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Abstract 

Al2O3 is considered as a valuable industrial material and the most widely used ceramic. It 

possesses good mechanical properties however, its applications as a structural material 

have been limited by it low fracture toughness and low-fracture strength. This is because 

cracks easily propagate in this ceramics and therefore they might fail unpredictably in 

service. The main objective of this work was demonstrating the effect of reinforcing Ti and 

Cu metallic particles in to Al2O3 to overcome its limitations on the above application areas 

and improve its mechanical properties. The synthesis of Al2O3-based composites having 

different amount of fine titanium and copper reinforcement particles was investigated and 

Ti and Cu metallic particles were reinforced to Al2O3 with different compositions. The 

powders were first prepared with the appropriate stoichiometric ratio, milled in order to 

create a homogeneous distribution of particles and reduction of size, the milled powder was 

then compacted to form a green body which is finally sintered at 1100oC, 1200oC and 

1300oC for 2 and 3 hours for a better densification and reduction of porosity. For the 

samples with 3%Ti-3%Cu and 3%Ti-2%Cu the controlled grain growth and the 

homogeneous distribution of Ti and Cu along with the better wettability of Cu with Ti 

accentuate the obtainment of dense bodies with homogeneous microstructures, which leds 

to a better density and fracture toughness as well as better electrical resistance. Therefore, 

this study proves that a controlled reinforcement of Ti and Cu can significantly improves 

the mechanical properties of Al2O3, specifically the fracture toughness. 
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CHAPTER 1   INTRODUCTION 

1.1 General introduction  

Ceramics, in general, are characterized by high stiffness and hardness; resistance to wear,  

corrosion, and oxidation; and high-temperature operational capability. However, they also 

have serious deficiencies which have severely limited their use in applications that are 

subjected to significant tensile stresses. Ceramics have very low fracture toughnesses, which 

makes them very sensitive to the presence of small flaws. This results in great strength 

scatter and poor resistance to thermal and mechanical shock. 

Alumina is a very useful industrial material and the most widely used oxide ceramic. [1–3] 

Its applications span from high-speed cutting tools, dental implants and prostheses, 

electrical and thermal insulators, wear resistant parts, and coatings. Its usefulness is 

attributed to its high hardness, inertness, high compressive strength, and high electrical and 

thermal insulating properties. However, despite its enviable properties and potentials, its use 

as a structural material has been considerably hindered by its low-fracture strength and low-

fracture toughness (as is typical of ceramics). [4–7] Cracks readily propagate in ceramics; 

thus, they fail unexpectedly in service, and in most cases, catastrophically, during impact 

even when the impact load is below the strength of the ceramic material. Resistance to crack 

growth lies in the ability to activate a toughening mechanism such as crack bridging, crack 

deflection, or transformation toughening, among others. The mechanical properties of 

ceramics are known to be improved significantly by dispersing nanometer-sized ceramic 

particles into the ceramic-matrix grains or grain boundaries, and there are several 

mechanisms to achieve better mechanical properties. The mechanisms include 

transformation toughening, toughening by a metallic particulate phase, and fiber 

reinforcement. In this study, toughening by a metallic phase will be discussed briefly, which 

is also called Cermet. Any macroscopic crack which occurs in the material leaves behind 

metal particles, or ligaments, which bridge the crack surface just behind the crack tip 

restraining its opening. For this mechanism to be effective it is essential that the particles be 

well-bonded to the matrix and that the advancing crack tip be drawn to particles so that 

bridges are left behind. 

Ceramic-metal composites are an exciting field of research, enabling a combination of 

properties not possible in monolithic metals or ceramics.  
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The four primary categories of composites are polymer matrix composites (PMCs), metal 

matrix composites (MMCs), ceramic matrix composites (CMCs), and carbon matrix 

composites (CAMCs). Carbon–carbon composites (CCCs) are the most important subclass 

of CAMCs. At this time, PMCs are by far the most widely used type of composites. [8] 

In this study, Al2O3 will be reinforced with Ti and Cu particles through the dry ceramic 

processing technique. The effect of Ti and Cu particulates on the microstructure of Al2O3 

matrix will be investigated. Moreover, the mechanical properties of composite materials 

will be examined via Vicker’s microhardness test and finally, microstructure observations 

will be made with optical microscopy and scanning electron microscopy. Photographic 

evidence of arrest of crack growth by metallic particles will be obtained, demonstrating that 

the reinforcement mechanism of these materials is due to the deflection of cracks owing to 

metallic bridges formed by the metal used as alumina strengthener. 

1.2 Statement of the problem  

Alumina (Al2O3) exhibits favorable physical and chemical properties such as; high strength, 

hardness, elastic modulus and excellent resistance to thermal and chemical environments. 

However, its applications are somewhat limited because of poor toughness and inferior 

thermal shock resistance and most structural Al2O3-based ceramics present poor electrical 

conductivity. 

1.3 Objectives of the Study 

1.3.1 General Objective  

The general objective of this work is to investigate the effect of the addition of Ti and Cu 

on the mechanical properties of Al2O3. 

1.3.2. Specific Objectives 

The specific objectives are as follows: 

 Synthesis of ceramic matrix metal (CMC) composites.  

 Mechanical property, specifically fracture toughness evaluation of Ti-Cu 

reinforced Al2O3. 

 Studying the mechanisms for the improvement of mechanical properties and 

performance of Alumina. 

 Investigating the combined properties gained through using two different metallic 

particles as a reinforcement to Alumina ceramics. 
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1.4 Scope of the Study  

The scope of this thesis work focuses on the microstructure and the mechanical properties, 

particularly fracture toughness, of Ti-Cu reinforced Al2O3 composite. The study includes 

both synthesis (by dry ceramic processing technique) and characterization (using optical 

microscope, Vickers microhardness tester, and XRD). The value of fracture toughness will 

be determined from the experimentally obtained hardness and crack size results. 

 

1.5  Significance of the study  

The findings of this study will be an initial input for students and researchers who are 

interested in this area and encourage professionals to carry out such kind of researches in 

the field for the benefit of the scientific world considering that materials science and 

engineering plays an important role in science and technologies today. Other attributes of 

the proposed project includes: It contributes an alternative method to the scientific world. 

For the researcher, to uncover critical areas in researching. Thus, a new approaches on 

synthesizing ceramic-metal composites may be arrived at, and enhance what he has grasp 

theoretical and practical knowledge during the study. It will be a very good reference for 

further study on microstructure and mechanical properties of ceramic-metal composites.  
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CHAPTER 2   LITERATURE REVIEW 

2.1. Composite Materials 

Composites are multifunctional materials having unprecedented mechanical and physical 

properties which can be tailored to meet the requirements of a particular application. Many 

composites also exhibit great resistance to wear, corrosion, and high-temperature exposure. 

Composites technology also makes possible the use of an entire class of solid materials, 

ceramics, in applications for which monolithic versions are unsuited because of their great 

strength scatter and poor resistance to mechanical and thermal shock. Composites are 

usually classified by the type of material used for the matrix. The four primary categories 

of composites are polymer matrix composites (PMCs), metal matrix composites (MMCs), 

ceramic matrix composites (CMCs), and carbon matrix composites (CAMCs). Carbon–

carbon composites (CCCs) are the most important subclass of CAMCs. At this time, PMCs 

are by far the most widely used type of composites. [8] CMCs tend to have particularly good 

resistance to corrosion, oxidation, and wear, along with high-temperature capability. 

Monolithic ceramics are brittle materials with very low fracture toughness, because of which 

their strengths display great scatter. As a result, they are not useful materials for applications 

that are subjected to significant tension or torsional stress. Therefore, it needs to reinforce 

them with metallic particles for a better mechanical properties and enhanced toughness. The 

key ceramics used as CMC matrices are silicon carbide, alumina, silicon nitride, mullite, 

and various cements. The properties of ceramics, especially strength, are even more process 

sensitive than those of metals. In practice, it is very difficult to determine the in situ 

properties of ceramic matrix materials in a composite. 

2.2. Production of ceramic-metal composites 

There are three types of ceramic-metal composites. Metal Matrix Composites (MMC) have 

a continuous metal network, typically with Vmetal > Vceramic. Ceramic Matrix Composites 

(CMC) have a continuous ceramic network, usually with Vceramic > Vmetal, although there are 

exceptions. In interpenetrating network (IPN) composites both components are continuous. 

The only limitation on composition is that there is enough of each phase for both to 

percolate. Depending on the form, for the minority phase this is around 20 to 30 %, less for 

fibres and more for particles. The advantages of an IPN include a higher Young’s modulus, 
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hardness and load bearing capacity than MMCs, as well as a higher thermal conductivity 

and higher fracture toughness than CMCs. In the naming of such composites, either the 

matrix phase for MMCs and CMCs or the majority phase in IPN is mentioned first. 

2.2.1. The porous ceramic preform 

To produce an IPN ceramic-metal composite, the first step is to produce a macroporous 

ceramic preform. Macroporous is defined by IUPAC recommendations as exhibiting a pore 

width/diameter > 50 nm [9]. There is a variety of methods for producing open porous 

ceramics described in the literature, ranging from patents in 1963 [10] to current reviews 

[11, 12], allowing the tailoring of the microstructure. The porosity and pore sizes reported 

vary between 20 and 97 % and 400 nm to 4 mm, respectively [11]. The different methods 

available have been summarized in figure 2.1. These methods can be grouped into four 

categories: i) partially sintered, ii) sacrificial template, iii) replica and iv) foaming and 

setting. The ranges of porosities and grain sizes reported for each category are shown in 

figure 2.1. Each of the four categories are described briefly below and shown schematically 

in figure 2. For this project, ceramics with pore sizes from 1 to 30 µm and open porosities 

of 20 to 60 % are required. For this reason the first two categories will be considered in 

more detail later. A recent review by Studart et al. [11] provides a comprehensive summary 

of these methods. Many references for each particular method are also included in this 

review. 

i) Partially sintered: Partial sintering involves either dry pressing or slip casting and 

drying and then firing. Porosities up to 40 % are achievable [15].  



 

6 

 

 

Figure 2.1: Overview of methods for producing porous ceramics [11,13,14]. 

The pores are homogeneously distributed within the microstructure [16]. Plasma spraying 

involves the spraying of molten or heat-softened material onto a surface to provide a coating. 

Ceramic powder is injected into a plasma flame, where it is rapidly heated and accelerated 

to a high velocity. The hot powder impacts on the substrate surface and rapidly cools 

forming a coating. A porosity of 15 % was reported by Travitsky et al. [17] 

ii) Sacrificial template: The sacrificial material is added to the ceramic precursor 

(powder or slurry) then dried. The sacrificial material is then removed, either by 

pyrolisation, melting, evaporation or leeching. Finally the ceramic is sintered. This results 

in a porous ceramic body with a negative replica of the original sacrificial template. A wide 

variety of templates including network structures, pyrolysable particles, liquids, salts, 

metals and ceramics have been reported [11]. This wide range available provides flexibility 

in the ranges of achievable porosity and pore size, with 20 to 90 vol.% and 1 µm to 1 mm, 

respectively, being reported in the literature [11]. 
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iii) Replica: The replica template material has a solid network structure, for example 

foam or wood. The template is infiltrated with a ceramic slip. Excess slurry is removed 

leaving a ceramic coating on the template, which is then dried. Upon heating, the template 

is pyrolysed and the ceramic coating sintered. This results in a 25 to 95 vol% porous ceramic 

body with pore sizes ranging from 10 to 130 µm for wood and 100 µm to 1.1 mm for 

polymer foam [11]. The microstructure is a positive replica of the template, but with hollow 

struts. With a polymer foam replica, the triangular strut profile causes stress concentration 

at the corners and has been found to cause strut cracking and therefore lower strength [18, 

19]. Wood has a radial structure and can contain knots and other irregularities [20]. 

 

Figure 2.2: Processing routes for the production of porous ceramics [11]. 
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iv) Foaming and setting: In this process gas is incorporated into a ceramic slip to form 

bubbles. A surfactant is used to stabilise the resulting ceramic foam. The foam is allowed 

to set and dry before sintering. There are numerous methods of incorporating the gas and 

stabilizing the ceramic foam, as described in reviews by Studart et al. [11] and Saggio-

Woyanski et al. [13]. The resulting porosity can be either closed or open, depending on the 

stability of the foam. The achievable pore sizes are 50 µm to 1 mm. 

 

Table 2.1: Largest pore space and entrance diameter of monomodal sphere packing relative 

to sphere size [21]. 

 

Partial sintering 

Partial sintering of a pressed ceramic powder or dried ceramic slip results in a homogeneous 

pore distribution and pore size [16]. A ceramic slip can be cast, which results in a 

homogeneous density in the cast part. Using a compacted ceramic powder allows higher 

porosities to be achieved, but one is limited to a simple shape and it is more difficult to 

achieve homogeneity in the packing of the powder. When the powder is pressed, it has been 

observed that the shape of alumina grains are irregular and deviate from a spherical shape 

[21]. For a monomodal ceramic powder, the largest pore space and entrance diameter 

(smallest pore space) can be calculated as a function of grain size and packing density [22]. 

The factors for the highest and lowest packing densities are given in table 2.1. To obtain an 

entrance diameter of 1 µm, a ceramic powder with a grain size between 2.4 and 6.5 µm is 

required, depending on the packing density. For example, to achieve the target channel size 

of 1 µm, Skirl et al. used a ceramic powder with an average grain size of 5 µm [23]. 

 

 

Loosest packing most dense packing  

Entrance diameter 0.414 0.155  

Largest pore space 0.732 0.414  
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Polymer foam and felt 

The polymer foam (sacrificial template) method was developed by Lange et al. [14]. 

Schwarzwalder and Somers patented a similar method earlier in 1963 [10]. However, this 

replica method included a step of excess slurry removal resulting in high porosities from 50 

to 95 %. In the method by Lange et al., polymer foam is infiltrated with a ceramic slip using 

pressure filtration, dried, and then pyrolysed to give a porous ceramic with a negative replica 

of the foam. The ceramic green body is then fully sintered. In this method the porosity of 

the ceramic body was limited by the density of the polymer foam: 2.5 % for low density 

foam and 15 % for high density foam. In order to achieve higher densities, the foam can be 

compression moulded before slurry infiltration [24–26]. The foam is typically compressed 

in one direction to give the desired porosity, typically to an eighth or tenth of the original 

thickness. An anisotropic structure is thus formed. 

The structure of the porous ceramic formed in this method (figure 2.3) has a notable 

disadvantage [26]; the corners of the triangular pore channel cross section act as stress 

concentration points. During the stages of drying and sintering the ceramic shrinks. This 

leads to microcracking of the ceramic, typically at the stress concentration points, which in 

turn causes a decrease in the strength and elastic modulus of the composite. 

 

Figure 2.3: Electron microscope image of a polymer foam based alumina-copper 

composite. Copper-filled cracks in the ceramic phase can be seen [27]. 
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It would thus be desirable to have a pore structure with rounded, rather than triangular, 

ligaments. One possibility proposed by Lange et al. was to use felt as the sacrificial preform 

[14]. However, no results were given, since the paper had concentrated on polymer foam. 

No other literature has been found mentioning felt. The rounded fibres in felt may 

potentially overcome the limitations of polymer foams. A novel variation on this method 

incorporates pyrolysis of the polymer foam to form carbon foam before slip infiltration [28]. 

However, this energy intensive step adds to the overall cost of the porous ceramic without 

any obvious benefits. 

Pore forming agents 

The use of so-called pore forming agents (PFA) as a sacrificial preform is well established 

[11]. In this method, pyrolysable particles are mixed into the ceramic slip, which is then 

dried and fired to burn out the particles and sinter the ceramic. The porosity and pore size 

of the resulting ceramic can be controlled by the amount of particles added to the slip and 

the size of the particles, respectively. Porosities ranging from 20 to 80 % can be achieved. 

Other pore forming agents mentioned in the comprehensive review by Studart et al. include 

polymer beads (PVC, PS, PVB, PMMA), cellulose, gelatine, seeds, starch powders, oil 

emulsions, salts, metal powder and carbon fibres and flakes [11]. Salts and metal powder 

are removed by washing or leeching of the preform. This method can be combined with 

partial sintering to achieve a combination of macropores and micropores. Depending on the 

shape and distribution of the particles, at least 15 to 30 % PFA is required to achieve open 

porosity. Below this amount the porosity may be all or partly closed. 

The main disadvantage of this process is that the ’windows’ connecting the pores are much 

smaller than the pores themselves. This bottleneck leads to a lower permeability than what 

would be expected for the given pore size, which in turn requires higher pressures for metal 

infiltration. Care must be taken to ensure the PFA particles stay homogeneously distributed 

in the ceramic slip during casting and drying in order to ensure a homogeneous pore 

structure. Starch absorbs water leading to swelling of the particles and a larger-than-

expected pore size. This also reduces the bottleneck effect, since the soft, swollen particles 

do not remain perfectly spherical, but rather compress together at points of contact resulting 
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in larger pore windows. Mattern also reported clumps of alumina powder within the pores 

[29]. It is claimed to be due to the shrinkage of the starch particles during drying and 

pyrolisation. This was not observed with PMMA spheres, apparently since they neither wet 

the alumina slurry, nor do they shrink during the drying stage. 

2.2.2. Metal infiltration 

Due to the poor wettability of liquid copper on alumina (discussed further in section 2.1.3), 

pressure is required to infiltrate copper into the porous alumina preform. Widespread 

methods used include squeeze casting [14] and gas pressure infiltration [30]. Garcia-

Cordovilla has written an extensive review on the subject [31]. 

a) Squeeze casting: The squeeze-cast method applied to porous ceramic preforms is 

described by Lange et al. [14]. Firstly, the porous ceramic preform and stainless steel die 

are preheated. The ceramic preform is then placed in the die. Molten metal in a separate 

crucible (100 to 150 K above the melting point) is poured over the ceramic. A hydraulic 

plunger then forces the molten metal into the pore channels of the ceramic preform at 

pressures around 100 to 200 MPa. The advantages of squeeze casting are that infiltration is 

carried out quickly, ceramic-metal reactions are thereby minimized, and a fine-grained 

microstructure without shrinkage voids can be achieved. The process is commonly used 

with alloys of aluminium, tin, zinc and silver. More recently, this method has also been 

applied to copper [32]. A disadvantage of this method is that some porous ceramics are not 

strong enough to withstand the high pressure applied, resulting in a crushed ceramic. 

The ceramic preform must therefore be either strong or have a high permeability. 

b) Gas pressure infiltration: Gas pressure infiltration of porous ceramics was first 

developed by Travitzky and Claussen [30]. The preform to be infiltrated is mechanically 

fixed to the bottom of an alumina crucible. The crucible is filled with pieces of plate metal 

and placed in a gas pressure furnace. The furnace is then heated above the melting point of 

the metal under vacuum to prevent oxidation of the metal. Pressure is applied by argon gas 

between 0.5 and 10 MPa forcing the metal into the pore channels of the ceramic preform. 

The system is then cooled below the melting point, continuing the application of pressure 



 

12 

 

until the metal has solidified. This method requires that the infiltrated ceramic be cut out of 

the solid metal filled crucible. Knechtel et al. applied this method to infiltration of copper 

into porous alumina [33]. The temperature and pressure of infiltration were 1350 °C and 15 

MPa, respectively. Even at this pressure, pores of 0.08 µm could not be infiltrated. Prielipp 

et al. improved the process by securing the ceramic preform from above and incorporating 

a lift to raise and lower the crucible [34]. After infiltration the system is cooled to just above 

the melting point. While maintaining the high pressure, the crucible is lowered until the 

infiltrated ceramic is no longer in the molten metal. The system is further cooled until well 

below the melting point and the pressure then removed. In this way the infiltrated preform 

does not need to be cut out of the crucible. This method is quite slow in comparison to 

squeeze casting: one day compared to a few minutes [14]. 

c) Pressureless infiltration: If the wetting angle of the molten metal on the ceramic is 

below 90° the infiltration can be carried out without applied pressure, typically under 

vacuum. One major advantage of pressureless infiltration is that it is less expensive than the 

above two methods. 

Alternative methods 

A limited number of materials that exhibit spinodal decomposition can be used to created a 

composite in situ [15]. Commercial examples of this method include DIMOXTM and 

PRIMEXTM to produce alumina-aluminium composites. An alternative to molten metal 

infiltration is to fill the porous ceramic with metal via chemical vapour deposition (CVD ) 

[15]. 
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2.2.3. Ceramic-metal interface wetting 

The wettability of a liquid on a solid substrate can be described by Young’s equation [35] 

                            Cos θ = 
𝛾𝑠𝑣−𝛾𝑠𝑙

𝛾𝑙𝑣
                                                    (2.1) 

Where γlv, γsv, and γsl represent the interface energies of liquid/vapour, solid/vapour and 

solid/liquid, respectively, and θ is the contact angle between the liquid drop and the solid 

substrate, as depicted in figure 2.4. If the contact angle is less that 90° the liquid is ’wetting’, 

if greater than 90° it is ’non-wetting’. From equation 2.1 it is clear that a reduction in θ will 

result from increase in γlv or γsl, or a decrease in γsv. 

Wetting can be classified as physical or chemical, depending on the nature of the bonding 

at the interface [36]. Physical wetting is due to reversible physical forces across the 

interface, such as Van der Waals forces or electrostatic attraction. In this case Young’s 

equation can be used. The interface energy, γ, can, however, be influenced by adsorption of 

vapour at the solid-vapour interface [35] as described by equation 2.2: 

                              
𝑑𝛾

𝑑𝑙𝑛𝑎
= − ΓRT                                                      (2.2) 

where a is the activity of the gas, which for an ideal gas can be replaced with pressure, Γ is 

specific adsorption, R is the universal gas constant and T is temperature. 

Chemical wetting refers to chemical bonding across the interface. A reaction layer may form 

where both phases are in contact with the reaction layer rather than each other [37]. Young’s 

equation is thus inadequate and must be modified. Aksay et al [38] proposed that the specific 

free energy of the reaction, ∆g, be added to the solid-liquid interface energy, such that a 

negative ∆g (required for spontaneous reaction) results in the lowering of γsl: 

                                               γsl =γo
sl +∆g                                              (2.3) 
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Figure 2.4: Schematic illustration of wetting. 

where γsl
o is the initial or pure interfacial tension. It has been found that the equilibrium 

contact angle has the same value as the contact angle between the pure liquid metal and the 

reaction product layer, showing that the liquid metal wets the reaction product rather than 

the ceramic substrate [39]. 

The aforementioned equations all describe wetting and adhesion on a simple, flat surface. 

In order to consider curved surfaces such as pores or pore channels, pressure must be taken 

into account. The Laplace equation [35] shows that for a capillary with radius rc, where the 

liquid forms a meniscus of radius R, the difference in pressure between a liquid and the 

surroundings, ∆p, is expressed as: 

                                       ∆p = 
2𝛾𝑙𝑣

𝑅
 = 

2𝛾𝑙𝑣𝐶𝑜𝑠𝜃

𝑟𝑘
                                                      (2.4) 

 

The sign and effect of ∆p depends on the contact angle. For θ < 90°, ∆p is positive and 

drives the liquid into the capillary. For θ >90°, ∆p is negative and represents the minimum 

pressure required to force the liquid into the capillary. This effect is of particular interest in 

the production of ceramic-metal composites. The pressure required to infiltrate a non-

wetting metal into a porous ceramic can be calculated. In wetting systems the metal should 

spontaneously infiltrate the porous ceramic without any required external pressure. 
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Wetting of liquid metals on oxide ceramics 

In most cases, liquid metals do not wet oxide ceramic surfaces [40]. This is thought to be 

due to differences in bonding type across the interface, from ionocovalent bonding in the 

ceramic to unsaturated bonding in the metal. There are two types of metal-oxide ceramic 

interactions: reactive and nonreactive. Examples of elements forming a reactive system with 

alumina include Ni, Si, Fe and Al [41]. Nonreactive elements include Pb, Sb, Sn, In, Ga, 

Ag, Au and Cu. If the metal reacts with alumina to form a metal oxide then it is reactive, 

else nonreactive [38]. Wetting of a pure metal on an oxide ceramic is in general enhanced 

by alloying with a metal with a high affinity for oxygen, e.g. Ti, or with oxygen via metal 

oxide or oxide atmosphere. 

Wetting of copper on alumina 

Copper is non-wetting on alumina. Reported values of the contact angle of copper on 

alumina vary between 124° [42] and 170° [41]. The pressure required to infiltrate pure 

copper into an alumina preform is approximately 10 to 15 MPa [33,43]. This causes the 

production of alumina-copper composites to be rather time-intensive and thereby expensive. 

By increasing the wettability of this system, it may be possible to achieve pressureless 

infiltration, thereby simplifying production and increasing the financial viability of the 

composite material [44]. Two popular methods for improving the wettability of copper on 

oxygen are outlined in the following paragraphs. 

i) Oxygen: A copper-oxygen alloy is formed by either mixing CuO into the copper or 

using an oxygen-containing gas atmosphere. Varying the oxygen partial pressure between 

10−15 and 10−6 leads only to a decrease in the contact angle to around 110 °. At oxygen partial 

pressures from 10−6 to 10−3 there is a marked decrease in contact angle to approximately 

70°. Meier [45] explored the effect alloying copper with oxygen. Up to 2.5 wt.% oxygen, 

the contact angle decreased to 25 %. In the miscibility gap from 2.5 to 7.5 wt.% the wetting 

angle remained approximately constant, with a further decrease to 12 ±4° up to 11 wt.% 

oxygen. At the CuO-alumina interface, the formation of Cu2O or CuAlO2 has been observed 

[46]. The work of adhesion was found to increase with increasing weight percent oxygen 

[45]. A thin (1-4 µm), discontinuous layer of CuAlO2 has been measured to increase the 
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interface strength [46], whereas a thicker (10-100 µm) layer causes a decrease in interface 

strength [47] due to the crack growing along the brittle CuAlO2 layer. 

ii) Titanium: The wettability of copper on alumina can be enhanced by alloying with 

titanium, which is a typical reactive wetting system [48]. Kritsalis [49] observed that the 

contact angle decreased to 26° as the amount of Ti was increased up to 10 mol%. Above 

this amount there was little change. The Cu-Ti alloy reduces the alumina surface to form a 

wettable reaction product TiO. Unlike the CuO-alumina system, it takes many hours for the 

equilibrium contact angle to be achieved since the reaction is controlled by segregation of 

Ti to the interface [40] and diffusion [36]. Although the equilibrium contact angle is low, 

spontaneuos infiltration of Cu-Ti into porous alumina has not been observed [37]. No data 

was found on the interface strength of Cu-Ti on alumina. 

2.2.4. Residual stress, cavitation and microcracking 

Regardless of how a ceramic-metal composite is produced, it is conducted at high 

temperatures. The metal and ceramic components generally have differing coefficients of 

thermal expansion, α, with αmetal > αceramic. When the composite is cooled to room 

temperature, this mismatch in α causes hydrostatic tensile stresses to form in the metal and 

compressive stresses to form in the ceramic [50]. This is known as residual stress. Due to 

its hydrostatic nature, the tensile stress in the metal component can reach levels up to 20 

times the yield stress without necessarily yielding [51]. The magnitude of the residual 

stresses can be measured via neutron diffraction [52–54]. There is a large scatter in the 

residual stresses of the metal phase due to microstructural parameters: the most narrow and 

sharpest areas have the highest stresses which can only be relieved by plastic flow [23]. 

Skirl [55] explored the effect of metal content and metal ligament diameter on the measured 

residual stresses in the metal and ceramic phases via neutron diffraction. When the metal 

content was decreased, the average compressive stress in the alumina decreased and the 

average tensile stress in the aluminium increased. However, if the microstresses within the 

aluminium were taken as stress variations, it was found that the maximum value of stress 

was the same for all metal contents. Assuming pure elastic strain, the residual stress for a 

particular metal content should be independent of the metal ligament diameter. However, 
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Skirl found the residual stress to increase significantly with decreasing metal ligament 

diameter, which indicates plastic strain within the metal phase. The flow stress and thus the 

maximum stress achievable is increased by the increased mechanical constraint of smaller 

metal ligaments, which hinders yielding. For a particular ligament diameter, the maximum 

stress is independent of metal content. This supports that idea that the yield stress depends 

on the amount of constraint. 

The residual stress can only be relieved by plastic flow. In composites with a strong 

interface, like alumina-aluminium, cavitation, that is, the formation of pores within the 

metal, may occur. In composites with a weak interface, like alumina-copper, the metal may 

delaminate from the ceramic to form microcracks [34,51]. In TEM investigations of 

alumina-aluminium and alumina-copper, Prielipp et al. [34] found no microcracking at the 

phase boundaries of alumina-aluminium, microcracking at 50 % of interfaces for a coarser 

structured alumina-copper (partially sintered alumina with a grain size of 4 µm) and no 

microcracking in a finer structured alumina-copper (partially sintered alumina with a grain 

size of 1.2 µm). This observation is contrary to the observation that residual stress increases 

with decreasing ligament diameter, since a higher amount of residual stress would be 

expected to lead to a higher amount of microcracking in a composite with a weak interface. 

In alumina-Ni3Al microcracking was observed in up to 50% of the interfaces, concluded to 

be due to the weak interface [56]. Residual stress and microcracking can have a significant 

effect on the elastic modulus, fracture behaviour [33, 34] and the thermal expansion 

behaviour [23, 54, 56,57] of a composite.  

 

2.3. Properties of ceramic-metal composites 

2.3.1. Young’s modulus 

The Young’s modulus, E, of metal-ceramic composites generally lies between that of the 

two components. Many models have been developed to describe the variation in E as a 

function of composition, depending on the composite structure, the range of composition, 

the ratio of the elastic moduli and the interface strength between the two components. Here, 

a brief description of two models is given. More exhaustive reviews include [58–60]. 

Rule of Mixtures (RoM): The rule of mixtures has upper and lower bounds for predicting 

the elastic properties of composite materials. The upper boundary, developed by Voigt [61], 
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assumes constant strain across the composite. For example, in a lamellar structure, this 

would represent the loading of the composite parallel to the boundaries between layers with 

the same strain in each layer. The lower boundary, developed by Reuss [62], assumes 

constant stress throughout the composite. In a lamellar structure, the load is applied 

perpendicular to the boundary between layers, with the same stress in each layer. The 

equations for the Voigt (U) and Reuss (L) boundaries of E are: 

EU = f1E1 + f2E2                                                                        (2.5)  

EL = 
𝐸1𝐸2

𝑓1𝐸2+𝑓2𝐸1
                                   (2.6) 

 

With f1 and f2 representing the volume fraction of phases 1 and 2, respectively. 

These bounds represent the widest possible variation elastic modulus according to the 

principles of minimum potential and complementary energy. Neither of these bounds alone 

predict actual values for the elastic modulus, nor does this model take into account the 

structure of the composite. 

2.3.2. Fracture toughness 

Fundamentals of fracture mechanics 

The following section provides a brief overview of the fracture mechanics concepts relevant 

to crack propagation in interpenetrating network composites. A more comprehensive 

explanation of mechanics theory can be found in references [60,65–67]. 

There are three types of loading that can be applied to a crack within a material. Mode I is 

tensile stress applied perpendicular to the crack plane. Mode II is shear stress applied in the 

direction of crack growth. Mode III is torsion stress applied parallel to the crack front. In 

the following, only mode I will be considered, as this is what leads to failure in most brittle 

materials [65]. 

For mode I loading in the plane of a long through crack (θ = 0) in an infinite plate, the 

following expression for the applied stress intensity factor, KIA, in terms of crack length, c, 

and applied stress, σ, has been derived [65]: 
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                                                       KIA = Y(c) σ√𝑐                                                     (2.7) 

where Y(c) is a crack length dependent shape factor describing the geometry of the crack 

and the mode of load applied. The shape factors for numerous experimental configurations 

has been analytically derived and can be found in a number of publications [60,65,68]. 

Early considerations of fracture mechanics were only applicable to materials displaying 

linear elastic behavior where Hooke’s law, E = 
𝜎

𝜀
, is obeyed (Linear Elastic Fracture 

Mechanics, or LEFM). Most materials exhibit some degree of plasticity near the crack tip, 

known as the plastic zone. If the plastic zone is much smaller than the thickness of the 

sample, the linear elastic fracture mechanics approach is still valid. For large amounts of 

plasticity, LEFM is inadequate and another model accounting for plasticity must be used. 

Crack growth occurs when the applied stress intensity factor, KIA, has reached a critical 

value KI0. This describes the stress intensity factor required to initiate crack growth in the 

absence any toughening mechanisms at the crack tip, that is, the crack tip toughness. 

Crack initiation and growth can also be considered in terms of the energy release rate, 

G. A crack can only form and grow if this causes the total energy of the system to stay 

constant or decrease, that is, that the energy available for crack growth is larger than the 

energy required to create two new surfaces [69,70]. The resistance to crack growth, Ro, is 

defined as work required to create two new surfaces Ro = 2wf . Crack growth proceeds when 

G has reached a critical value: 

                                                 G = Ro = 2wf                                                                                                   (2.8) 

This is analogous to KIO, the crack tip toughness, described above. Equation 2.9 gives the 

relationship between G (or R) and K for linear elastic behaviour: 

                                                G = 
𝐾2

𝐸′                                                                    (2.9) 

Where E′ = E for plane stress and E′ = E/(1−ν2) for plane strain. 
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R-curve behavior 

Materials in which two smooth surfaces are formed upon crack propagation have a constant 

crack resistance, that is, R = Ro, KR = KI0 (provided there is no process zone ahead of the 

crack tip such as phase transformation or ferroelasticity). If there are toughening 

mechanisms present during crack propagation, such as crack branching or bridging, the 

crack resistance increases with increase in crack length (∆c) according the following 

equations: 

                                          KR(∆c) = KI0 + Kµ (∆c) 

                                                        or                                                                         (2.10) 

                                            R(∆c) = Ro +Rµ (∆c) 

where Kµ(∆c) and Rµ(∆c) represent the crack length dependent contribution of the 

microstructure to crack resistance, also known as the microstructural shielding term. 

This part contains all the crack closing stresses from the crack tip until the last intact crack 

bridge. Kµ and Rµ are related by the following equation [71]: 

                                                Rµ = 
𝐾µ

2+2𝐾10𝐾µ

𝐸′
                                                 (2.11) 

The energy approach allows, within limits, the elastic-plastic behaviour of crack bridging 

elements to be determined. The dispersed bridging energy of a crack bridging element, Rµi, 

can be calculated from the integral of the crack closing stresses, pi(u), from the crack tip to 

the crack opening, u∗, at which a bridging element has failed: 

                                              Rµi (c) = f ∫ 𝑝𝑖
𝑢∗

0
 [u(c)])du                                       (2.12) 

Where f = the area fraction of the crack bridging elements 

The resistance curve or R-curve is a graphical representation of KR or R as a function of 

∆c. Whether a crack grows in a stable or instable manner depends on how G and R, or KA 

and KR vary with crack length: 
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stable crack growth:   
𝑑𝐺

𝑑𝑐
 < 

𝑑𝑅

𝑑𝑐
   or  

𝑑𝐾𝐴

𝑑𝑐
 < 

𝑑𝐾𝑅

𝑑𝑐
 

instable crack growth:    
𝑑𝐺

𝑑𝑐
 > 

𝑑𝑅

𝑑𝑐
  or  

𝑑𝐾𝐴

𝑑𝑐
 > 

𝑑𝐾𝑅

𝑑𝑐
 

Stable crack growth requires increasing load to maintain crack growth, whereas instable 

crack growth leads to spontaneous fracture. The transition is at the point where the G-curve 

is tangent to the R-curve or the KA curve is tangent to the KR curve. At this point, KA has 

reached a critical value of stress intensity, KIC, called the fracture toughness. GIC is 

analogous. KR can be determined experimentally, as long as the Young’s modulus of the 

material is known. This is advantageous when the shape factor of the given material and 

loading conditions cannot be determined analytically. 

Determination of crack tip toughness and the microstructural shielding term 

The crack tip toughness of a material is an important parameter representing the stress 

intensity factor when crack growth begins. In practice it is difficult to measure directly, 

since crack extension measurements are usually measured starting from a notch or a sharp 

crack that has be cut to make it a short crack (to remove the bridged zone). This method was 

developed by Steinbrech and Knehans [72] in order to measure the R-curve behaviour of 

alumina as a function of grain size. However, in this method it is essential to have a 

continuous crack front. This necessitates a minimum crack length of 100 to 200 µm, where 

it is not possible to ignore the effects of a crack bridging region. 

Fett et al. [73] developed a method to determine KIO using a strain gauge to detect the first 

deviation from linearity in the load-displacement measurement of a V-notched beam under 

four-point loading. KIO can also be determined by measuring the profile of a crack under 

load, also called crack opening displacement or COD. The width of the crack is measured 

from the tip of the crack, through the bridged region to well within the unbridged region of 

the crack. Ideally this would be measured at the critical load. However, since this would 

lead to crack extension, the crack profile is measured at one or more loads below the critical 

load and extrapolated to the critical load. Using the Irwin equation [74], KIO can be 

calculated by fitting an appropriate function to the first 50 to 100 µm of the crack profile 

(equation 2.13): 
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                                             u(x)= 
𝐾𝐼𝑂

𝐸′
√

8𝑥

𝜋
                                              (2.13) 

Results obtained with the COD method have shown that the strain gauge technique 

overestimates KIO [75]. Kounga et al. [76] developed a more rigorous mathematical 

approach based on the Irwin equation. It takes the whole of the measured COD into account 

when calculating KIO. However, since this yielded similar results to the Irwin approach, the 

simpler Irwin approach is used in this work. Different methods used to measure the crack 

profile include optical interference [77], SEM [78], Raman microscopy [79] and atomic 

force microscopy [80]. Once KIO has been determined, Kµ(∆c) can thus be determined 

according to equation 2.11. 

2.4. Toughening mechanisms 

There are two broad categories of toughening mechanisms: process zone mechanisms and 

crack bridging mechanisms. In some ceramic materials and CMCs the high stress at the 

crack tip triggers particular processes in a finite area around the crack tip. This is known as 

a process zone. Some examples are localised microcrack formation (which in contrast to 

thermally induced microcracks do not weaken the material), phase transformation or 

ferroelastic domain switching. As the crack grows into the process zone, this zone applies 

closure stresses to the crack wake such that a higher load is required for further crack 

propagation. Since this category is not relevant to alumina-copper composites, this will not 

be dealt with further. Of particular relevance are crack bridging mechanisms. These have 

been discussed in detail by Rödel [71]. The four major categories are: i) elastic or intact 

bridges, ii) plastic or friction bridges, iii) elastic-plastic or mechanically interlocking bridges 

and iv) ductile bridges. These categories are illustrated in figure 2.5.  
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Figure 2.5: Schematic representation of possible bridging mechanisms: a) and b) intact 

(elastic) bridges with a) constant delamination length and b) increasing delamination length; 

c), d) friction (plastic) bridges of different geometries; e) and f) different forms of 

mechanical interlocking; ductile bridges with failure due to g) necking or h) cavity 

formation [71]. 

In interpenetrating metal-ceramic composites, the dominant toughening mechanism is due 

to ductile bridging. Many aspects of the metallic bridges can affect the toughening 

behaviour: 

1. the morphology including metal ligament diameter, ligament orientation and metal 

content 

2. the properties of the metal like yield strength, Young’s modulus and ductility 

3. the interaction between the metal and ceramic phases including interface strength and 

difference in thermal expansion coefficients 
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By tailoring the microstructure of the metallic network via the porous ceramic preform it is 

possible to influence the p(u) function and thus the mechanical properties of the composite. 

The influence of the metal ligament diameter on the p(u) function and the R-curve is shown 

in figure 2.6. During crack propagation finer metal ligaments lead to a steeper p(u) curve 

with a smaller critical crack opening at which the ligament fails. The area under the curve 

is proportional to the energy absorbed by the bridging elements. Finer ligaments can only 

accommodate limited dislocation motion (plastic deformation) and thus only dissipate a 

limited amount of energy. In coarser metal ligaments more dislocation motion is possible, 

thus the plastic deformation and dissipated energy is larger. This leads to smaller crack 

closure stresses for a given crack opening and an increase in the critical crack opening. The 

initial slope of the p(u) curve is reduced, while the peak value remains constant and is shifted 

to a higher u. Similarly, the slope of the R-curve is also lower. The plateau value of crack 

resistance is higher since the coarse ligaments are able to accommodate more strain. The 

fracture toughness is higher due to the higher plateau but the fracture strength lower due to 

the lower slope of the R-curve.  

Figure 2.6: Schematic diagram describing b) p(u) functions and c) R-curves for metal 

reinforced ceramics with varying metal ligament diameter a), based on the assumption of 

scale independent metal deformation [34].  

The effect of metal content on the R-curve is shown in figure 2.7. With increasing metal 

content both the slope and the peak of the R-curve are higher. For a constant metal ligament 

diameter, with increasing metal volume fraction, the ligaments must be closer together, 

resulting in a steeper slope. A higher metal content means that more energy is absorbed by 

plastic deformation, hence the higher plateau. Thus with increasing metal content, both the 

fracture toughness and fracture strength increase. 
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Not just the morphology of the composite effects the p(u) curves; the properties of the metal 

phase also play a role. The yield strength, Young’s modulus and ductility of the metal phase 

also have an effect on the p(u) function. A higher yield strength enables each ligament to 

withstand a higher stress before failing, thus increasing the peak value. A higher Young’s 

modulus would increase the initial slope of the p(u) curve, analogous to a stress-strain curve. 

An increased ductility would enable each ligament to plastically deform further and absorb 

more energy before failing, thus shifting the peak of the p(u) curve to higher u values. 

 

Figure 2.7: Schematic diagram describing the effect of metal fraction on the R-Curve [34]. 

 

Figure 2.8: Schematic diagram describing the variation in the p(u) function with varying 

constraint of the metallic phase [81]. 

The interaction between the metal and ceramic phases also influences the p(u) curve. A high 

interface strength means that the metal ligaments are highly constrained and vice versa. The 

effect of mechanical constraint is shown in figure 2.8. A low interface strength between the 

two phases causes delamination between the metal ligament and the ceramic during crack 

propagation. The length of the ligament able to plastically deform is longer, meaning more 
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energy can be dissipated leading to a higher toughness value. The higher the difference in 

thermal expansion coefficient between the metal and ceramic phase, and the higher the 

processing temperature, the more thermal residual stress is present within the composite. 

This is before any external load is applied. The compressive stress present in the ceramic 

phase is advantageous, since more opening stress can be applied before the compressive 

stress is reversed and the tensile stress for crack growth is reached. The tensile stress present 

in the metallic phase would allow for less elastic deformation before the yield stress is 

achieved and plastic flow occurs. 

2.5. Thermal expansion and conductivity 

Thermal strain 

In homogeneous materials, the strain-temperature curves generally follow the same path for 

heating and cooling. In metal-ceramic composites the thermal expansion behaviour is more 

complicated. Skirl et al [23] found the strain curves of interpenetrating alumina-aluminium 

composites to be hysteretic, with the strain curve higher upon heating and lower upon 

cooling. The total strain increased linearly with metal content, but the amount of hysteresis 

was unaffected. The hysteresis was proposed to be due to one or more of the following 

reasons: i) flow of metal into residual porosity, ii) microcavitation in the metal phase formed 

during cooling after production, or iii) intrusion/extrusion of metal ligaments at the surface 

of the sample (≈ 6.5 µm). Hoffman et al [57] explained the results from Skirl et al using two 

different models. The first approach was a macroscopic consideration of the total composite 

strain based on the variation of stress in the metal phase during thermal cycling. The second 

approach was a micromechanical consideration of time-dependent effects in the metal 

phase, such as creep. Figure 2.9 a) is a representation of the effect of stress and plastic flow 

in aluminium upon macroscopic thermal expansion. This describes the typical hysteretic 

strain curve of the alumina-aluminium composites. Figure 2.9 b) schematically shows the 

variation of stress in aluminium as a function of temperature. The different regions in the 

curve are explained in detail in [57] so only a brief description of regions 1 to 5 will be 

given here. 
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Curve 1: Starting at Tvisc, upon cooling the metal shrinks elastically and tensile stress builds 

up. 

Curve 2: There is a decrease in the slope of the curve when the tensile yield stress of the 

metal is reached with further strain requiring plastic deformation. The stress in the metal 

remains constant. Here cavitation or delamination may occur. 

Curve 3: Upon reheating the metal expands elastically and is parallel to curve 1. The tensile 

stress in the metal is reduced to zero and compressive stress builds. 

Curve 4: When the compressive yield stress of the metal is reached the slope of the curve 

decreases and the stress in the metal remains constant. The balance between thermal strain 

and gradual reduction of plastic strain leads to the slope of the curve (CTE) being less than 

that of pure alumina. 

 

Figure 2.9: (a) Schematic representation of the effect of plastic flow in the aluminium upon 

macroscopic strain ǫ∗ and the application of approach 1 to calculate (b) stress in the metal 

phase as a function of temperature [57]. 

Curve 5: Tvisc has been reached as the metal flows viscously, leading to a relaxation of stress 

to zero. The slope of the composite strain curve approaches that of pure alumina. 

The second model considered the effects of different creep mechanisms at different 

temperatures, but was acknowledged to be inappropriate in the case of extensive cavitation 

or microcracking, as might be expected in alumina-copper. It was concluded that the plastic 
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deformation of the metal was largely due to diffusion based processes at high temperatures 

and a limited amount of cavitation yielding close to room temperature. 

Alumina-aluminium has a strong interface whereas alumina-copper does not. Since no 

publication on the thermal strain behaviour of alumina-copper were found, the thermal strain 

behaviour of another system with a weak interface, alumina-Ni3Al, is briefly described here. 

Skirl et al. [56] found there to be no hysteresis in strain curve up to 900 °C. Between 900 

and 1000 °C there was a small hysteresis. It was presumed that there was only elastic 

deformation of Ni3Al below 900 °C and that the weak interface prevented a stress build up. 

For the same reason it was assumed there was only a minimal amount of residual stress 

present after production, although this was not measured. The total strain increased with 

increasing Ni3Al content, but the amount of hysteresis was not significantly affected. 

Coefficient of thermal expansion (CTE or α) 

CTE is calculated either as an average value across a particular temperature range, (∆ε/∆T), 

or as an instantaneous value, (dε/dT), and is often plotted against temperature. There are a 

number of different models to predict the variation in CTE with composition in two 

component composites. The simplest is the Wiener model [82,83], analogous to the rule of 

mixtures (RoM), but derived for thermal and electrical properties. In equation 2.5, E is 

simply replaced with α. This assumes that both phases are able to slide freely and do not 

exert a force upon each other. There are two different models to predict the CTE of 

composites with a strong interface, where both phases deform elastically; the Kerner and 

Turner models. 

i) The Kerner model [84]: considers a spherical particle of one phase enclosed by a 

matrix (perfectly bonded), as in an MMC or a CMC. By using an averaging procedure due 

to Bruggeman [85], and analysing the effect of a uniform hydrostatic compression and of a 

uniform tension on an average grain, an equation for the bulk modulus was found. The 

composite CTE was found from an analysis of the dilatation and bulk stress when the 

composite as a whole is subjected to some small temperature change: 

                                        α= f1α1 + f2α2 + [
4𝐺2 

𝐾𝑐
] [

(𝐾𝑐−𝐾1)(𝛼2−𝛼1)𝑓1

4𝐺2+3𝐾1
]                           (2.14) 
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Where subscript 1 and 2 represent the outer phase and inner phase, respectively, K is the 

bulk compression modulus, G is the shear modulus and Kc is the bulk compression modulus 

of the composite. 

The Turner model [86]: a purely hydrostatic stress is applied and it is assumed that there 

is a homogeneous strain across the composite. No shape factor is taken into account. This 

was one of the first models for composite CTE that took the elastic constants of the 

constituent phases into account. This model would be expected to be more suitable for 

interpenetrating composites [23, 87], since the interpenetrating structure would cause 

constraint of each phase such that the strain should be homogeneous throughout the sample, 

which is not the case with MMCs or CMCs ( Kerner model). The equation for the composite 

CTE is: 

                                                α = 
𝑓1𝐾1𝛼1+𝑓2𝐾2𝛼2

𝑓1𝐾1+𝑓2𝐾2
                                                 (2.15) 

Hsieh et al. [88] measured the thermal expansion behaviour of alumina-Ni3Al composites 

from 0 to 100 % alumina and found the Kerner and Turner models the only bounds to be 

able to encompass all experimental data. 

Thermal conductivity 

The most important mechanism of heat transfer in solid materials is conduction. The ability 

of a material to transport heat is described by λ, the thermal conductivity (unit W/mK). This 

describes the heat flow, dQ/dT, through the cross section of a material with an area, A, that 

is under a temperature gradient of dT/dx. The relationship is analogue to the equation for 

diffusion: 

                                              
𝑑𝑄

𝑑𝑡
 = λA 

𝑑𝑇

𝑑𝑥
                                                    (2.16)  

Thermal conductivity can be measured using either steady-state methods or transient 

methods. 

i) Steady-state: In steady state methods, the temperature difference across a sample is 

constant. For example, if a temperature difference, ∆T, across a sample of length, L, and 
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cross section, A, is applied using electrical power (P = V2/R) with a known voltage, V, and 

resistance, R, in ohms, to supply the heat flow dQ/dt = P, equation 2.16 can be rearranged 

to calculate the thermal conductivity: 

λ= 
𝑉2𝐿

𝑅𝐴∆T
                                               (2.17) 

This method is mathematically simple, however, requires a constant temperature difference 

across the sample to have been achieved. This can be time consuming. 

ii) Transient: In transient methods, the change of temperature over time is measured. 

The differential equation for heat transport is analogue to Fick’s second law of diffusion: 

                                                         
𝒅𝑻

𝒅𝒕
 = a 

𝜕2𝑇

𝜕𝑥2                                                                       (2.18)       

where a is the thermal diffusivity of the material. To determine thermal conductivity, the 

following relationship is used: 

                                                    λ= aρCp                                                                                             (2.19) 

where Cp is the heat capacity and ρ the density of the material. One such method is the 

’Laser-flash’ method [89]. A thin disk-shaped sample is heated on one side with a short 

laser pulse and the change in temperature on the other side is detected with an infrared 

detector. This method is much faster than any steady-state method, however, 

mathematically more complicated. 

The thermal conductivity of a material is strongly influenced by its microstructure. Any 

defects, pores or microcracks can significantly decrease the conductivity. If the material is 

anisotropic, the conductivity will also be anisotropic. In composites, the thermal 

conductivity will be between that of the phases composing it. The interface between phases 

also effects the conductivity. The interface itself is a barrier to heat flow. Any delaminated 

areas on the interface cause a significant decrease in conductivity, since the thermal 

conductivity of air is much lower than that of typical solids. 
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The variation of thermal conductivity with composition in a two phase composites can be 

described by a number of models. As in CTE, the Wiener model [82,83], analogous to the 

rule of mixtures (RoM), can be used. In equations 2.5 and 2.6, E is simply replaced with λ. 

The Hashin-Strikman bounds: Using similar principles to the derivation of the bounds for 

elastic properties (section 2.2.1), Hashin and Strikman [90] also developed bounds for 

thermal and electrical properties that can be applied to thermal conductivity. The equations 

for the upper (U) and lower (L) bounds are: 

                                                     λHS−U = λ2 +  
𝑓1

1

𝜆1−𝜆2
+

𝑓2
3𝜆2

                                (2.20) 

                       λHS−L = λ1 +  
𝑓2

1

𝜆2−𝜆1
+

𝑓2
3𝜆1

                            (2.21)  

  

where the subscript 1 and 2 represents the phases with the lower and higher thermal 

conductivity, respectively. 

The Lichtenecker average 

Lichtenecker [91] was the first to consider an interpenetrating composite geometry in the 

modelling of electrical and thermal properties of composites. It is based on a unit cell of a 

cube with one phase located at the edges of the cube, the other phase within the cube. An 

elegant averaging formula was derived based on slicing the microstructure into many thin 

slices and considering either infinite conductivity surface between two slices, or infinite 

resistance. These two conditions ultimately lead to a combination of mixing rules, like RoM. 

The general equation is: 

                                               KC = 𝐾1
𝑓1

 + 𝐾2
𝑓2

                                                                                                        (2.22) 

where K stands for any material constant, subscript C for composite, subscripts 1 and 2 for 

the two components and f the volume fraction of the respective component. This formula is 

basically a generalized geometric mean. It has been shown to match many experimental 

results dielectric constants, the light refraction indices, thermal conductivities and electric 

resistivities [92]. 
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2.6. Fracture toughness  

The common interpretation of the plane-strain fracture toughness KIC, defined by ASTM E 

399, is a specimen size insensitive lower bound fracture toughness corresponding to plane-

strain stress state. The interpretation is due to the original work by George Irwin where he 

postulated the expected effect of specimen thickness on fracture toughness. George Irwin 

based his conclusions on maximum load toughness behavior of center cracked tension 

specimens of two aluminum alloys, combined with the specimens macroscopic fracture 

surface appearance [93]. The choice of method for determining the fracture toughness 

depends on the availability of time, resources and level of precision required for the 

application. In practice, measurements of KIC require certain microstructural conditions on 

the material to allow propagation of cracks through it in a consistent manner. The strength 

of materials is governed by the known theory of Griffith, [94] which relates the strength (S) 

with the size of the defect or crack (c) by: S = YKIC/c1/2. One particularly attractive 

procedure due to its simplicity for routine evaluations of engineering materials is the 

indentation fracture (IF) method. Although the IF method can only measure approaches of 

the values of KIC, is a convenient technique for evaluation of many brittle engineering 

materials. This technique is based on normalized standards hardness tests. [95, 96] 

2.7. Alumina-metal composites 

 Dominique Osso et.al, [97] reported that the synthesis of powder A1 2O3-metal composites 

can be performed by room temperature ball-milling of mixtures of metal-oxides and 

aluminum. Such composites may also be prepared by direct grinding of a mixture of A1 2O3 

and of a metal or an alloy to improve the mechanical properties. 

2.7.1. Alumina-titanium composite  

Sergio J. Esparza-Vázquez et.al, [98] on their study on Strengthening of Alumina-Based 

Ceramics with Titanium Nanoparticles, reinforce titanium particle on alumina to increase 

its fracture toughness. Alumina is a very useful ceramic because of its wide variety of 

applications [99]. Its use is mainly due to its high hardness and compression strength as well 

as high electrical and thermal insulation properties. Furthermore, its uses range from the 

manufacture of cutting tools and medical implants to the manufacture of insulating materials 

both electrical and thermal. However, due to their low resistance to fracture, which is a 

common feature of all ceramic materials, their utility has not been expanded [100]. In order 

to reduce the brittleness of alumina, other studies have prepared different matrices of 

alumina ceramics strengthened with metallic particles, and demonstrated that the size and 
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uniform distribution of the particles in the ceramic matrix contributed to obtain composites 

with good mechanical properties, and especially increased fracture toughness [101]. One of 

the main problems of the previously mentioned systems is that sophisticated processing 

techniques are employed for the production of composites, which involves expensive and 

often few productive processes. Enrique Rocha-Rangel et.al, [102] showed that 

Strengthened Al2O3-based composites can effectively be reinforced by inducing fi ne 

dispersions of TiC/Ti, throughout a combination of experimental techniques, such as; 

mechanical milling, pressureless sintering PLS (Aratmosphere) and cementation process 

(vacuum). The later provided that Al2O3, Ti and activated carbon fine precursor powders 

are bring together as to react upon sintering forming a functionally graded- cemented layer. 

This in-situ synthesis method produces composites that are greatly sinterable and do exhibit 

enhanced toughness, as compared to monolithic-Al2O3 ceramics. This toughening 

improvement technique offers the possibility of a low synthesis cost, turning into an 

attractive synthesis route for scaling the process up to a pilot plant-level. N. Travitzky et.al, 

[103] reported Crack deflection by alumina grains and crack bridging by the more ductile 

intermetallic may control the fracture toughness of these composites. Dense alumina–TiAl–

Ti3Al composites were fabricated by thermal explosion (SHS) of TiO2–Al powder blend 

performed in a rigid die under a low applied pressure. 

 

2.7.2. Alumina-copper composite  

E. Rocha-Rangel and J. G. Miranda-Hernández [104] studied the fracture toughness of 

Alumina-Copper Composites through an intense mixing process of Al2O3 powder with 

different copper contents. It becomes significant that, the copper metallic phase is more 

noticeable, found forming elongated thin shapes in the grain surroundings in the alumina 

matrix that are shaping partially the metallic net as a result of the copper increase in the 

composition, which is taking up some of the porosity spaces in the porosity, thus 

diminishing it. Their study shows that, in Al2O3-10% Cu composite, the metallic network is 

still partial and isolated, although is more visible due to the greater metal content in the 

composition. Another appreciably observation is the growth of both grains and pores size, 

and in Al2O3-20% Cu composite the grain in the microstructure is now bigger, the pores are 

larger but their number has diminished.  

The liquid helps to obtain dense composites because it goes into the material’s bulk filling 

the sites previously occupied by pores, thus forming an interpenetrating network with the 
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ceramic matrix. At this respect, it is important to mention than several authors [105, 106] 

have documented good wetting of Al2O3 ceramic by liquid copper. 

2.7.3. Alumina-graphene composite  

High-frequency induction heat sintering (HFIHS) technology was employed for fabrication 

of highly dense (>99.5%) graphene-reinforced alumina nanocomposites. The mixed 

powders were consolidated at temperatures up to 1500 °C with 0.25 to 3.0 wt.% exfoliated 

graphene n’’anosheets (GNS). Compared with monolithic alumina, there was grain size 

refinement by 46%with an associated increase in the fracture toughness (by 72%) and 

hardness values (7%). Electron microscopy revealed that exfoliated GNS retained their 

inherent planar structure against any possible chemical and/or thermal adverse effect caused 

by rapid sintering. The intrinsic 2- dimensional sheet morphology and flexibility of the GNS 

promoted formation of large Al2O3/GNS interfacial area, thus leading to a dominant 

reinforcing mechanism via grain anchoring. The presence of GNS at the grain boundary 

areas not only inhibited grain growth through pinning effect, it also modified friction traits 

at nanoscale level by inducing slip–stick phenomenon that increased the Al2O3/GNS 

interfacial strength by means of improved efficiency of graphene pull-out and crack-

bridging that subsequently imparted toughness and altered the failure behavior of the 

composites. A possible correlation between GNS incorporation into Al2O3 matrix and the 

resulting mechanical properties is established through high-resolution TEM studies that 

indicated graphene/alumina interface formation without any presence of severe intermediate 

phases.[107] 

2.7.4. Alumina/zirconia-silver composite  

Jerome Lalande et.al, [108] reported that attrition milling of alumina and silver in acetone 

leads to slightly finer and more homogeneous Ag distribution in the alumina matrix than 

when water is used. An ultrafine alumina powder is detrimental for refining the mixture. 

The strength of a 10 vol.% Ag material is 590 MPa, similar to that of the corresponding 

ZrO2– Al2O3 ceramic, and fracture toughness is higher: 5.1 MPa m1/2 compared to 4.6 MPa 

m1/2 without silver addition. It is not possible to get interconnected metal inclusions with 

this system because silver vaporizes during sintering. High amounts of silver degrade the 

mechanical resistance. However, the toughness enhancement achieved by crack bridging is 

still observed by incorporating 20 vol.% silver. 
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2.7.5. Alumina-Aluminium composite  

K. Konopka and M. Szafran [109] studied the fabrication of Al2O3–Al composites by metal 

infiltration into porous preforms. This technique allows to obtain homogeneous distribution 

of metallic phase in the ceramic matrix. The pores were nearly fully infiltrated by metal. 

Using Ni–P coating on ceramic preforms improved wetting Al2O3 by Al. Ni–P were 

deposited in form of a thin, tight film, which encapsulated ceramic grains. The wetting 

behavior between aluminium and alumina with and without Ni–P coating showed 

interaction between Al and Al2O3 coated by Ni–P layer. This interaction leads to bonding in 

a contact area. As a consequence, during the process of infiltration the liquid Al contacts 

first with Ni and then migrates inside porous preform. However, the process of Al released 

caused by pressing is observed. This effect should be taken into consideration in designing 

of composites (in calculation of the amount of Al which is needed for full infiltration). 

During the process of infiltration, the new phases appeared. Among them, there are spinel 

phase and aluminides. These phases are an evidence of diffusion reaction between liquid 

aluminium and alumina. As a consequence, they can influence the fracture toughness of the 

composites. Green compaction of samples plays a fundamental role in fabrication of 

alumina/aluminum composites. Vibration is found an inappropriate method in this respect. 

It is found that density increases while porosity decreases as a result of the sintering and the 

oxidation reaction proceeding. No significant changes in the density and porosity are 

observed in the range of sintering temperatures selected. On the other hand, the expansion 

due to oxidation can overcome the shrinkage determined by sintering and the volume of 

samples increases, while the density decreases. The strength of the composites increases 

with temperature increase because of porosity decrease brought about by the sintering 

progress. [110] 
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CHAPTER 3   MATERIALS AND METHODS 

3.1. Material selection  

Alumina powders 

A high purity alumina (Sigma-Aldrich, 99.5% purity, 210µm) was chosen as the main matrix 

material for this study. It does not need to be very fine in order to give a pore channel 

diameter large enough to be infiltrated with Titanium and copper.  

Titanium/Copper 

A high purity Titanium (Sigma-Aldrich, 98.8%, 200µm) and copper (Sigma-Aldrich, 

99.8%, 200mesh, free of oxygen and phosphorous) was chosen as the metallic reinforcement 

of these interpenetrating ceramic-metal composites for a number of reasons. Firstly, 

titanium, however it has a low density, its higher strength gives a high fracture toughness to 

alumina. Secondly, a high thermal conductivity was one of the target properties. Copper 

was chosen since it gives the best of the two properties, fracture toughness and conductivity, 

together than any of the metals do. The high ductility of copper (60 % elongation to break 

at room temperature) makes it a good candidate for providing a high fracture toughness in 

a composite. The wettability of copper on alumina can be enhanced by alloying with 

titanium, which is a typical reactive wetting system (see chapter 2.2.3), so that the reinforced 

metallic particles can easily penetrate in to the pores of the matrix and fills out the pore 

inorder to reduce its volume which then results in a better density and enhanced fracture 

toughness. 
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Figure 3.1: Starting materials i.e. Ti/Cu/Al2O3 from left to right 

3.2.  Material preparation and Synthesis 

Five different compositions, Al2O3 being the principal component, whereas the content of 

Ti and Cu varied according to the following contents: (0.0 wt %, 3.0 wt %) and (0.0 wt %, 

1.0 wt %, 2.0 wt %, and 3.0 wt %) were first prepared by weighing the powders using a 

weighing balance in the desired proportion and mixed with alumina.  

       

Figure 3.2: A weighing balance and powders of a) Alumina b) Titanium c) Copper 

 

(a) (b) (c) 
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Table 3.1: The proportion of reinforced metals, Ti and Cu to that of matrix Al2O3 

Compositional 

proportion 

Al2O3 (wt %) Ti (wt %) Cu (wt %) 

1 100.0 0.0 0.0 

2 97.0 3.0 0.0 

3 96.0 3.0 1.0 

4 95.0 3.0 2.0 

5 94.0 3.0 3.0 

 

There were a total of 30 samples prepared for the different sintering time and sintering 

temperature values. 

Miling 

These compositions were processed by high energy milling using a planetary mill type 

(Planetary mono mill Pulverisette 6) with ZrO2 grinding elements of 1 cm and 2.5 cm 

diameter and a cylindrical stainless steel vessel with a volume of 250 ml. The milling was 

carried out for 6 hours at 250 rpm in dry. The powder weight/ball weight ratio was 1:14, 

using the volume of 1/3 of the container. 

Green body formation 

Cylindrical samples of each composition with 2 cm and 0.45 cm of diameter and thickness 

respectively, were compacted using 65 MPa pressure, with the aid of a uniaxial press. The 

powders let to compact into a rigid die by applying a 65 MPa pressure in a single axial 

direction through a rigid piston with a 60 second holding time. 
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Figure 3.3: Pressed green bodies of monolithic Alumina and Alumina-Ti/Cu composites  

Sintering  

For a very good compaction, a reduced porosity and better densification, the green samples 

were sintered in an electric tube furnace at 1300˚C, 1200oC and 1100oC for 2 and 3 hours. 

In all cases, a heating rate of 10˚C/min and a volumetric flow of nitrogen gas of 15 cm3/min 

in the furnace combustion chamber were employed. The sintering temperatures of 

composites must be lower than the melting temperature of the matrix material, in this case 

Al2O3. 

           

Figure 3.4: Sintered samples a) Al2O3,  b) Al2O3-3%Ti,  c) Al2O3-3%Ti-1%Cu,   

d) Al2O3-3%Ti-2%Cu  e) Al2O3-3%Ti-3%Cu at different sintering temperature 

and time range. 

(a) (b) (c) (d) (e) 
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3.3. Sample nomenclature 

Based on the reinforced metals (Titanium and copper) and their volume fraction, the 

apparent sintering time and temperature, the following sample nomenclature will be used 

from this points onwards: 

A1=Al2O3 sintered for 2 hours at 1100 0C 

A11=Al2O3 sintered for 3 hours at 1100 0C 

A2=Al2O3 reinforced with 3wt% Ti sintered for 2 hours at 1100 0C 

A21=Al2O3 reinforced with 3wt% Ti sintered for 3 hours at 1100 0C 

A3=Al2O3 reinforced with 3wt% Ti-1wt% Cu sintered for 2 hours at 1100 0C 

A31=Al2O3 reinforced with 3wt% Ti--1wt% Cu sintered for 3 hours at 1100 0C 

A4= Al2O3 reinforced with 3wt% Ti-2wt% Cu sintered for 2 hours at 1100 0C 

A41= Al2O3 reinforced with 3wt% Ti-2wt% Cu sintered for 3 hours at 1100 0C 

A5= Al2O3 reinforced with 3wt% Ti-3wt% Cu sintered for 2 hours at 1100 0C 

A51= Al2O3 reinforced with 3wt% Ti-3wt% Cu sintered for 3 hours at 1100 0C 

B1= Al2O3 sintered for 2 hours at 1200 0C 

B11= Al2O3 sintered for 3 hours at 1200 0C  

B2= Al2O3 reinforced with 3wt% Ti sintered for 2 hours at 1200 0C 

B21= Al2O3 reinforced with 3wt% Ti sintered for 3 hours at 1200 0C 

B3= Al2O3 reinforced with 3wt% Ti-1wt% Cu sintered for 2 hours at 1200 0C 

B31= Al2O3 reinforced with 3wt% Ti-1wt% Cu sintered for 3 hours at 1200 0C 
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B4= Al2O3 reinforced with 3wt% Ti-2wt% Cu sintered for 2 hours at 1200 0C 

B41= Al2O3 reinforced with 3wt% Ti-2wt% Cu sintered for 3 hours at 1200 0C 

B5= Al2O3 reinforced with 3wt% Ti-3wt% Cu sintered for 2 hours at 1200 0C 

B51= Al2O3 reinforced with 3wt% Ti-3wt% Cu sintered for 3 hours at 1200 0C 

C1= Al2O3 sintered for 2 hours at 1300 0C 

C11= Al2O3 sintered for 3 hours at 1300 0C 

C2= Al2O3 reinforced with 3wt% Ti sintered for 2 hours at 1300 0C 

C21= Al2O3 reinforced with 3wt% Ti sintered for 3 hours at 1300 0C  

C3= Al2O3 reinforced with 3wt% Ti-1wt% Cu sintered for 2 hours at 1300 0C  

C31= Al2O3 reinforced with 3wt% Ti-1wt% Cu sintered for 3 hours at 1300 0C 

C4= Al2O3 reinforced with 3wt% Ti-2wt% Cu sintered for 2 hours at 1300 0C 

C41= Al2O3 reinforced with 3wt% Ti-2wt% Cu sintered for 3 hours at 1300 0C 

C5= Al2O3 reinforced with 3wt% Ti-3wt% Cu sintered for 2 hours at 1300 0C 

C51= Al2O3 reinforced with 3wt% Ti-3wt% Cu sintered for 3 hours at 1300 0C 

For example, sample C31 is alumina reinforced with 3wt% titanium and 1wt% copper, 

which is then sintered for 3 hours at 13000C. 
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3.4. Characterization 

3.4.1.  Microstructure and composition 

The samples were examined in an optical microscopes and their images were analyzed to 

observe the morphology of the composites.  

3.4.2. Density 

The density of both the green body, the compacted preform before sintering, and the samples 

after sintering was estimated with Archimedes’ principle which aids the determination of 

density by providing a convenient and accurate method for determining the volume of a 

solid object whatever its shape is, whether it is regular or irregular. 

For all the samples prepared for this study, their weight in the air (m) is measured and then 

submerged in water and their weight in water (m1) is also recorded. It is clear that it has 

displaced the difference between the weight in air and the weight in water (m-m1) gram of 

water. Since water has a density of 1 gram/cm3, this implies the volume of the object (v) 

would be the value of the displaced water in cm3, so that the density of the object (ρ) is then 

the ratio of its mass in air to the volume of the displaced water: 

                                                               ρ=m/v                                                                  (3.1) 

3.4.3. Mechanical Properties 

3.4.3.1. Young’s modulus 

The Young’s modulus, E, of metal-ceramic composites generally lies between that of 

the two components.  The value of E was determined as a function of the composite composition, 

using the equations of the Voigt (U) and Reuss (L) boundaries of E.  

3.4.3.2. Hardness 

Hardness was tested with a Vickers hardness tester (HVS-50).  It was tested under a load of 10 N 

for 15 sec indentation holding time. This was to ensure that the indentation covered an area 

representative of the composite. Three indentations were made on each sample and lengths of the 

diagonals of each indentation (d1 and d2, average value d in mm) indentation used to calculate 

hardness, HV (GPa) according to equation 3.2: 

                                                        HV=1.8544
𝐹

1000𝑑2                                      (3.2) 
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3.4.3.3. Fracture toughness 

The fracture toughness of the samples was determined from the hardness value obtained 

from the Vickers indentation using the equation of fracture toughness evaluation from 

Vickers indentation by Niihara which is the most common method of finding fracture 

toughness from indentation. 

                              KIC=0.00165E0.4F0.6a-0.7(
𝑐

𝑎
)-1.5                                                                          (3.3) 

Where E is young’s modulus in GPa, F indentation load in N, a and c are half the length of 

the indentation diagonal and crack length in µm respectively. 

3.4.4. Electrical resistance 

The electrical resistivity of both monolithic Alumina and Alumina-Ti/Cu composites was 

determined using the four point probe resistivity measurement in which a 2 mA constant 

current passes through the two outer probes and measures the voltage through the inner 

probes which allows the measurement of the samples resistivity using the following 

empirical equation. 

                                    ρ = 
𝑉
𝐼

𝜋𝑡

(
𝑠𝑖𝑛ℎ(

𝑡
𝑠)

𝑠𝑖𝑛ℎ(
𝑡

2𝑠
)
)

                                       (3.4) 

Where V: voltage in volts, I: current in Ampere, t and s are sample thickness and probe 

spacing respectively. 
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CHAPTER 4   RESULTS AND DISCUSSION 

4.1. Microstructure and Composition 
Figure 4.1 shows micrographs obtained by optical microscope (OM). The micrographs 

presented here correspond to samples sintered at 1300˚C during 3 h, for different contents 

of Ti and Cu in the composite. It may be observed that the grain growth is greater with 

increments of titanium and copper content. Samples with 3 wt% Ti and 3 wt% Cu show a 

microstructure with good distribution and uniform grain size, due to the good thermal 

conductivity of Ti/Cu that adequately dissipates a portion of the thermal energy generated 

during sintering; thereby contributing to obtaining the good values of densification showed 

in the previous section. The opposite occurs with the samples with lower reinforcement 

content, where non uniform distribution of particles in the microstructures are observed. 

This situation is due to the significant energy absorption by titanium particles, energy which 

is consumed by the sample through the grain growth. 

 

 Figure 4.1: Micrographs of the sintered samples at 1300˚C during 3 hours. 

 

Figure 4.2 below represents the x-ray diffraction patterns corresponding to the sintered pure 

Al2O3, 3%Ti, 3%Ti-1%Cu, 3%Ti-2%Cu and 3%Ti-3%Cu composites. Diffractograms 

indicate Al and O peaks in the pure Al2O3 sample. Well distinguishable Al, O, Ti and Cu 

peaks also can be observed in the Alumina-Ti/Cu composites. No peak relating to new 
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intermetallic compounds between Alumina and reinforcements can be detected. This 

confirms no reaction occurs between Al2O3 and reinforcement particles and supports the 

formation of Al2O3 composite structures. For the case of the sample with 0 wt% Ti and 0 

wt% Cu, obtained spectra indicates the presence of oxygen and aluminum in the sample, 

feature that corresponds to the composition of the ceramic matrix (Al2O3). 

 

Figure 4.2: X-Ray diffraction patterns of the sintered samples at 1300˚C during 3 hours.  

4.2. Density 

Results of the relative density measurement of the sintered samples are observed in Figure 

4.3. In samples sintered at 1300˚C during 3 h (Figure 4.3 (a)) with contents of 3% Ti and 

3% Cu the highest values were obtained, while for greater amounts of Ti there was a 

downward trend in the density of the composites especially around 1200oC. These results 

agree with those of granulometry, which show a greater presence of fine particles in the 

samples with 3% Ti and 3% Cu. This favors compaction of the powders and therefore, a 

homogeneous grain growth during the sintering. In samples sintered for 2 h with a variation 
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of the temperature, the positive effect of the inclusion of Ti with respect to monolithic 

alumina is observed, attaining the highest value of density at 1300˚C. Regarding the samples 

sintered at 1300˚C for different times, 2 and 3 h (Figure 4.3 (b)), the positive effect of Ti 

and Cu is similarly observed up to 1300˚C. It can be said that, temperatures of 1200˚C and 

inclusion of only 3% Ti are not suitable for the consolidation of the samples probably due 

to a significant grain growth in their microstructures, which also generates a lower 

elimination of porosity.  

Moreover, temperatures of 1100˚C and timing of 2 h sintering are not favorable conditions 

for consolidating the samples; in this case the distribution is not large enough to achieve the 

densification of the samples. Therefore, the systems with 3wt% Ti and 3 wt% Cu sintered 

at 1300˚C during 3 h are the ideal for obtaining better densified samples, since under these 

conditions almost 99% of the relative density of the samples is reached.  
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(b) 

Figure 4.3: Density of the sintered samples as a function of: (a) sintering temperature and 

(b) sintering time. 

4.3. Mechanical Properties 

4.3.1. Hardness 

In figure 4.4, two indentations are taken from microhardness testing of samples with 0.0% 

reinforcement and 3%Ti-3%Cu sintered for 3 hours at 1300˚C are observed. The figure on 

the left side has a mark obtained in the sample with 0% Ti and Cu, where the growth of a 

crack in a linear path which apparently spreads easily based on its size can be observed. In 

the sample with 3% Ti and 3% Cu inclusion (right side), it can be seen that the crack 

generated at the apex of the mark spreads and stops when it encounters a particle of Ti and 

Cu, so that it may be concluded that in the Al2O3-Ti/Cu system when a crack grows and 

hits a particle of Ti or Cu, the ductility and plastic deformation of the metal inhibits the 

growth of the crack or promotes its search for another propagation path, causing a higher 

demand of energy for the crack to grow, resulting in an increase in fracture toughness of the 

material, explaining the strengthening of Al2O3 by means of Ti and Cu. 
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Figure 4.4: Vickers Indentation images of the Al2O3-Ti/Cu composites. 

 

With respect to the hardness results, from Table 4.1 and figure 4.5, it can be seen that for all 

the systems monolithic Al2O3 is the hardest material. All the composite materials present 

hardness values between 18 and 19 GPa that are less than the almost 21 GPa reported for 

monolithic Al2O3. This is logical because a ceramic material has to be harder than the same 

ceramic material with the incorporation of ductile phases in its bulk volume.  

Table 4.1: Vicker hardness value of the composites at the three sintering temperature 

ranges, 1100 oC, 1200 oC and 1300 oC. 

Matrix 

Material 

Reinforced Metal HV (GPa) 

Titanium (wt %) Copper (wt %) 1100oC 1200oC 1300oC 

 

 

Al2O3 

0.0 0.0 21.03 20.97 20.73 

3.0 0.0 19.01 18.98 18.5 

3.0 1.0 18.97 18.95 18.90 

3.0 2.0 18.953 19.10 18.11 

3.0 3.0 18.93 18.6 18.17 
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Figure 4.5: Vicker Hardness as a function of temperature for the monolithic alumina and 

the composites 

4.3.2. Fracture toughness 

In figure 4.6, the values of fracture toughness as a function of both sintering temperature 

and time are shown. In the samples with different contents of Ti and Cu and sintered at 

1300˚C for 3 h, in relation to fracture toughness positive values up to 150% are achieved 

compared to the monolithic alumina. These results are consistent with the results of the 

density measurements and microstructure observations, where it is shown that for the 

samples with 3%Ti-3%Cu and 3%Ti-2%Cu the controlled grain growth and the 

homogeneous distribution of Ti and Cu along with the better wettability of Cu with Ti 

accentuate the obtainment of dense bodies with homogeneous microstructures, conditions 

that facilitate the strengthening of alumina by these metallic reinforcements.[98] (Figure 

4.6(a)) shows the fracture toughness of the composite as a function of temperature and for 

samples with inclusions of 3%Ti and 3%Cu sintered for 3 h, a considerable effect of Ti and 

Cu inclusions and of the temperature on fracture toughness is observed due to the 1300˚C 

at which the highest value of this property is attained. The sintered samples as a function of 

sintered time (Figure 4.6(b)) show increases in the fracture toughness. Although, these have 

inferior toughness results compared with those obtained when the temperature was varied. 
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 (a)

            (b) 

Figure 4.6: Fracture toughness of the composites Al2O3-Ti/Cu as a function of: (a) sintering 

temperature and (b) sintering time. 
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4.4.  Electrical Resistance 

Figure 4.7 displays the electrical resistance results as a function of the Titanium/copper 

content sintered at 1300 oC for 3 h in the composites. It can be observed that the electrical 

resistance reduces with the increments of copper content especially. This can be explained 

as follows; the results obtained in the composites indicate that the quantity of electrical 

current under different voltages applied follows a lineal behavior. This allows the 

determination of the electrical resistance through Ohm’s Law, applying a lineal fitting 

procedure to the experimental data. From the current-voltage experimental data it is 

estimated the electrical resistance. Comparing these results with the electrical conductivity 

of the elements constituting the composite it is found that: The alumina has an electrical 

resistivity >1014
 Ω-cm [111]. From the data it can be calculated that its electrical 

conductivity is about <10-14 (1/ Ω-cm), this means that it is very difficult for the electricity 

to pass through it. If the resistance is now computed considering the sample’s dimensions, 

the resistance is 3.4802X1013
 Ω. This means that the incorporation of copper in the ceramic 

matrix diminishes its electrical resistance in almost 50% for the sample with 30 % Cu. 

 

Figure 4.7: Resistivity as a function of composition of reinforcing metals Ti and Cu for the 

sintering temperature of 1300 oC for 3h. 
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CHAPTER 5   CONCLUSIONS AND RECOMMENDATIONS 

In this study, alumina was reinforced with Titanium (with a fixed composition) and Copper 

(with a varying composition) metallic particles in order to observe the effect of those 

metallic reinforcements on the mechanical properties of the composite and through the 

processing methodology proposed, dense alumina-based composites strengthened with Ti 

and Cu metallic particles were obtained.  

The fracture toughness of the Al2O3 was improved significantly with the reinforcement of 

the same by means of Ti and Cu nanoparticles homogeneously distributed in the ceramic 

matrix, by the better wettability of copper with titanium on the matrix. Al2O3 reinforced 

with 3% Ti-3% Cu exhibits a much better density and fracture toughness than the monolithic 

Alumina and other reinforcement compositions. The strengthening mechanism of Al2O3 is 

due to the crack deflection and crack bridging caused by the presence of homogeneous 

ductile metallic particles present in intergranular zones of the composite’s microstructure. 

On the other hand, copper and the network that it forms also help to reduce the electrical 

resistance of the composites. 

Therefore, the author recommends reinforcement of alumina ceramics with a precisely 

controlled composition of titanium and copper could significantly enhance the fracture 

toughness of Alumina, hence overcomes its limitations in structural applications. 
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