations can glide only 

along the basal planes in the Ti3SiC2 crystal, fracture tends to take place on the basal 

plane of the Ti3SiC2 particle. The shape of the Ti3SiC2 particles is thus elongated, and 

the long-axis of the Ti3SiC2 particles tends to be parallel to the basal plane. As a crack 

pops into one Ti3SiC2 particle within the Al2O3 matrix, the crack tends to be deflected 

along the long-axis of the particle. The change of crack direction reduces stress 

intensity near crack tip [79]. The crack deflection also increases the length of the 

crack path [80]. No matter the crack is deflected along the external interface or within 

the reinforcement, the amount of toughness enhancement increases with the increase 

of the length of crack path. The length of crack path depends strongly on the shape of 

the reinforcement. The toughness enhancement increases with the increase of the 

aspect ratio [79]. The aspect ratio of elongated rod is larger than that of spherical 
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particles; the toughness enhancement for the fiber-reinforced ceramic is thus higher 

than that of the particle-reinforced ceramics. For the Al2O3/Ti3SiC2 composites, the 

aspect ratio of the Ti3SiC2 particles is around 2.5. By using the theory developed by 

Faber and Evans [79], the fracture energy ratio of the composite over matrix, as 

induced by crack deflection around cylindrical rods with aspect ratio of 2.5, is 1.8 and 

2.0 for the 10% and 20% composite, respectively. The theoretical predictions for the 

composites containing 10 vol% and 20 vol% elongated rods are 5.9 and 6.2 MPam0.5, 

respectively. The experimental data, see Table 5-4, match well with the theoretical 

predictions.  

In order to deflect a crack within a Ti3SiC2 particle, weak interface or layer are 

needed. The shear strength of the basal plane of Ti3SiC2 crystal is very high, around 3 

GPa [81]. Nevertheless, as the Ti3SiC2 particle is under an external load, the 

accumulation of dislocations can induce the formation of delamination on basal plane. 

Within a polycrystalline Ti3SiC2 solid, a normal force around 489 MPa is capable to 

activate a crack to propagate from the delamination [52]. Therefore, it is very likely 

that the delamination is formed before the reach of the crack. In order to quantify the 

conditions for the formation of delamination in Ti3SiC2 particle, the 

load-displacement behaviour for the Ti3SiC2 particles within Al2O3 matrix under load 

is investigated. The load was applied through a nano-indenter. The technique is very 
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valuable to estimate the response of the Ti3SiC2 phase under an external load 

[52,76,81-83].  

As reported by Molina-Aldareguia et al [52], a load as small as 30 mN applied 

by the nano-indentation is enough to introduce delamination into the thin Ti3SiC2 film. 

For polycrystalline Ti3SiC2 solid, a load of 500 mN is needed to induce delamination 

[52]. In the present study, a load of 900 mN is needed to induce significant 

plastic-deformation within the Ti3SiC2 particles (Fig. 5-12). The Ti3SiC2 thin film 

prepared by Molina-Aldareguia et al was deposited onto a MgO substrate, a relatively 

soft substrate [84]. The constraint on thin film is thus small. For polycrystalline 

Ti3SiC2 solid [52], each Ti3SiC2 particle is constrained by its neighboring Ti3SiC2 

grains. The constraint on each particle is therefore larger; a load of 500 mN is thus 

needed to induce delamination. The reported values for the elastic modulus of Ti3SiC2 

solid varied in the range from 280 GPa to 330 GPa [60,85], depending on the amount 

of impurity. The elastic modulus of the Ti3SiC2 is slightly lower than that of Al2O3 

(400 GPa, Table 4-3), therefore the decrease of the elastic modulus of Al2O3/Ti3SiC2 

composite is due to the addition of Ti3SiC2 particles, see Table 5-2. Since the elastic 

modulus of Al2O3 is higher than that of Ti3SiC2. a higher load is needed to allow the 

plastic deformation to take place. 
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The strength of monolithic alumina is around 400 MPa. The tensile stress needed 

to activate the unstable crack growth within Al2O3 matrix is expected smaller than the 

value. For polycrystalline Ti3SiC2 solid, a normal stress of 489 MPa is needed to 

activate unstable crack growth. A higher stress is needed to allow a crack to grow 

within Ti3SiC2 particles as they are embedded within Al2O3 matrix. For the 

Al2O3/Ti3SiC2 composite, the delamination within the Ti3SiC2 particles is thus likely 

formed before the fracture process. The starting Ti3SiC2 particles have been treated 

with a milling process. The milling force is large enough to fracture large Ti3SiC2 

particles into small ones. The force is thus also large enough to induce damages, such 

as dislocations and delaminations, within the Ti3SiC2 particles. As the delamination is 

pre-existed within the Ti3SiC2 particle, the crack can then be deflected within the 

particle as demonstrated in the schematic diagram in Fig. 5-16. Since the delamination 

is taken place before the preparation of composites, the contribution of the plastic 

deformation to toughness enhancement is small. The toughness increase for the 

Al2O3/Ti3SiC2 composite is mainly contributed from the crack deflection. However, 

without the pre-existence of plastic deformation, the crack deflection within the 

Ti3SiC2 particles is not possible. Furthermore, the delamination is likely parallel to the 

long-axis of the Ti3SiC2 particle; the crack length induced by crack deflection is 

therefore long. Though the damage is pre-existed in the Ti3SiC2 particles, the strength 
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Fig. 5-16. Schematic for the interaction between crack and a Ti3SiC2 particle. The 

dislocations, kink-band and delamination may present within the Ti3SiC2 particle 

before the reach of the crack. The presence of delamination allows the crack to 

change its propagation direction.  
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of the Al2O3 is not affected after the addition of Ti3SiC2 particles. It is mainly due to 

that the length of delamination is smaller than that of Ti3SiC2 particles.   

 

5.4.4 Contribution of crack-deflection-induced pullouts to the toughening effect in 

Al2O3/Ti3SiC2 composite 

According to the exceptional plastic fracture behavior of Ti3SiC2 ceramic and its 

inner lamellae structure, the energy consumption during fracture may cause pullouts 

inside the lamellae. The pullout effect is generated by the frictional gliding of 

cylindrical elongated particles during the crack opening. The energy consumption of 

one pullout up to a pullout length, lpo, is [86] : 
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where F is the applied force, l is the displacement and ΓI is the interfacial shear stress 

(friction). Therefore the additional fracture energy ΔGpo due to pullout for a fully 

developed bridging zone under the assumption of small scale bridging zone is [86]: 
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where f is the volume fraction of the reinforcement, N is the number of bridges per 

unit area A, r is the radius of the bridging ligament. Here we define the fracture 

toughness KIc and the fracture energy GIc of composite are: 
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where KI0, GI0 are the intrinsic fracture toughness and fracture energy without 

toughening. ΔKpo, ΔGpo are the increases in fracture toughness and fracture energy 

due to pullout. E is the elastic modulus of the reinforcement. Therefore ΔGpo in Eq. 

5-4 can be replaced from Eq. 5-5 as: 
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Since the major toughening mechanism in Al2O3/Ti3SiC2 composite is attributed 

to crack deflection, the main crack tends to penetrate into Ti3SiC2 inclusions and is 

deflected within the lamellae structure, leading to pullout of debonded rectangular 

lamellae ligaments. Eq. 5-6 was applied in order to calculate the toughness increase of 

Al2O3/20 vol.%-Ti3SiC2 due to the pullout of ligaments. For the special case of the 

lamellae in Ti3SiC2, the volume fraction f has to be modified because there is typically 



 

107 
 

a pullout effect in every second lamellae ligament within a Ti3SiC2 particle of 

diameter g. If we assume that there is a typical lamellae ligament of width d, we have 

d

g
 ligaments in the lamellae and therefore f has to be replaced by 

d

g
f

2

1
 because 

we assume that only every second lamellae counts for pullout. A schematic to 

demonstrate the pullout effect of toughening mechanism from top view is shown in 

Fig. 5-17. A representative SEM image of pullout during crack propagation 

demonstrates in Fig. 5-18. Thus Eq. 5-4 can be rewritten as: 
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then Eq. 5-4 can be replaced by Eq. 5-7 such as: 

 

E

KKK
l

gd

dg
fl

g

dg

d

g
f

A

NW
G

popo
Ipo

I
po

I
po

2

022
2

2
)(

2

1
)()

2

1
(

Δ+Δ•=Γ+=Γ+==Δ
  

(5-9) 

 

Finally, the theoretical toughness increase by pullouts inside the lamellae of particle 

ΔKpo can be calculated. The following values were used as material constants: the 

elastic modulus E of Ti3SiC2 phase in the composite is 353 GPa (see Table 5-3), the 

particle size g (diameter) of Ti3SiC2 is 5 μm, the average lamellae ligament width d is 
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Fig. 5-17. A schematic to demonstrate the pullout effect inside the rectangular 

lamellae structure for toughening. Left-hand side: before a crack passes; right-hand 

side: after a crack passes, the pullouts of lamellae consume the fracture energy and the 

composite is thus toughened. 
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Fig. 5-18. Microstructure of pullouts inside the Al2O3/Ti3SiC2 composite during crack 

propagation. 
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~200 nm and the interfacial shear stress ΓI is 2.5 GPa [81]. According to the previous 

study on SiC-whisker-reinforced alumina, the observed upper limit value of lpo/d is ~2 

(where d = 2r) [86]. Thus the maximum lpo of Ti3SiC2 ligament during fracture is 

supposed to be 0.4 μm. In the present study, KI0 (= 3.7 MPa√m) of the composite 

measured under stable crack growth may due to the presence of a steep R-curve 

during the original few microns of the crack propagation. Therefore, for theoretical 

calculation, the value of KI0 we use in the present study is 2.5 MPa√m, which is in the 

range of 2.3 ~ 2.8 MPa√m [71,72]. Therefore, we can make some estimations of the 

theoretically expected toughness increase by changing the values of ΓI from 0.1 GPa 

to 2.5 GPa, which is shown in Fig. 5-19. A comparison with the experimental results 

from Vickers indentation and the SEVNB method is also added in Fig. 5-19. The 

toughness increase measured by Vickers indentation is about 1.7 MPa*√m, which 

indicates there are 27 % pullouts in the composite which contribute to the toughening 

effect when ΓI = 2.5 GPa. If ΓI = 0.5 GPa, the value measured by Vickers indentation 

is close to the theoretical value. Besides, the toughness increase measured by SEVNB 

method in the present study is about 0.9 MPa*√m. To compare the SEVNB result 

with the theoretical calculation while ΓI = 2.5 GPa, the effective induced pullouts 

during fracture should be 14 %, which contribute to the toughening effect in Al2O3/20 

vol. %-Ti3SiC2 composite. If ΓI = 0.2 GPa, the value measured by SEVNB method is  
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Fig. 5-19. Comparison with the theoretically expected toughness increase of 

Al2O3/Ti3SiC2 composite with 10 to 50 vol.% Ti3SiC2 content and the experimental 

results from Vickers indentation and SEVNB method with 20 vol.% Ti3SiC2 content. 
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close to the theoretical value. 

According to Eq. 5-8, the parameters g and d also influence the pullout length 

and the toughness increase. The calculation of theoretical toughness increase 

influenced by varying particle size g and ligament width d was plotted in Fig. 5-20. 

However, when ΓI is a constant value (2.5 GPa [81]), the change of g with a fixed 

value of d has nearly no influence on the toughness increase. On the other hand, the 

ligament width d dominates the pullout mechanism and therefore plays a major role in 

toughening. The toughness increase increases with increasing the ligament width. 

Comparing the theoretical calculation with the experimental results, the ligament 

width of pullouts in the composite is ~20 nm, which indicates that the former 

observation of average lamellae ligament width, 200 nm (Fig. 5-7(b)), might contain 

10 single ligaments within each effective induced pullout during toughening. 

There is one more thing which should be addressed in the present study. The 

orientation of Ti3SiC2 particle in composite also influences the toughening effect. 

After the sintering process, the orientations of Ti3SiC2 particles are randomly arranged 

in the alumina matrix. If the orientation of Ti3SiC2 particle is parallel to the direction 

of fracture, crack will penetrate directly through the inner weak interfaces between 

lamellae ligaments with no toughening effect, which can be observed in Fig. 5-21. To 

compare with the full-developed pullout model which is shown in Fig. 5-17, a 
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Fig. 5-20. Calculation of theoretical toughness increase with constant ΓI influenced by 

varying particle size g and ligament width d. Each hypothetic line includes different 

values of g with fixed d. 
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Fig. 5-21. Microstructure of non-pullouts inside the Al2O3/Ti3SiC2 composite when 

the orientation of Ti3SiC2 particle is parallel to the fracture direction. 
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schematic of non-toughening effect is demonstrated in Fig. 5-22. To conclude, if we 

can obtain a well-arranged orientation of Ti3SiC2 particles after sintering, the 

theoretical expected toughness increase of Al2O3/20 vol.%-Ti3SiC2 composite can be 

achieved up to 6.4 MPa√m by fully generated pullouts when ΓI = 2.5 GPa. 

 

5.5 Conclusions 

 

In the present study, a novel concept on the toughening brittle ceramic is 

proposed. As long as there are weak internal layers within the reinforcement, there is 

no need to form weak matrix/reinforcement interface. The Al2O3/Ti3SiC2 system is 

used as the model system to demonstrate such concept. Many weak internal layers are 

present within the Ti3SiC2 crystal. The cleavages of such weak internal layers can 

consume more fracture energy than that of the brittle matrix. Furthermore, the crack 

path is deflected within the Ti3SiC2 crystal. The toughness of alumina is therefore 

enhanced. Since the reaction between the matrix and Ti3SiC2 is not necessary to be 

avoided, the reinforcement with weak internal layers may be added into any brittle 

materials to improve their toughness. Since the crack deflection is taken place within 

the Ti3SiC2 particle because of the small damages made from the milling process, the 

ternary compound could be added into many brittle materials even when the particle  
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Fig. 5-22. A schematic of non-toughening effect inside the lamellae structure. 
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is bonded to the matrix materials. The damage within the Ti3SiC2 particle tends to be 

parallel to its long-axis. After densification, as a crack pops into a Ti3SiC2 particle 

within Al2O3 matrix, the crack tends to change its direction and propagate along the 

long-axis of the particle. The length of crack path is therefore long. Therefore, in 

order to take the advantages of using the Ti3SiC2 compound as toughening agent, the 

aspect ratio of Ti3SiC2 particles should be large. 

The crack-growth-resistance curves of hot-pressed monolithic Al2O3 and Al2O3/20 

vol.%-Ti3SiC2 composite were determined via stable crack growth under SEVNB 

measurement in the present study. Although the composite only shows nearly no 

rising R-curve behavior during this measurement, it’s believed that the toughening 

phenomenon has already been achieved with a steep curve during the original few 

microns of the crack propagation which cannot be obtained via in-situ optical 

microscope during stable crack growth in the 4-pt bending equipment. The measured 

toughness of the Al2O3/20 vol.%-Ti3SiC2 composite is 3.9 MPa√m, which is 

toughened by the crack-deflection-induced pullouts inside the lamellae of Ti3SiC2 and 

dissipates the fracture energy. The effective induced pullouts during fracture should 

be 14 %, which contribute to the toughening effect in Al2O3/Ti3SiC2 composite. The 

theoretical calculation also indicates there’s no influence on toughness increase by 

varying particle size. In contrast, the toughness increase increases with increasing 
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ligament width. Each effective induced pullout might contain 10 single ligaments 

during toughening. 
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Chapter 6: Conclusions 

 

Toughening ceramic-matrix composite by incorporating reinforcements within 

weak internal layers is investigated by using three model systems in the present study. 

The general idea and the materials selection are based on using the reinforcements 

with higher CTE and lower elastic modulus. The compressive hoop stress around the 

matrix/reinforcement interface and the tensile radial stress are generated after 

sintering. The reinforcement can thus attract the crack which propagates into the 

reinforcement and then deflects or forms branches inside. The selected systems are 

Al2O3/BaTiO3-platelet, LTCC/BaTiO3-platelet and Al2O3/Ti3SiC2 composites. 

 

1. Al2O3/BaTiO3-platelet composite: 

For Al2O3/BaTiO3-platelet system, the weak interfaces are located within the 

BaTiO3 platelet. Although there is a reaction at the Al2O3/BaTiO3-platelet interface, 

due to the lower elastic modulus and higher energy dissipating ability of the platelet, 

the crack can penetrate into it and form branches.  

 

2. LTCC/BaTiO3-platelet composite: 
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For the LTCC/BaTiO3-platelet system, the R-curve behavior is observed by using 

the indentation-fracture-strength method. The fracture surface of the composite 

indicates the fracture direction tends to trespass inside the platelet rather than 

propagating around it. 

 

From this concept established by the above two material systems, such kind of 

reinforcement can then be added into any brittle matrices. Even when the 

reinforcement is reacted with the matrix to form a strong bonding, crack can still be 

deflected by the weak interface within the reinforcement and the brittle matrix can 

then be toughened. 

 

3. Al2O3/Ti3SiC2 composite: 

The concept of this study is successfully demonstrated from the above two model 

systems. Unfortunately, the limit of using the BaTiO3 platelet is its ultra-large size 

(length > 500 μm). The Ti3SiC2 particles as the second model of reinforcement also 

exhibit lamellae structure. The toughening mechanisms were carefully investigated by 

microstructure observation, residual stress analysis and nano-indentation. The main 

toughening mechanism is attributed to crack deflection. The crack is deflected inside 

the Ti3SiC2 grain and induces pullouts within the lamellae structure when propagating 
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through the Al2O3/Ti3SiC2 interface. The residual stress on the interface can be treated 

as a minor reason of toughening. The energy absorbing (dissipating) ability of both 

materials in the composite hot-pressed at different temperature is also discussed. The 

composite prepared at higher temperature can absorb more fracture energy during 

fracture.  

 For the Al2O3/Ti3SiC2 composite, as a crack pops into a Ti3SiC2 particle within 

the Al2O3 matrix, the crack tends to change its direction and propagate along the long 

axis of the particle. The length of crack path is therefore long. The addition of 20 

vol% Ti3SiC2 particles can enhance the toughness of Al2O3 by around 40%. From the 

theoretical calculation, the effective crack-deflection-induced pullouts during fracture 

can also be obtained. Since the ligament length and width of the elongated particle 

dominates the toughening effect, the suggestions of using this concept are the larger 

aspect ratio and the larger ligament width for any reinforcements with interlayers 

inside. 
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Chapter 7: Future Work 

 

Although the study on toughening brittle ceramic by using reinforcements with 

weak interfaces was accomplished successfully in the present work, there are still 

some mysteries remained. Although the Al2O3/Ti3SiC2 composite is our most 

successful material system, further research is still needed. The recommended 

research direction will be: 

1. Since the present study attributes the toughening mechanism to crack deflection, 

nanoindentation analysis on monolithic Ti3SiC2 and Ti3SiC2 in the composite 

offers information on the elastic/plastic transition point. It can offer an in-depth 

knowledge to the limit of crack formation within this kind of layered 

reinforcement. Moreover, a high elastic-to-plastic stress is beneficial for a cutting 

tool or other structural applications where high contact load are present. Therefore, 

a further research of elastic-to-plastic transition point is required. 

2. The percolation threshold of Al2O3/Ti3SiC2 composite is in the range of 10~20 

vol% of Ti3SiC2 addition. Since Ti3SiC2 is both thermal and electrical conductive, 

the thermal and electrical conductivities of the composite are required for further 

application. For example: the thermal conductive material for the welding torch is 

a possible area. The breakdown voltage test by DC or AC power can also exhibit 
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the reliability of this composite. A further research of the matrix/reinforcement 

interface and the internal layers within Ti3SiC2 by TEM is also beneficial. 
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