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Abstract 

Al2O3 is one of the most used ceramic oxides that finds a lot of structural applications. The thesis explores a low 

temperature sintering route of alumina through the addition of sintering additives that employ a hybrid liquid 

and solid-state sintering enhancements that can potentially promote sintering at relatively low temperatures. The 

sintering additives used are primarily mixtures of CuO and TiO2 in different combinations. The basis of study 

was made initially on the interaction of alumina with CuO, added in amount of 1wt%, 3wt%, 5wt% and 8wt%. 

Afterwards the study of addition of TiO2 was observed in the Al2O3- CuO system mentioned earlier. It was 

observed that the densification of Al2O3 improved upon the addition of these two aids, in comparison to pure 

alumina sintered at same temperature(s). The mechanical properties of the sintered pellets were also studied for 

both the systems and a comparative study was established. It was revealed that the hardness increased by the 

addition of TiO2 in Al2O3-CuO system. The best results for mechanical properties were obtained for the samples 

containing a 5wt% of copper oxide. CuO enhanced densification via the formation of a liquid phase at alumina-

alumina grain boundaries which enhanced densification kinetics, while the addition of TiO2 creates vacancies in 

the Al2O3 lattice which promotes solid state sintering. A combination of these two phenomena is expected to 

promote sintering and densification at relatively lower temperatures, used for sinter alumina conventionally. 

Upon the addition of the two, densification increased leading to an increase in micro-vickers hardness values 

from 17.5 GPa to 31.5 GPa at 1300 0C, and from 21.38GPa to 45.66 GPa at 1400 0C. While the compression at 

1300 0C of Al2O3- CuO system was 2.284 GPa while upon the addition of TiO2 its value increased to 6.29 GPa. 

At 1400 0C the value increased from 4.003GPa to 8.34GPa. Further, in alumina multiphase system CuO- TiO2- 

ZrO2 were added and studied. The optimized concentration i.e 5wt% CuO- TiO2, was considered and ZrO2 (1wt% 

and 5wt%) was added. The results showed drastic decrease in the densification and mechanical properties of 

alumina.  
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Chapter 1 

                         Introduction 

 

In the modern world it is a widely accepted paradigm that development and technological progress, 

which is taking place, in a highly competitive environment in various fields, provides pathways to 

overcome the exhaustion of the limited resources, thus helping mankind to meet its needs as hunger 

over the raw material has been a driving force.  

Alumina one of the naturally occurring compound found in earth’s crust as corundum, an amorphic 

substance that can react with both acids and bases. Alumina known as aluminum oxide or aloxide has 

been used for centauries in the form of clay and in various ceramic products.  

Alumina due to its outstanding properties, has contributed to a significant number of life-extending 

and society-enhancing applications. As alumina is widely being used for structural applications, 

including for armor that can defeat high-velocity projectiles with various cores, used in wear resistance 

applications and in applications where mechanical strengths are coupled with corrosive and thermal 

actions. (Medvedovski, 2006)           

1.1. Ceramics 

To understand the importance of alumina it is necessary to grasp the understanding of the ceramics in 

general. A ceramic is a naturally occurring inorganic raw material which includes oxides, carbides, 

nitrides, sulfides, and fluorides. A ceramic sensu-strictu is an oldest man-made material, which is 

made by shaping and firing a nonmetallic mineral, such as clay, at a very high temperature. Common 

examples are earthenware, porcelain, and brick. These materials are at least 30% crystalline in nature. 

These materials are shaped at ambient temperatures by large variety of forming techniques 

(Medvedovski, 2006) (Heimann, 2010). 

Ceramic materials are the most versatile branch of materials. They possess excellent mechanical 

properties under extreme conditions of tension; high hardness, heat-resistant and corrosion-resistant 

https://en.wikipedia.org/wiki/Earthenware
https://en.wikipedia.org/wiki/Porcelain
https://en.wikipedia.org/wiki/Brick
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inorganic materials constituted by the combination of metallic and nonmetallic elements, magnetic or 

optical properties, showing resistance to chemical and corrosive environments. (Medvedovski, 2006), 

(C, 1991) . These attributes mentioned allow ceramics to be used for a large number of applications 

i.e from household materials such as bricks blocks, tiles, floors, along with industrial applications such 

as refectories, fillers, cutting tools, coating reactors, nuclear ceramics etc (C, 1991).  

 

                                                   

                                       

                           

                                 Fig. 1. Historical timeline of the development of materials (Medvedovski, 2006) 

 

In early centuries ceramics have been vastly used till 155C.E. after which metal technology took over. 

However, in 1970’s decline was seen when application of emerging polymers played a very important 

role, thus decreasing impact of metal usage. Today plastic engineering has even more impacted a 

decline in the usage of metals (L.L, 1988). The field of ceramic research has dominated for the last 40 

years by work on technical ceramics. 

 

1.2. Ceramic Structure  

The crystallinity of ceramic materials ranges from highly oriented to semi-crystalline, vitrified or 

completely amorphous. The property of a ceramic depends on the nature and directionality of the 

interatomic bonds and the atomic packing of these materials causing versatility. These materials are 

https://en.wikipedia.org/wiki/Crystallinity
https://en.wikipedia.org/wiki/Amorphous_solid
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mainly constituted by strong ionic and covalent bonds i.e. primary bonds, hydrogen bonds and van der 

Waals forces i.e. secondary bonds, in different proportions. These bonds determine a series of specific 

properties of ceramic materials among which are relatively high fusion temperatures, high modulus, 

high wear strength, durability, poor thermal properties, high hardness and fragilities combined with 

tenacities, and low ductility. (Subedi, 2013) 

The type of bonding occurs in ceramic material are ionic bond and covalent bond. These bonds define 

the characteristic of a ceramics as sometime these bonds co-exist with in a same ceramic material. The 

ionic bonds usually occur between metallic and non-metallic elements. These have large differences 

in electronegativities, due to which strong bond is formed. This increases the melting point of such 

ceramics, since they are non-directional. (L.L, 1988) (Subedi, 2013). The covalent bond occurs in 

ceramic is where electrons are transferred, atoms bonded equally share the electrons, thus forming a 

stabilized structure. (Subedi, 2013) 

Ceramic crystal structures constitute of anions surrounding a cation and are all in contact with it. This 

leads to lack of conduction electrons since they are combined forming chemical bonds. For a specific 

coordination number there is a critical or minimum cation-anion radius ratio rC/rA for which this 

contact can be maintained. There is a large range of possible options for the composition and structure 

formation of a ceramic, this plays an important role for identifiable attributes in ceramics i.e. 

hardness, toughness, and good electrical and thermal insulators. (C, 1991)                                                        

                                 

                                             Fig 2.  Anions surrounded by cations  

 

These attributes further depend on the ceramic’s microstructure i.e its either amorphous, crystalline, 

or polycrystalline solids. These structures contain number of single crystals that are separated by areas 

of disorder known as grain boundaries. Grain boundary is a planar defect with same composition but 

https://en.wikipedia.org/wiki/Hardness
https://en.wikipedia.org/wiki/Toughness
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different orientation. These grains range from 1μm to 50μm. Thus, the ceramics can be defined as 

microstructure dependents, constitute of grains, porosity, second phases etc. (Kingery W. , 1976) 

 

                                        

                               Fig 3. General schematic of ceramic in general 

 

1.3. Types of Ceramics 

Ceramic materials have been defined in material science as inorganic, non-metallic, often crystalline 

oxide, nitride, or carbide material. Some elements, such as carbon or silicon, may be considered 

ceramics.  

Ceramic materials can be divided into two large groups: 

1. Traditional ceramics   

2. Advanced ceramics. 

2.1. Crystalline Ceramics 

2.2. Non-Crystalline Ceramics 

 

1.5.1. Traditional Ceramics:  

Generally, the ceramic powders extracted directly from minerals are going to be used in traditional 

ceramics, which are high-volume materials. The starting material for traditional ceramics is in raw 

state obtained from natural deposits such as clay material, having impurities, this raw material need to 
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undergo processes for the elimination of impurities and the obtained material should be such that it 

can be subjected to the reproducible method in order to obtain a powder that can be shaped and sintered 

to obtain a piece. These can be defined as those that are based on silicates, among which are cement, 

clay products, and refractories. The benefit of these traditional ceramics is that they can be produced 

in large volumes and thus constitute a dominant market. (Kingery W. , 1976) 

 

1.5.1. Advanced Ceramics:  

The advanced materials are considered to be special, engineered, or technical ceramics. For the last 

100 years work on these materials has been in progress. The particulate systems obtained by a more 

advanced and sophisticated synthetic route help in achieving artificial raw material with high purity. 

These ceramics have greater application in the modern world, which implies that the control of 

impurities and defects is more important in the final application.   

The powders produced synthetically by opting various roots have common characteristics, such as 

high purity, great uniformity as uniform particle size distribution is achieved with no hard aggregates 

or agglomeration and high specific surface area throughout the sample. The treated ceramics includes 

carbides, nitrides, borides, pure oxides, and a great variety of ceramics with magnetic, ferroelectric, 

piezoelectric, and superconducting applications, etc. The properties of these ceramics is also enhanced 

as they possess excellent mechanical properties under tension, high wear strength or excellent 

electrical, magnetic, or optical properties, or exceptional strength to high temperatures and corrosive 

environments, showing high strength to chemical attack. (Heimann, 2010) (Kingery W. , 1976) 

 

1.5.1.1. Crystalline Ceramics 

Crystalline ceramic materials have a lattice point which is occupied by atom or ion, this depends on 

the bonding mechanism. The arrangement of atoms or ions is regular, forming three-dimensional 

structure. Due to this these ceramics are not amenable to a great range of processing. Specific methods 

are considered when dealing with these materials, which usually are shaping, slip casting, tape casting, 

mold injection, dry pressing etc. 



 
 

6 

  In most cases these materials tend to fall into a category of "Forming" powders into the desired shape, 

and then sintering to form a solid body.  

 

1.5.1.2. Non-crystalline Ceramics 

 

Non-crystalline ceramics are amorphous in nature exhibiting short range order or pattern of atoms or 

ions. The density lies intermediate in between polymers and metals thus, these are less dense than 

crystalline ceramic materials. Normally glass lies in the nanocrystalline ceramic category. These tend 

to be formed from melts and are shaped when either fully molten, by casting, or when in a state of 

viscosity, by methods such as blowing into a mold. Glass ceramics can be formed that is, having short 

range order thus making it partially crystalline. This can be used in various applications as cook-tops 

or for nuclear waste disposal. (Subedi, 2013) 

 

1.4. Three Distinct Categories of Ceramics 

Ceramics can also be classified into material categories: 

 

1.4.1.      Oxides: 

 These materials consists of inorganic compounds of metallic or metalloids such as alumina, 

titanium, zirconia, magnesium, silicon with oxygen. These have enhanced mechanical properties thus 

used in various applications. The metal being in its oxide state is the most stable material which is 

favorable in harsh oxygen containing conditions such as in industrial processes and application 

environment. Yet oxide ceramics are not always well-suited especially in extreme environments or 

in applications which require bearing significant load. (SadatMirdamadi, 2021) 

 

 

https://en.wikipedia.org/wiki/Sintering
https://en.wikipedia.org/wiki/Oxide
https://en.wikipedia.org/wiki/Alumina
https://en.wikipedia.org/wiki/Zirconia
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1.4.2. Non-oxides:  

Oxide ceramics are not always well-suited especially in extreme environments or in applications 

which require bearing significant load. Due to this there is a need of even more stable ceramics 

required to withstand such harsh conditions, non-oxide respond to this need. These materials are 

covalent bonded ceramics. Due to the covalent bond which leads to low atomic diffusivity thus, make 

these materials difficult to sinter conventionally. These materials have high thermal conductivity and 

low thermal expansion coefficient.   (SadatMirdamadi, 2021) 

1.4.3. Composites:  

A composite material composed of two or more constituent materials, having different physical and 

chemical properties. The components remain distinct within finished structures These materials 

where ceramics are used as reinforcement and as a matrix are special type of composite materials. 

The ceramic composite materials exhibiting quasi-ductile fracture behavior. Due to high processing 

temperature, fibers that are stable above 800˚C to 1000˚C can only be used e.g. zirconia or alumina 

etc.,   Within these ceramics various combinations of oxides and non-oxides are also included. Their 

applications are in fields requiring resistance to corrosion and wear and reliability at high 

temperatures. In various fields the ceramics composite properties can be utilized such as in heat shield 

systems, flame holders, brake system components etc. (FatimaZivic, 2021)   

As these materials are being utilized in applications as hardness and strength is improved, but when 

it comes to the brittle nature of ceramics even in ceramic composites, this cannot be ignored especially 

when subjected to prolonged exposure of load and stresses thus degradation and damage occurs to 

these materials. This can be explained when manufactured at high processing temperature, giving 

complexity in manufacturing process as difference in thermal expansions within compacts causes 

high level porosity and cracks propagation occurs in them.   
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1.5. Properties 

Ceramics substance physical properties are a direct result of its crystalline structure and chemical 

composition. Thus, these materials can withstand harsh surroundings such as chemical erosion that 

occurs in other materials subjected to acidic environments. In structure due to the arrangement of 

atoms in a most stable state ceramics generally can withstand very high temperatures, ranging from 

1,000 °C to 1,800 °C. 

Solid-state chemistry reveals the understanding of ceramic structure explaining fundamental 

connection between microstructure and properties, such as localized density variations, grain size 

distribution, type of porosity, and second-phase content, which can all be correlated with ceramic 

properties such that is mechanical properties (Hall-Petch equation,) like 

hardness, toughness, dielectric constant, and the optical properties exhibited by transparent materials. 

Ceramic material lack in elasticity, one of the prominent limitations of these materials in structural 

applications is the fragility, upon any absorption of energy they tend to fracture in a fragile way, as 

they lack capacity for plastic deformation, especially under friction or drag. This fragility to the 

fracture can be explained to a great extent, the presence of strong covalent forces and due to the 

presence of defects in the material these intensifies the resistant to compressive forces than to tension 

forces. As a result, this behavior makes it difficult to eliminate or hinders the movement of the 

dislocations in ceramic structures, even at high temperatures. (RainerTelle, 2014) (B, 2009) 

However, these structural ceramics have gained importance as it is being widely used to enhance and 

improve the mechanical properties. These uses require materials with high strength in various 

environmental conditions, capable of withstanding high temperatures and resistant to corrosion and 

oxidation. Also, these ceramic materials offer a substantial reduction in weight compared to other 

materials such as metals. 

Some of the physical attributes of bulk ceramics include the following: 

1.5.1. Density 

1.5.2. Mechanical Properties 

1.5.3. Thermal Properties 

https://en.wikipedia.org/wiki/Solid-state_chemistry
https://en.wikipedia.org/wiki/Hardness
https://en.wikipedia.org/wiki/Toughness
https://en.wikipedia.org/wiki/Dielectric_constant
https://en.wikipedia.org/wiki/Optical
https://en.wikipedia.org/wiki/Transparent_materials
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These properties are the intrinsic properties of the material, as small piece of the material has the same 

values as a large one. Mechanical properties of the material are scale independent in nature. This helps 

in simplifying the analysis of the structure. This is known as basic assumption of continuum 

mechanics. This is applicable on macroscale but as the size reduced to nano this assumption cannot be 

considered universal. (Pelleg, 2014)   

 

1.5.1. Density 

Density of a material describes the relationship of mass and the volume of the material. In general, is 

defined as mass per unit volume. 

Mathematical representation,  

𝛒 =
𝐦

𝐯
 

where, 𝜌 represents density, m represents the mass and v represents volume of the substance.  

S.I. unit of density is kilogram per meter cubic i.e. kg/m3 and in cgs it is gram per cubic centimeter 

i.e. g/cm3 

Density of a material depends on the change in microstructure when subjected to some external 

pressure and temperature. The pressure applied can be done using gas pressure, hot pressing, hot 

isostatic pressing. Also, density of a material depends on the additives added to increase its density. 

This promotes uniform size distribution once subjected to palletization and sintering, thus increasing 

density throughout the material. Densification is a process that includes pellets formation and 

briquetting. This helps to transform loosely packed material into a uniformly smooth surface material. 

(Fahrenholtz, 2004)   

 

1.5.2. Mechanical Properties 

Mechanical properties of a material determine a material behavior when subjected to stresses. The 

properties usually included elastic modulus, hardness, ductility, sor measure of strength. These 

defining properties of the material are mostly used in applications that improved in structural 
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applications which involves space and automobile industries. The material in a certain application is 

subjected to various mechanical forces and loads. The effect of these defines the nature or behavior of 

the material in a certain condition. Thus, the data determined by testing materials various mechanical 

properties provide insight on the material and its utilization in certain application. These properties 

also depend on the process of manufacturing of the material i.e. mold technique, pressure and 

temperature etc. 

In modern materials science, the physics of stress and strain, strength, plasticity, stiffness, elasticity, 

brittleness, toughness, ductility fatigue, creep can help us understand the properties of the material in 

a detailed form.  This helps in predicting the credibility of the material for its mechanical failure under 

the given circumstances. (Mordfin, 1968) 

 

1.5.2.1. Hardness 

Hardness is the measure of the material to resist deformation when various external loads are applied 

i.e. Mechanical indentation or aberration. The behavior of a solid material under force is complex. the 

resistance is related to the chemical bonds present in the material. Hardness can be measured by 

different techniques i.e. scratch hardness, indentation hardness and rebound hardness. Hardness of the 

material is dependent on plasticity strain strength toughness ductility and elastic stiffness. The 

common hard materials are ceramics metals concrete etc. Hardness is of critical significance to 

aggressive and erosive wear as it refers to the property of a material to resist pressing in or scratch off 

a sharp object. Hardness provides a qualitative relationship to other material properties under certain 

load. is not a fundamental property but has a range in which a certain material lies. The value of 

depends on the temperature structure and geometry of the material. (Ullner, 2001) 

In ceramics is frequently a measured property, this helps to characterize resistance the fracture or 

deformation caused when in contact with other material.  

Scratch hardness resistance of a sample to fracture or plastic deformation due to friction. It is used 

when testing coatings as the principal of it is that a hard material will scratch an object made of soft 

material 

https://en.wikipedia.org/wiki/Materials_science
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Indentation hardness measures the resistance of a sample today formation as it is subjected to a 

compression load from a sharp object. the hardness is characterized by the indentation offer material 

using a hard indenter. The indenter varies in shape and nature thus there are various machines to 

measure hardness such as Vickers, Knoop, Brinell and Rockwell. the commonly used machine for 

hardness testing is Vickers (Ullner, 2001). It has a pyramidal shaped diamond indenter with square 

base. the indentation area on the material depends on the shape of the inventor, loading force and rate, 

indentation size, time, surface condition and sample orientation. Using different loads can cause 

microcracking and deformation of indentation caused by the indenter. materials that has vicar hardness 

larger than 40 GPA are considered to be super hard materials. Usually the average value of hardness 

of a material is considered to avoid ambiguity as defects present in the material can cause change in 

values (Ghorbal, 2017). 

 

                    

                                            Fig 4. Schematics of Vickers  Hardness test 

 

Rebound hardness measures the height of the bounce of a diamond-tipped hammer dropped from a 

fixed height on to the material. the rebound hardness is also known as dynamic hardness. In this the 

velocity of an impact body before and after the impact is measured. This method is reliable then bench 

hardness testers. 

Mathematically  
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                                                     𝑯𝑳 =
𝒗𝒓

𝒗𝒊
× 𝟏𝟎𝟎𝟎 

 

Where 𝑣𝑟 is the rebound velocity and 𝑣𝑖 is the impact velocity.  

 

1.5.2.2. Compression Testing 

The ability of the material to resist any external crushing force applied without breaking or yielding 

by measuring fundamental variables such as strain, stress, and deformation. The testing machine 

involves load that squeezes the ends of a cylinder specimen between two plates. The process is 

notoriously difficult as repeated values can vary thus an average value is usually obtained. (Swab J. 

J., 2021) 

During compressive loading, the relationship established between stress and strain is similar to that 

obtained during tensile loading. The trend is observed when material behaves elastically upon a certain 

value of stress applied, this means that stress is in proportion to strain. The ratio of height to diameter 

of the sample is set in a way so that buckling action can be avoided. Buckling action is a flexural 

torsional effect on the material when compression is applied i.e. the bending and twisting response of 

the material when subjected to an external load. (Sines, 2013) 

Compression testing of material shows initially a linear relationship between stress and strain. This is 

the manifestation of Hooke's law 

Mathematical representation 

                                                   E=stress/strain 

Where E is known as young’s modulus for compression. 

Strain in compression is defined as  

                                                    ⅇ =
𝒉−𝒉𝟎

𝒉𝟎
 

Since height is reduced during compression, the value of e is negative which is ignored when 

expressing compression strain. 
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The value obtained exhibits the characteristic of the material to deform when a compressive load is 

applied before plastic deformation occurs. In the case of ceramics materials once plastic deformation 

occurs the material is likely to break as it has no elasticity. The permanent deformation of the material 

is the threshold known as the proportional limit. The force at which material reached its proportional 

limit is known as yield point or yield strength. The point where material breaks or is distorted gives 

ultimate compressive strength. In the case of ceramics fracture produced gives ultimate compressive 

strength value. (Sines, 2013) 

The methods for the determination of compressive strength include flexural/bend test, spring test, or 

top load crushing.  

The flexural bend test is used to determine the measure of the force required to bend a material, t 

determines the stiffness of the material. This test is also known as the three-point bending test, which 

is performed using the universal tensile testing machine. The results obtained by this method have 

some drawbacks as the method is sensitive to specimen and loading geometry and strain rate. 

                                 

                 Fig 5. Demonstration of force applied during bend test (A)Spring test (B) bend test 

 

Spring testing is specifically used for the springs which are the tightly wound coils shaped spiral of 

metal. Force is applied by pulling the subject outward that is stretching of the material takes place, but 

it returns to its initial state when this force is removed. It is highly used in the automobile industry 

(Swab J. J., 2019).  
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Top load crushing is a method when inward force is applied from the opposite sides of the material, 

which results into compressed, crushed or flattened. There are different types of compression testing 

i.e. uniaxial, biaxial, triaxial, cold temperature, elevated temperature, fatigue, or creep.  The test 

sample is generally the test sample is generally placed between the two plates this distributes the 

applied load across the entire surface area. Once the force is applied the plates are pushed together by 

a universal test machine. The compressed sample is short and in the direction of the applied forces and 

expands in the direction perpendicular to the force. the material is essentially crushed until failure. 

                 

                                Fig 6.  Assembly of the sample during compression testing 
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1.5.2.3. Fractography 

Fractography also known as fracture toughness, is a process to measure the failure of the material by 

fracture mechanics. It is widely used to understand the causes of failures and verify the 

theoretical failure predictions with real-life failures. 

Ceramic materials has ionic or covalent bonds, thus these are either crystalline or amorphous in 

nature. These materials has poor toughness as  these are held together by either type of bond will tend 

to fracture before any plastic deformation takes place. The structure of the ceramic material is porous 

in nature, the pores and other defects acting as stress concentrators results in further decrease in 

toughness and reduction of tensile strength. (Möser, 1978)  

However these materials do show plastic deformation as there are very few available slip systems 

for dislocations to move, and so they deform very slowly.  

To overcome the brittle behavior, ceramic material development has introduced the class of ceramic 

matrix composite materials, in which  Reinforcements are embedded forming fiber bridges or a 

medium across any crack. The purpose of it is to increase the fracture toughness of ceramics. 

Toughness Is the quality of the material to absorb energy and plastically deform without fracturing. 

Toughness is given as the area under the stress strain curve. This means that toughness of the material 

can also be defined as the materials resistance to fracture when stress is applied. Ceramics are brittle 

in nature Thus these materials are strong but not tough the strength of the material defines nature of 

toughness of that material. To enhance the toughness of the material  certain factors are important to 

consider such as  the sintering temperature and duration, addition of additives which influence the 

microstructural morphology during the process, the cooling time etc.   

Toughness can be determined by integrating the stress strain curve as it is defined as the mechanical 

deformation per unit volume before material is fractured mathematically 

 

https://en.wikipedia.org/wiki/Fractography
https://en.wikipedia.org/wiki/Failure
https://en.wikipedia.org/wiki/Ionic_bond
https://en.wikipedia.org/wiki/Covalent
https://en.wikipedia.org/wiki/Crystal
https://en.wikipedia.org/wiki/Amorphous_solid
https://en.wikipedia.org/wiki/Fracture#Brittle_fracture
https://en.wikipedia.org/wiki/Plastic_deformation
https://en.wikipedia.org/wiki/Plasticity_(physics)
https://en.wikipedia.org/wiki/Dislocation
https://en.wikipedia.org/wiki/Ceramic_matrix_composite
https://en.wikipedia.org/wiki/Ceramic_matrix_composite
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Where e is strain 

Ef is strain upon failure 

Sigma is stress 

  There is R several variables that have influence on the toughness of a material these variables are 

Strain rate 

Temperature 

Notch effect 

Since the material properties are not flawless and thus cannot be avoided during processing and 

fabrication which means material has a pre-existing flaw. Thus, fracture toughness is calculated which 

indicates the amount of stress required to propagate a pre-existing flaw. Flaws May appear as cracks 

voids defects or inclusions. Fracture toughness is represented by parameter call critical stress intensity 

factor Kc (D.Hayes, Fractography in Failure Analysis of Polymers, 2015)  . The stress intensity factor 

is a function of loading crack size and structural geometry. 

Mathematically stress intensity factor can we calculated as 

𝒌 = 𝝈𝜷 √𝝅𝒂 

 

Where K is the stress intensity factor in MPa 

σ is the applied stress 

β dimensionless correction factor 

a is the crack length 

 

 The fracture toughness affirmative real is defined as the critical stress intensity factor. 

Fracture toughness is commonly tested by using specimen configuration that is single edge does not 

bend. In this test the thickness of the material is required to exceed some critical thickness as it is the 
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defining factor to perform fracture toughness (D.Hayes, Fractography as a Failure Analysis Tool, 

2015). 

                                 

                                                   

                                                                  Fig.7 Flexural test schematics 

 

 

1.5.3. Thermal Properties 

 Thermal property represents that how material reacts towards a change in temperature in its 

surrounding. Ceramic oxides do not conduct heat as well as most metals do. The thermal property of 

ceramics depends on the bond present i.e. covalent and ionic bonds, as there are not enough free 

electrons present. Ceramics depends on the following thermal properties that is heat capacity thermal 

expansion coefficient and thermal conductivity. That is why ceramics are used as insulating materials 

invite range of application.  

The ability of the material to absorb heat from its surroundings is defined as heat capacity. During this 

process the atomic vibrations are affected by the vibrations of the adjacent atoms through bonding 

does these vibrations are transmitted across the material. The conduction of heat through a solid 

involves the vibration of atoms thus transferring energy (Faoite, 2012). 

Thermal conductivity is the ability of a material to conduct heat. Thus, the amount of heat that passes 

through the solid material when there’s a difference in temperature between one side of the material 

and the other while thermal insulation is the materials ability to reduce this heat transfer (Silvestre, 
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2015). Thermal conductivity depends on the defects present in the material. The transmission is 

interrupted by grain boundaries and pores thus making them a better insulating material (Bishui, 2014) 

.Factors that affect the thermal properties of a ceramic are internal porosity, impurities, and grain 

boundaries.  

                                                                    𝜟𝑸 ∕ 𝜟𝒕 = 𝝀𝑺
𝜟𝑻

𝜟𝒙
 

where 

ΔQ is the heat, Δt is the change in time, λ thermal conductivity, s is the surface area ΔT/Δx is the 

temperature gradient. 

Thermal expansion is defined as the increase in volume and size of the material when heated.  

 

𝒂 = 𝜟𝑳
𝑳𝟎𝜟𝑻⁄

 

Where a is the thermal coefficient, ΔL is change in length, ΔL0 is the initial length and ΔT is the 

temperature rise. 

 

1.6. Motivation 

Alumina being widely used due to its unbeatable combination of low cost with high 

mechanical properties. Instead of opting materials of high cost, this material can serve the 

purpose in various applications. Alumina is widely used in wear-resistant ceramics. It is three 

times cheaper than silicon carbide and four times cheaper than tungsten carbide. Thus, being 

cost effective, its usage in curved piping, in reducers, and nozzles etc. for commercial 

applications can be promising. The motivation of this thesis is to fabricate alumina at lower 

sintering temperatures than conventionally used. This is expected to reduce the manufacturing 

costs of alumina. 
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1.7. Objectives 

The aim was to make a preliminary study of alumina for achieving its densification at a low 

temperature i.e., below 1600˚C temperature through pressure-less sintering, and to achieve 

enhanced mechanical properties, making it cost effective for the commercial purposes. Thus, a 

route was selected which constitute the addition of sintering additives in small proportions in 

alumina matrix under the optimized conditions of temperature and compositions.  
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Chapter 2  

                   Literature Review 

 

2.1. Alumina   

Alumina (Al2O3) an important raw material for traditional ceramics.  It occurs naturally in its 

crystalline polymorphic phase as mineral corundum; these form the precious gemstones ruby and 

sapphire which are mixed in the earth’s crust over billions of years by complex geological processes. 

Alumina has been attracting most of the attention as it is both an industrially important structural 

material and a model material for fundamental studies. (*T.Khalil, 2000) 

 Alumina comprises of non-equilibrium forms of partially hydroxylated aluminum oxide. Alumina is 

produced by bauxite Using Bayer process, Bauxite is treated with caustic aluminate solution 

containing soda, the dissolution reaction is carried out under pressure a temperature ranging from 140 

Celsius to 280 ̊ C. Impurities are removed thus leaving a clear solution, the hydroxy group precipitates, 

using an electric furnace. It has been one of the most widely used ceramics for industrial purposes 

owing to its exceptional properties such as high elastic modulus, corrosion resistance, high 

refractoriness, retention of strength, and thermal stability. Alumina used extensively in various filed, 

increases it's demand its melting point is as high as 2000 ˚C. Some specific applications where 

achieving high density is required, makes the use of alumina a bit difficult. (*T.Khalil, 2000) (CBE, 

1999) 

 

2.2. Structure of Alumina 

Alumina possesses a strong alkalinity, broad range of surface area and notable iron exchange abilities. 

Alumina has the stable state known as alpha alumina, along with other forms of metastable alumina 

structures. Alumina crystal structure is called corundum structure, which consists of closely packed 

planes (A&B planes) of large oxygen ions stacked in a sequence. 
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              Fig.8 Structure of Alpha alumina, the grey spherical represents aluminium ion                      

                                           while black dots represents oxygen ions  

 

There will be two Al3+ ions for every three O2- ions. This helps in maintaining electrical neutrality 

of alumina.  

2.3. α- Alumina  

α- Alumina powder produced by Bayer method gives maximum purity up to 99.9%. high purity α- 

Alumina. The demand of high purity α- alumina is increasing because of it high stability and strength 

at high temperature. α-Alumina manufacturing is done by calcination by using aluminium hydroxide 

and alum, crystal transformation of α- phase occurs at high temperature exceeding 1200 ˚C joints are 

formed which are broken and to find particles through grinding The grinding can take place via ball 

mill, vibration mill end jet mill in order to obtain monodispersed particles. Grinding has a great effect 

on the characteristic of the particle thus it affects the surface of high purity α- alumina powder. The 

unit cell is an acute rhombohedron of side length 5.2Å and plane angle ~55°. 
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2.4. Ceramography  

It is the art and science of preparation, examination, and evaluation of ceramic microstructures. 

Ceramic powders obtained through various processes which involve methods such as synthesis of 

powder, mixing, grinding, shaping, sintering by diffusion or by formation of intergranular-liquid phase 

and cooling methods. The shaping of ceramics is a method through which the ceramic powder is 

compacted into desired shape by isostatic and axial dry pressing, extrusion, injection etc. which is 

known as green body having high porosity and poor mechanical properties. 

To increase the mechanical properties, it is than subjected to sintering at various temperatures, which 

helps in the densification of the material as additive is either removed or diffused helps in shrinkage 

of the green body. The main objective is that this shrinkage should be as uniform as possible else 

contractions generates stresses that cause cracks in the material. 

The control of particle size and impurities, refinements in processing methods, and blending with small 

amounts of other ceramic ingredients, can help in increasing the mechanical properties of the ceramic 

compared to its natural counterpart as these aids in achieving high particle packing and low porosity. 

The compaction of the green body after sintering at high temperature should be homogenous in order 

to avoid microstructural defects once it is sintered. Similarly, to increase the strength and toughness 

of alumina additives had been added. Alumina also has good hardness, low thermal conductivity, and 

good corrosion resistance. 

The microstructure includes most grains, secondary phases, grain boundaries, pores, micro-cracks, 

structural defects, and hardness micro indentions. Most bulk mechanical, optical, thermal, electrical, 

and magnetic properties are significantly affected by the observed microstructure. The fabrication 

method and process conditions are generally indicated by the microstructure. The root cause of many 

ceramic failures is evident in the cleaved and polished microstructure. (Quesada, 2019)  

 

2.5. Sintering 

Sintering also known as frittage, it is a process in powder metallurgy in which the compacted material, 

in green, is subjected to a sufficiently high temperature and pressure thus forming a solid mass without 

https://en.wikipedia.org/wiki/Ceramography
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melting to the point of liquefaction. It is the bonding of particles at higher temperature. The mechanism 

of sintering is that the mass transport i.e., atoms diffuse across the boundaries or interstices between 

the particles, which occurs by the driving force i.e, reduction in surface energy. Small particles have 

high surface area than coarse particles (BARMORE, 1965). Once the process of sintering takes place, 

the compact thus obtained its densification changes. This occurs since during sintering the porous 

phase becomes discontinuous and is eliminated, at large but a few traces of occulated pores might be 

left behind. The initial density of the piece in green is usually 40–60% of the theoretical density, while 

the final density is 85–100%.   

Sintering occurs either by surface transport or bulk transport. As sintering takes place a neck is formed 

between the two particles. At low temperature surface transportation dominates, shrinkage does not 

occur neither densification. Only mass production occurs which is eventually eliminated at surface. 

(Burke, 1976) While at higher temperature, bulk transportation, mass originates at the particle interior 

and deposits at the neck, thus causing densification and shrinkage. Sintering process is limited by low 

mass productivity thus making it non feasible. 

                                                         

                                                  Fig 9 . Represents the sintering stages 

 

Sintering can take place through three mechanisms:  
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2.5.1. Solid state sintering 

It is a process of bond formation and densification of particles when heat applied is below the melting 

point of the material. no liquid is present rather joining of particles occurs by atomic diffusion thus 

reducing porosity. As the internal surface area occurs thus reducing surface free energy of a sintering 

compact, which is considered as a driving force. Sintering occurs at a reasonable rate as distance that 

matter has to be transported is small at higher temperature. 

Initially as soon as some atomic mobility is achieved, sharply concave necks form between the 

individual particles.in intermediate stage the microstructure consists of interpenetrating network in 

three dimensions of solid particles. This leads to grain growth which is prominent in final stage. 

(GERMAN, 1996) 

2.5.2. Liquid phase sintering 

It is an important conventional sintering process at industrial scale when dealing with the fabrication 

of ceramics, especially those ceramics which poses a high degree of covalent bonding. This process 

in powder metallurgy entails the coexistence of solid and liquid phase, during which additive melts or 

reacts with small part of the major component to form eutectic, this allows the enhancement in 

densification, accelerated grain growth or producing grain boundary properties of the compact at lower 

temperatures. In case of applications where structural properties required liquid phase sintering is not 

much preferable. (GERMAN, 1996)  

In liquid phase sintering an additive which is a small amount of liquid present in a very little volume 

percent of the original solid mixture, during sintering. The liquid can be formed either by the formation 

of low melting eutectic between the solid phase and liquid additive or through simply melting of 

additive. The liquid phase remains present during the whole process known as persistent liquid phase. 

It is necessary to have low solubility of liquid component in solid phase in persistent liquid phase, 

helps in attaining fully dense compact material (J.Svoboda, 1996). The liquid phase can be present for 

certain time during the sintering process known as transient liquid phase, this depends on the solubility 

ratios between solid and liquid phase and the temperature known as critical temperature that allows 
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liquid phase to exist at a specific time during sintering process. The sintering mechanism however is 

enhanced because the diffusion and mass transfer are fast than solid state sintering.  

 

 

                                                   

                                                Fig.10 Different stages of liquid phase sintering  

 

In liquid phase sintering, the dominant stages include 

a. Melting and redistribution of additive 

b. During capillary stress rearrangement of solid phase 

c. Shape accommodation of solid phase 

d. Densification driven by porosity. 

There are three main characteristics controlling the liquid phase sintering.  
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2.5.2.1. Wetting  

The surface tension is the property of liquid surfaces, exists when two surfaces are present. It is a 

contractive tendency of the surface of the liquid in contact with the other surface at the boundary 

between the two, which measures the surface free energy of liquids. The surface tension between solid 

and liquids cause to generate capillary forces. Due to which strong attractive forces rises between the 

neighboring grains. Those liquids which have low surface tension give rise to small contact angles 

thus the phenomenon of wetting takes place at the boundary of the two phases. The liquid surface 

phase the tendency to wet the solid if the cohesion between liquid molecules is smaller than the 

adhesion between the liquid and solid at the boundary, thus it can be said that liquid has the tendency 

to wet the solid. (Huhtamäki, 2018) 

Mathematically  

                         Γsv = γsl+γlv. Cosθ  

Wetting is promoted if Γsv i.e. solid/vapor value is high and γsl i.e. solid/liquid and γlv i.e. liquid/vapor 

values are low. The contact angle ‘θ’ plays an important role in wetting of the solid. If the contact 

angle is less than 90o or 0o wetting value is high, if the angle is greater than 90o than wetting will be 

minimum, in this case the sintering will occur by solid phase mechanism. (Huhtamäki, 2018)          

                                   

                                               Fig.11 Wetting on the solid surface 
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2.5.2.2. Dihedral angle 

Another condition that effects the liquid phase sintering is the distribution of liquid over a solid 

particulate to cover the surface to its maximum capacity. This can be observed by calculating dihedral 

angle, it is the angel between solid liquid interfaces. This represents the penetration and separation of 

the grain boundary by the liquid. 

Mathematically 

                      Γgb = 2Γsl cos(ψ/2) 

 Where Γgb is a grain boundary energy, Γsl represents energy at the solid/liquid interface and ψ is a 

dihedral angel. The dihedral angle is independent of the pressures in the phase. If the dihedral angel is 

0˚ than the liquid will penetrate completely, but as the dihedral angle increases, the liquid phase 

penetration decreases. It is important to note that the grain boundary energy must be less than 

solid/liquid interface surface energy. (Huhtamäki, 2018) (Randall M. German, 2009) 

                                               

                             Fig.12 Complete penetration of liquid when dihedral angel is 0˚ 

 

2.5.2.3. Solid solubility in liquid 

The solubility affects all stages of liquid phase sintering. The higher solubility of the components 

present in the solid phase and liquid phase determines the liquid phase as persistent or transient. This 

is defined by solubility ratio, as it not only defines the persistent or transient nature but also affects the 

factors such as rearrangement of solid particles, densification, and solution precipitation. The 
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solubility effects the initial shrinkage and swelling prior to rearrangement, as mass transfer occurs 

accompanied by dimensional changes.    

The most beneficial state of solubility is unipolar solubility in order to achieve high densification in 

persistent liquid phase. In this system the solubility of the liquid forming component in solid is low 

while solubility of solid forming component in liquid is high. (Randall M. German, 2009)   

For transient liquid phase the condition is reversed i.e., the liquid forming component in solid is high 

while the solid forming component in liquid is low. This helps in densification of the compact. 

(Huhtamäki, 2018)   

An unbalanced diffusivity between the additives and the green compact effects the microstructure of 

the sintered body. The relation of additive and the base can be given as diffusivity ratio 

                                                    𝑫𝑹 =
𝑫𝑩

𝑫𝑨
  

Where 𝐷𝑅  is diffusivity ratio, 𝐷𝐵 is diffusivity of base and 𝐷𝐴 is diffusivity of additive. 

The solubility of the liquid defines the densification of the compact. limited densification means the 

system is insoluble. 

Solubility ratio is given by 

                           

                                   𝒔𝑹 =
𝒔𝑩

𝒔𝑨
  

 

Where 𝒔𝑹 is solubility ratio, 𝒔𝑩 is solubility of base and 𝒔𝑨 is solubility of additive. It should be 

noted that higher the solubility ratio has effect on porosity and volumetric solubility. 
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2.6. Stages of liquid phase sintering 

The liquid phase sintering occurs in three stages, as study shows. Classically, the stages of liquid phase 

sintering is as follows 

• Particle rearrangement 

• Solution-reprecipitation 

• Solid-state sintering  

 

 

2.6.1. Particle rearrangement 

When compact is subjected to heating, rearrangement of particles takes place in the first stage. The 

liquid is formed, densify 

 Swelling is apparent and occurs rapidly, particles due to capillary forces in liquid phase sintering, the 

solid particles movement occurs from their initial position towards the arrangement of dense packing 

randomly, which helps in filling the spaces thus eliminating pores. This helps in achieving 

densification during the shrinkage period (Kingery W. D., 1959) . The process is rapid, and it can be 

observed by Kingery’s model i.e. 

𝜟𝑳
𝑳𝒐

⁄ ≈ 𝟏
𝟑⁄ 𝜟𝒗

𝒗𝟎
⁄ ≈ 𝒕𝟏+𝒚 

 

or can be observed by analyzing capillary forces between the particles separated by liquid layer.  

 

2.6.2. Solution-reprecipitation 

This is the second stage in which solution precipitates while rearrangement of particles decreases 

significantly. Chemical potential generated by capillary forces at point of contact is responsible for the 

dissolution of atoms at point of contact, which are reprecipitated at areas far from point of contacts 
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thus causing shrinkage and densification. the most essential condition for this process to occur would 

be good wetting of the solid and finite solubility of solid in the liquid. Along with densification, 

coarsening can also occur during dissolution and reprecipitation. This whole phenomenon contributes 

in particle arrangement, grain growth and shape accommodation. 

Contact flattening theory and pore filling theory well explains the densification process during the 

liquid phase sintering. Kingery proposed contact filling theory which states that shrinkage occurs, 

mass transport from contact area between grains to the non-contact area i.e., neck region occurs thus 

forming contact region between the particles flat. This process induces continuous grain shape change 

till the point of complete elimination of pores. (Kingery W. D., 1959)  

The other mechanism i.e., pore filling theory was proposed which states that pores are eliminated 

through filling by the liquid. In this case microstructural homogenization occurs when prolonged 

sintering takes place as material deposition occurs at the liquid pocket, which begins at the surface 

towards the liquid pocket center. This process is known as Ostwald ripening process. This gives 

homogenized surface. (Kingery W. D., 1959) (Petzow, 1984)  

 

2.6.3. Solid-state controlled sintering 

The final stage of the process in which overall shrinkage occurs and densification of the compact is 

reduced due to the formation of the structure which inhibits further rearrangements. Coarsening i.e. 

precipitation of particles embedded in a system dominates in this step. The rate of this depends on the 

diffusion through liquid and solid. 
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                         Fig.13 Schematics of change in densification wrt. sintering time 

 

 

2.7. Sintering Additives 

Historically, alumina was being sintered through means like high pressure and pressure less sintering. 

However, a new approach was envisaged in 1900’s whereby different additives, including either metal 

or non-metal-based oxides or glassy oxides, were considered for sintering of alumina which resulted 

in cost effective and economical sintering process. The amalgamation of these additives with alumina 

enabled the scientific community to attain densification of alumina at low temperatures. This makes 

it safe to assume that additives are the prerequisite for densification. The quantity and type of the 

sintering additive being added to the alumina are the baseline to determine the liquid forming 

temperature, the commencement of densification and its rate during sintering. The determination of 

characteristics like grain-morphology or grain boundary phase are also defined by them, which in turn 

play vital role in maintaining the high-temperature properties. In order to achieve densification of 

alumina, the prioritized additives are metal oxides which deter the formation of solid solutions in 

specific composition i.e.  the binary metal oxides or ternary metal oxides like CuO, TiO2, B2O3, MgO 
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Extensive work is being performed for pressure-less sintering of alumina as additives are added thus 

resulting of densification at low temperatures.   

a. The effects caused by variety of sintering additives encompassing MnO2, SiO2, TiO2 and MgO, 

on the densification as well as micro-structural evolution /development of alumina powders, 

obtained as residue during the Bayer process, were studied by H. Erkalfa et al (Erkalfa, 1996). 

The colloidal technique was implemented to ascertain the homogeneous integration of alumina 

powders and additives. Furthermore, the quality of the powders was improved through the 

process of calcinations, hot washing, and re-calcinations. The process entailed achievement of 

microstructures with densities ranging between 90-96.7% of the theoretical density. It was 

inferred that strength values as high as 180- 380 MPa, along with a homogeneously distributed 

finer grain size was obtained through the addition of 1.5% MnO2- 0.l% TiO2- 0.5%MgO - 2% 

SiO2. It was further concluded that where B2O3 played vital role in enhancement of the 

sintering process, the MgO along with improving the microstructure uniformity, also 

suppressed the discontinuous growth of grain. These additives played part in enhancement of 

the mechanical properties along with lowering the temperature requisite for sintering. 

b.  A maximum of 95 percent theoretical density at firing temperature of 1400 °C/ 4 hours was 

observed by A Bettinelli et al (Botinelli, 1988) during investigations conducted for 

determining the effect of adding optimum amount of 2.25 wt% of CaSiO3 on the densification 

of undoped α alumina. it was also inferred whilst investigation of the densification kinetics that 

density of samples remained un-affected upon addition of transitional metal oxides containing 

a low melting flux (i.e. TiO2, Nb2O5, MoO3) to alumina. 

c. A reduction of the residual glassy phase can improve the mechanical behavior of alumina 

obtained by (liquid phase sintering) LPS. Thus, the use of a glass-such as a glass-ceramic-that 

encourages sintering during heating and crystallizes in stable phases during the cooling cycle 

may be an alternative way to obtain high density alumina by LPS, while simultaneously 

producing a large amount of crystalline phase in the grain boundaries19. In addition, less grain 

growth and less residual glassy phase could be obtained. The influence of a Li2O-ZrO2-SiO2-

Al2O3 (LZSA) glass-ceramic on the mechanical behavior of alumina was observed. An 
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increase of 37-177% in the fracture energy due LZSA addition in the alumina was achieved 

for the range of grain size (Montedoa, 2018).  

d. Coble (Coble, 1997), inferred that near theoretical density of alumina can be achieved through 

addition of magnesia (0.25 wt%). Myriads of mechanism have been suggested in a range of 

literatures that grain growth can be inhibited and densification can be enhanced by using MgO 

. it has also been observed in literature that by increasing the value of grain boundary diffusion 

coefficient, MgO increases the rate of densification. Additionally, it has also been reported that 

enhanced densification through the use of MgO is achieved due to lowering of the surface 

diffusion. There is enough evidence in several studies to accept that suggest MgO deters pore 

boundary separation by lowering the grain boundary mobility, thereby entailing a decrease in 

grain growth rate. However, the exact mechanisms to how magnesia addition enhances 

densification still remain controversial.  

e. Radonjić et al (RadonjiC, 1997), whilst studying the effect of MgO doping on the 

densification, as well as on the grain growth of alumina observed an increase in the 

densification kinetics but decrease in the grain growth rate of alumina. It was observed that 

whence magnesia addition could decrease the particle size during phase transformation, it 

could decrease grain growth during sintering. 

f. Atsushi Odaka et al (Odaka, 2008), demonstrated that Ca doped alumina nano-powders were 

able to produce fine-grained ceramics. The nano-powders were obtained using CaCl2 and 

polyhydoxoaluminum (PHA) solutions through a sol–gel route under α-alumina seeding. 

Appropriate composition for producing the above for low-temperature finer grained 

densification were 0.10 mol% Ca-doping, 5 mass% α-alumina seeding. This was followed by 

calcinations carried out at a temperature of 900 °C. this resulted in the formation of new nano-

sized alumina powders, consisting of α-alumina particles and nano-particles with 80 nm as an 

average grain size. These Ca-doped nano-powders were used to produce uniformly micro-

structured and fully densified alumina ceramics with an average grain size of 0.66 μm 

temperature as low as 1375 °C. this emphasized the suitability of the proposed sol- gel route 

for preparing Ca-doped nano-powders for fabrication of dense and fine-grained alumina 
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ceramics. Undoped samples with 5 mass% seeds had a microstructure with an average grain 

size of 1.39 μm at 1375 °C. 

g. R. Voytovych et al (Voytovych, 2002), studied the impacts on grain growth and densification 

of very high-purity α-alumina by doping it with varying amounts of yttrium spanning between 

0 to 3000 wt% ppm of yttria and subsequently sintering the sample at 1450, 1550 and 1650 °C. 

It was observed  that effect of yttrium doping showed inverse relation with temperature 

increase, as sample exhibited densification and coarsening at 1450 °C, but had very little effect 

at 1550 °C and no effect at 1650 °C. This variation in densification behavior is inferred to be 

caused due to the transition of densification control source from grain boundary diffusion to 

lattice diffusion with increasing temperature. It was also observed that the coarsening rate 

increases more expeditiously with temperature as compared to the densification rate. This was 

said to be correlated with the higher measured activation energy for grain growth than for the 

diffusion processes, which control the densification. 

h. C. Ivan B. Cutler et al (Cutler, 1957), inferred that sintering of alumina can be enhanced at 

temperatures below 1700 °C by using both small particles and the addition of certain oxides. 

The sintering temperature for under consideration 96 % dense alumina bodies was curtailed up 

to 1300° to 1400°C range by varying combinations of small particle size and oxides. The cause 

for reduction in sintering temperature was deduced to be the formation of a liquid phase. Thin 

sections of the alumina sintered at low temperatures when observed revealed bodies with small 

grain size with bulk densities above 3.80 g/cc. 

 

2.7.1 Material choice as sintering additives  

 

2.7.1.1 Copper oxide (CuO)  

 

Copper oxide exits in two forms i.e. cupric oxide (CuO) and cuprous oxide (Cu2O). CuO however is 

considered as a sintering additive that gives liquid phase when added in a system. Thus it causes liquid 

phase sintering, it mainly plays fluxing action, make atom easily move to membranes on alumina 

particles surface, and react with aluminum oxide.  
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                         Fig.14 Phase diagram of alumina and copper oxide 

 

Copper oxide and titania have been utilized in isolation as well as in combination with various oxides 

to maximize mechanical and structural properties of alumina.  

 

S.Ramesh et.al (Sing, 2008) studied the effects caused by addition of CuO in Al2O3. It has been 

observed that the addition of CuO aids in the formation of liquid phase at the grain boundaries of 

alumina, resulting in decreased sintering temperature, and enhanced densification.  Modification in 

morphology of the grain size and improvement in mechanical properties was achieved due to 

formation of CuAl2O4 liquid at grain boundaries which modifies the morphology of the grain and 

improves mechanical properties (Haldar, Effect of nano CuO addition on the tribo-mechanical 

behavior of alumina ceramics in non-conformal contact, 2020).  The significance and effectiveness of 

CuO addition to alumina can be envisaged through the apparent decrease in porosity due to inter-

diffusion of most grains, resulting in shrinkage and large size grains. It also improves fracture 

toughness and hardness by preventing grain growth. The phase transformation causes volume 

expansion around the crack tip. As a result, the neighboring grains experience compression and inhibit 

the crack movement. The toughening of the alumina matrix is a result of grain refinement and phase 

transformation. 
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Partha Halder et.al (Haldar, Effect of Nano CuO Addition on the Tribo-Mechanical Behavior of 

Alumina Ceramics in, 2020) studied the addition of copper oxide at nanoscale in alumina at low 

temperature. The effect of density was studied as sintering temperature was increased. the addition of 

copper oxide formed a liquid phase CuAl2O4 thus modifying the morphology of the grain, this in turns 

imparts effect on mechanical properties to be enhanced. The optimization of copper oxide was 

achieved to be 2wt% increasing the hardness and fracture toughness of the system.      

. 

2.7.1.2 Titania (TiO2) 

Titania occurs in three i.e. Brookite, Rutile, Anatase. The former is orthorhombic while the lateral two 

are tetragonal. Rutile however is the most stable one thermodynamically. Thus, rutile plays a 

significant role in industries. Titania when heat treated its forms changes from anatase to rutile, where 

anatase is a metastable state. 

                                       

           Fig.15 Titania (Rutile) unit cell, where black dot represents Oxygen and Ti is represented by 

white dots 

 

When titania added in a system the mechanical properties changes by the composition and 

microstructure. Thus, due to various applications these properties of titania can be tailored, thereby 

entailing advantageous applications.  

Ti 

O 
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                          Fig.16 Phase diagram of Alumina- Titania system 

    

Titanium dioxide can with aluminum oxide generation solid state reaction, make aluminum oxide 

realize sintering. Thus, when it is inferred that solubility of titania in alumina, determined by the lattice 

parameter shift of alumina, is quite low. Whilst analyzing the effects of temperature on solubility of 

titania in α-alumina, it was observed that it existed in solid form at 1150°C, and the solubility was 

0.27% at 1300-1700°C. Surpassing solubility limit, excess titania coexisted with α - alumina as rutile 

below 1350°C and above 1450°C it co-existed as Al2TiO5. The addition of titania also promoted the 

grain growth of Al2O3. An inverse relation between grain size and increasing Al2TiO5 concentration 

was observed beyond the solubility limit. Al2TiO5 existing as a second phase deter the grain growth 

of alumina. (KUMARI, 2013) 

Hori et al. (Us Patent No. 4,892,850, 1990) reported tough alumina-titania composite sintered body. 

The vapor-phase reaction of AlCl3 and TiCl4 by vapor phase reaction an alumina-titania composite 

powder was prepared. It was stated that composite body can be sintered at or under 1280°C and can 

achieve high density. The geometrically anisotropic particles imported crack deflection, thus 

deteriorated toughening mechanism of the sintered body. 
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Serkan A ball (SerkanAball, 2011) reported mechanical property of higher amount of titania in 

alumina (40 and 48 % TiO2). The addition of titania causes variation in microstructure such as phase 

distribution, porosity, and hardness etc.  According to this the micro hardness values of the alumina -

40 wt% titania are slightly higher than that of the alumina-48wt.% titania. It is shown that the micro 

hardness values are depends on the amount of titania. 

  

2.7.1.3 Zirconia (ZrO2) 

SL. Xu &  M.Chen et al. (Xu, 2015) has studied the  performance  and sintering behavior of high 

alumina refractory, based on the ternary subsystem. MgAl2O4-CaAl4O7-CaQl12O19 were investigated 

using to 8 wt.% of  ZrO2 as an additive by conducting solid state reaction sintering. it was observed 

that added ZrO2 forms solid solution after dissolving in  the ca6 grains in, resultantly causing enhanced  

isotropic growth of ca6 grains and consequently  improved the sintering. result was improved 

densification process and more compact structure was observed in areas with enrichment of ZrO2. 

upon further ZrO2 addition, tetragonal ZrO2 crystals were formed in the grain boundaries, which 

enhanced the thermal shock resistance by increasing the solid solubility limit, inferring that ZrO2 

addition exhibited a positive effect on sintering behavior and of this refractory. in addition, it is 

considered that the optimal amount of ZrO2 addition was about 4% considering the performance 

together with the cost.  

It has been seen that adding ZrO2 promotes composites with higher densities. The density has been 

inferred to possess direct relation with increasing zirconia content and sintering temperature, while 

porosity possess inverse relation with the same variations of zirconia content and sintering 

temperature. SEM images visualize the microstructures of ZTA showing that the grains 

remain homogeneous and finer at1550°C. It can also be observed that the grain size of ZrO2 possesses 

inverse relationship with the increase of ZrO2 content, whereas it increases with the increase of 

sintering temperature and hinders the grain growth of Al2O3 which contributes to the variation of 

porosity. Hardness and elastic modulus have been found to be increased with sintering temperature, 

while the addition of ZrO2 decreases the hardness and elastic modulus of the composite. The flexural 

strength increases with increasing zirconia content as well as sintering temperature. The martensitic 

https://link.springer.com/chapter/10.1007/978-3-319-48191-3_62#auth-Lei-Xu
https://link.springer.com/chapter/10.1007/978-3-319-48191-3_62#auth-Min-Chen
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transformation and frontal process zone are predominant mechanisms to increase the flexural strength 

of Al2O3- ZrO2 composite. The zirconia substitution in pure Al2O3 and the change of sintering 

temperature was found to have a significant effect on structural and mechanical properties (Hossen M. 

, 2014). 
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Chapter 3 

                Experiment and Characterization 

3.1 Experimental route  

 

                     Fig.17 Diagram presenting layout of experimental work 

 

3.2 Sample Preparation: 

3.2.1 Synthesis of Copper oxide 

The metal powder of copper, rusty orange in color was directly obtained. It was than subjected to 

heating in the muffle furnace for 2hr at 300°C for auto combustion of powder to get a black powdery 

mass. The burnt powder was then agate, ultimately to get copper oxide powder. 
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3.2.2 Material preparation and sintering  

α- alumina in its high purity (99% pure) used as a base for composing the specimen. Its densification 

and mechanical properties are needed to be enhanced. The α- alumina was spherical in shape and had 

a size of 4um -6um.                                                            

                                  

                                  Fig.18 Powder form α- Al2O3                                                  

                  

3.2.2.1 Alumina: Copper oxide  

The batches were prepared, initially, mixing of CuO in α-Al2O3 in various compositions were made 

i.e. 1wt%, 3wt%, 5wt%and 8wt%. Samples were marked as C1, C3, C5, C8 respectively. The wet 

mixing was carried out in ethanol and was subjected to the low energy ball milling for 12 hours. The 

powder to ball ratio was taken to be 1:10 for this purpose. The slurry obtained was dried at 100 ˚C for 

2hrs. The powder was then crushed in pastel and mortar to get homogenous powder. 

Table1. Represents condition for homogenous mixing of powdered samples    

Sr. No Ball ratio Medium Milling time Drying time 

1 1:10 Ethanol  12hr 1 hr 

 

Pellets of the sample powders were prepared by using die of 12mm in diameter. The sample powders 

were then pressed isostatically using hydraulic press under a uniaxial load of 200MPa. The green body 
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was than sintered under ambient conditions with heating rate of 10°C/min at different temperatures 

i.e. 1300 0C and 1400 0C for 4 hours in a Naberthem Muffle box furnace.  

 

                  

            

 

 

 

 

 

                              

                          Fig 19. Temperature vs time graph of sintering 

Further its characterizations were done. The temperature range was defined in this step to carry out 

further experiments 

 

                 Table 2.  Composition of Alumina system with addition of Copper oxide 

 

    

 

 

         

 

Sr. no.        Al2O3 Mass(g)          CuO 

   Wt%             Mass (g) 

1        1.98 1 0.02 

2        1.94 3 0.06 

3        1.9 5 0.1 

4        1.84  8 0.16 

Time 

Step1 
10˚C/

1200˚

C 

1400˚

C 

Te
m

p
er

at
u

re
 

Step2 

10min 
Step 3 

120 
min 

Step4 

Step5 
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3.2.2.2 Alumina: Copper oxide: Titania 

A new batch was prepared in which the composition of Cu was same as mentioned above but with it 

TiO2 in powder form, was added as a sintering additive in Al2O3. The concentration of TiO2.was taken 

to be 2wt%. The powder was passed through the same process as forementioned. Prepared pellets were 

subjected to the sintering process and the temperature considered were 1300 0C and 14000C. The 

characterizations were carried out. This was the step which helped in determining the composition of 

CuO to be considered in the further series of the experiment to be performed. 

 

                    Table 3. Composition of Alumina system with Copper oxide-Titania 

Sr. no.        Al2O3 Mass(g)                 CuO 

   Wt%             Mass (g) 

     TiO2  

      Mass (g) 

1        1.9 1 0.02 0.04 

2        1.7 3 0.06 0.04 

 

3 

       1.5 5 0.1 0.04 

4        1.2 8 0.16 0.04 

                      

3.2.2.3 Alumina: Copper oxide: Titania: Zirconia 

The previous step was determining step of the composition of CuO which turned out to be 5wt%, thus 

TiO2 along with ZrO2, both in powdered forms, added in alumina was carried out. Where composition 

of ZrO2 was 1wt% and 5wt%. This was determined by the help of literature review and series of 

experiments performed for its confirmation.  

In the same previously mentioned manner, the powders were mixed in alumina, pallets were formed 

and sintered at 1300 0C and 1400 0C for 4 hours in muffle furnace. Sintered pallets were subjected to 

various characterizations to determine the change in mechanical properties of the prepared samples 

and its effect on the densification of alumina.  
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Table 4. Composition of Alumina system with addition of Copper oxide-Titania- Zirconia 

Sr. 

no. 

       Al2O3  

     

Mass(g) 

    CuO 

Wt%       

     TiO2   

Wt% 

     ZrO  

Wt% 

1        1.2 5 2 1 5 

                                                                                   

3.2.3 Mounting  

For holding sample bakelite powder was used. A pressure of 280 bars was applied and the curing time 

was set at 180 0C. 

3.2.4 Grinding 

The sintered pallets prepared in all above mentioned scheme, when once mounted, were subjected to 

grinding. The sand paper with grit size of 600, 800,1000,1200 and 1800 respectively. The sample 

orientation was rotated to 90 0C to ensure proper orientation of scratches. 

3.2.5 Polishing 

Alumina powder of 0.5 size and diamond paste of 1 micron size were used in the form of slury, 

separately to gain better results. The samples were subjected to polishing for obtaining smooth surface.   

 

 

 

 

                  Fig20. Represents the general schematics of the experimental works 

SCHEMATICS 

Green Compact  
Sintering Grinding  Polishing  Characterizations 
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3.3 Characterization techniques 

The techniques used for the characterization of prepared specimen are 

•  X-ray Diffraction (XRD) 

• Scanning Electron Microscopy (SEM) 

• Density measurement  

• Vickers hardness 

• Universal Testing Machine (Shamizdu AG-X plus) (UTS) 

 

3.3.1 X-ray diffraction (XRD) 

X-ray diffraction is an analytical technique primarily used in material science to determine the 

information on unit cell dimensions, phase identification and crystallographic structure and physical 

properties of a material (Bunaciu, 2015). Max von Laue noble prize winner on his work on X-rays 

diffracted by the solid crystal system.  

The seven crystal systems are 

• Cubic (isomeric) 

• Tetragonal 

• Triclinic 

• Orthorhombic 

• Hexagonal 

• Monoclinic 

• Trigonal 

This technique is based on the determination of angles form constructive interference and 

destructive interference of monochromatic x-ray (Bunaciu, 2015). The principal is used is known 

as braggs law in which crystal atoms scatter incident X-rays through interaction with electrons of 

the atoms. Braggs law is given as 
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                                                     2dsinθ=nλ 

 

Where d is the spacing between diffracting planes, θ is the incident angle, n is the integer and λ is 

the wavelength  

The range for the wavelength of X-rays applied for analysis is from 10A to 2.5 nm. It consists of five 

main components, 

• Radiation source 

• Sample holder 

• Component to limit wavelength range of received radiations 

• Radiation transducer 

• Signal processing and read out component 

In most of the diffractometers, the assembly of the X-ray source is in such a way that it is are 

placed along with the detectors at the same side of the sample. During the process the incident rays 

strike at some angle which are than reflected and are passed onto the detector. Electrons are 

generated in cathode ray tube by the filament which is heated. Electrons are than accelerated along 

with the direction of target towards target when electric field is applied (CivanPhD, 2016). 

characteristic X-rays are produced when these electrons strike the inner shells of the target 

material. Then this monochromatic X-ray beam is directed to fall on the sample. The angle is 

maintained by the unit called goniometer. Scintillation counter is the most commonly used detector 

which records the intensity of reflected X-rays obtained by constructive interference. The complete 

scan range of powder x-ray diffraction ranges from 5o to 150o .  
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                                    Fig.21 Diffraction of light beam demonstration 

 

3.3.2 Scanning Electron Microscope (SEM): 

Scanning electron microscopy is a technique used for the investigation of morphology of materials, 

crystallography, and orientation of planes. Manfred Von Ardenne designed SEM for the first time in 

1938. Metals, nonmetals, ceramics materials etc. can be analyzed though the sample to be analyzed 

by SEM should be conducting, but if not a thin layered coating of gold or graphite is done to make 

non-conducting samples conductive in order analyze it (Seiler, 1983). A high energy electron beam is 

bombarded on the material under analysis to produce 3D image with a resolution up to 1nm. Degree 

of magnification is controlled by electromagnets. Surface of the material is focused by a fine beam of 

electrons. As a result, electrons or photons are knocked out of the surface and directed towards 

detector. The output from the detector modulates the brightness of the cathode ray tube. For every 

point where electron beams are focused and interact, it is plotted on consequent points on cathode ray 

tube. As a result, 3D image of the material is produced. 

The electron interacts with the specimen in following ways  

a. Back Scattered Electrons  

b. Secondary Electrons  
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c. Augers Electrons  

d. Characteristic X-ray 

  

These interactions mainly depends on the penetration of the beam through the surface of the specimen.  

Secondary electrons is commonly used in SEM mode. These electrons are emitted near sample surface 

which results into formation of image.  

            

                          Fig.22 Schematics of sample interaction during SEM  

 

3.3.3 Density measurement 

Density is the measure of the compactness of a specimen. Density of the material can be determined 

by Archimedes principle. This states that when a specimen is immersed in a liquid an upward force 

acts upon it known as buoyant force, due to the pressure built at the downward side is equal to the 

weight of the fluid that was displaced by the immersed specimen (Lowell, 2004). The bulk density 

was calculated by the following formula 
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𝑩𝒖𝒍𝒌 𝑫ⅇ𝒏𝒔𝒊𝒕𝒚 =
𝑫𝒓𝒚 𝒘ⅇ𝒊𝒈𝒉𝒕

𝒔𝒐𝒂𝒌ⅇ𝒅 𝒘ⅇ𝒊𝒈𝒉𝒕 − 𝒔𝒖𝒔𝒑ⅇ𝒏𝒅ⅇ𝒅 𝒘ⅇ𝒊𝒈𝒉𝒕 
 

The apparatus used for measure weight is shown below in Figure  

                          

                                 Fig.23 Densification measurement apparatus 

 

 

3.3.4 Micro- Vickers Hardness 

Hardness, applied to most materials, is a commonly employed mechanical test. The information 

obtained can complement or used in conjunction with other materials verification techniques. In 1921, 

vicker hardness test was developed by Robert L. Smith and George E. Sandland. The prupose was to 

overcome the drawbacks in the refinement of test results, when performed by the Brinell hardness 

testing. This is used for all the metals present in the universe. In this method the indenters play an 

important role. The indentation is made on the test material with the help of a diamond indenter. It has 

the shape of a pyramid with square base and angle of 136˚ between opposite faces. The angle is 22˚ 

between the flat surface and the inclined outward face of the diamond (Ullner, 2001) . The force 
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subjected on to the aerial is between 1gf and 100kgf. The load applied on the material is between 10 

to 15 seconds. As the load is removed the mark i.e. the two diagonals of the indentation left in the 

surface of the material (Ghorbal, 2017) . The area of the sloping surfaces is calculated using microscope. 

The procedure for calculating the hardness of the material was 

a. Sample was placed on the stage of Vickers hardness tester 

b. The settings were adjusted to zero and observed through microscope 

c. Indent in-placement and load applied 

d. Removal of load  

e. Measurement of the dimensions of the indent formed through optical microscope 

f. Calculation of Vicker hardness number 

 

Vicker hardness mathematically calculated as  

                                               𝑯𝑽 =
𝟐𝑭𝒔𝒊𝒏 

𝟏𝟑𝟔

𝟐

𝒅²
         𝑯𝑽 = 𝟏. 𝟖𝟓𝟒 

𝑭

𝒅²
[𝒌𝒈𝒇/𝒎𝒎²] 

       

                                           

                                      Fig.24 Schematics of indent in Vickers hardness apparatus 
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3.3.5 Universal Testing Machine (Shamizdu AG-X plus) (UTS) 

In 1880, the first UTS machine was developed in order to perform the tensile and compression testing 

for the material. This gives an intensive study about the physical and mechanical properties of the 

specimen by measuring and analyzing the performance of the material under the applied force. 

The compression testing of the materials helps to determine the materials behavior when it is subjected 

under the applied crushing load. The relationship between the stress and strain graph is the same as 

for the tensile loading. Initially when load is applied the stress is in proportion to strain i.e. material 

behaves elastically (Swab J. J., 2021)  . After certain value the plastic flow starts, this means the strain 

happens more than the elastic limit. Once the elastic limit is achieved the material eventually fail in 

shear. Shear develops along a diagonal plane (Sines, 2013) . The fraction thus occurs due to bulging 

action, this is known as malleability. This property is associated with compression testing. 

The requirement for the compression testing of the material is 

a. specimen must have larger cross-sectional area to resist any buckling due to bending 

b. specimen undergoing strain hardening as deformation proceeds,  

c. cross-section of the specimen increases with deformation 

The buckling action causes instability, this can be avoided when the ratio of height to diameter of the 

specimen is less than 2. Thus lower the height to diameter ratio, higher is the compressive strength. 

 

The procedure for the compression testing that was practiced was 

a. The sample of height to diameter ratio less than 2 was placed on the stage 

b. The stability of the sample was ensured 

c. Load was applied 

d. The trend of compression applied on the sample was initially linear 

e. At final stage sample was subjected to shearing due to load 

f. Load was removed 

g. From the graph plotted, values of compression were determined 
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                        Fig.25 Graph representing stress/ strain curve during compression 
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Chapter 4  

                Results and Discussion 

 

4.1 X-ray Diffraction (XRD) 
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                               Fig.26  XRD comparison of Al2O3 and Al2O3 -CuO 

  

The graph stacked above represents the XRD patterens of pure alumina and alumina-copper oxide 

system, sintered at high temperature i.e. 1400˚C, these are recoreded in a wide range of Bragg angel 

2θ i.e from 5˚ to 80˚. The lattice paprameters calculated were close to, when compared with unit cell 

of alumina (a = b= 4.761 Å, c=12.87 Å, JCPDs file No. 71-1123, to be a = b= 4.781 Å, c=12.98 Å ) 

(Prakash) 

The slight peak shift and broadening of of pure alumina peaks can be observed as the pellets were 

sintered at 1400˚C.   
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The above graph represents the comparison of pure alumina and alumina with addition of copper oxide 

system. The weak peaks correspond to CuAl2O4 and a few traces of CuAlO2 were identified. These 

peaks were quite prominent when higher concentration of copper oxide was added.  The interaction of 

Cu-Al shows that the new phase was formed to promote liquid phase. The formation of these phase 

was started to be observed from 800 ˚C and above. (Fu, 2016)                  
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                               Fig.27  XRD comparison of Al2O3 and Al2O3 -CuO-TiO2 

In the alumina-copper oxide system when titania is added, the interaction of the three oxides can be 

proven by the help of the xrd graph, which demonstrates the presence of a new phase of titania with 

alumina along with those of copper oxide i.e. Al2TiO5, CuAl2O4 and CuAlO2. When titania interacts 

with alumina it lowers its sintering activation energy. This not only enhances the atomic diffusion but 

also helps in promoting sintering as increases the lattice defects. When these phases are formed and 

the interaction of copper oxide and titania at a eutectic temperature where melt if formed causes the 

formation of distortion and vacancy. These play a vital role for alumina to recrystallize and densify 

effectively (Clarke, 1989).  
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                  Fig.28  XRD comparison of Al2O3 -CuO-TiO2 and Al2O3 -CuO-TiO2-ZrO2 

 

The graph is a comparison between the alumina system (copper oxide and titania) with and without 

the addition of ZrO2. The ZrO2 is present in its monoclinic phase and a tetragonal phase can also be 

observed.  In the composition where ZrO2 added up to 1 wt% the monoclinic phase was prominent but 

as the content of ZrO2 increased the tetragonal phase of ZrO2 can be observed in the graph. From 

various sources it has been proven that the monoclinic phase is responsible for the strength, when 

interacts with the alumina but in our study, this is not the case. Another, effect can be observed that 

tetragonal phase of zirconia increases than usual due to the presence of TiO2. (Hossen M. M., 2014)  
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4.2 Scanning Electron Microscopy (SEM) 

4.2.1 Addition of CuO 

  

                   Fig. 29 SEM image of pure alumina at (a) 1300˚C, (b) 1400˚C 

The above fig.29 represents the sem image of pure alumina compact, sintered at 1300˚C and 

1400˚C, respectively. The images show that particles subjected to high temperature might have 

formed clusters, but no other significant effect can be observed. The formation of clusters can be 

due to the pressure exerted during pallet formation. The size of the particles remained to be between 

0.2um to 0.4um. Hence, the temperature had no effect on the alumina compaction and density is 

not affected. 

The addition of CuO in alumina as a sintering additive was carried out. The weight percentage 

considered was 1wt%, 3wt%, 5wt%, and 8wt%. The pallets were formed under 2-ton pressure for 

3 min. These green compacts were then sintered at 1300˚C and 1400˚C. 

 

 

 

(a)Al2O

3 

(b)Al2O

3 
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 Fig.30 SEM images of at 1300C (a) Al2O3- 1wt% CuO, (b) Al2O3- 3wt% CuO, (c) Al2O3- 5wt% 

CuO, and (d) Al2O3- 8wt% CuO  

The sem images were taken of the alumina compact sintered at 1300C. The fig.30(a) shows the 

effect of addition of 1wt% CuO in alumina. The pellet when subjected to high temperature it 

undergoes phase formation i.e., CuAl2O4 is formed, which is the cause of liquid phase sintering. 

The melting point of alumina is 2070C needed to densify alumina in conventional manner, thus, to 

achieve liquid phase sintering is an important step as it helps in compaction of alumina, at low 

temperature. The liquid phase CuAl2O4, formation in between the grain boundaries of alumina 

particles gives of continuous plain areas which shows that diffusion has occurred thus capillary 

forces are in effect. But due to low concentration of CuO the coverage throughout the sample, of 

liquid phase is limited hence patches of continuous plain surfaces were obtained.  

In the fig.30 (b) and (c) the concentration of CuO was increased to 3wt% and 5wt% respectively. 

A positive trend of the increase of sintering additive could be observed in the above given images. 

The liquid phase CuAl2O4, formed throughout the sample giving of larger regions of continuous 

surfaces results in improved compaction.        

Further study shows that increase of sintering additive i.e., CuO up to 8wt% has not resulted to be 

positive but porosity has increased, this can be explained that a high amount of CuAl2O4 restrains 

a.1wt% b.3wt% 

d.8wt% e.5wt% 
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grain growth or another case occurring is CuO instead of forming a new phase has undergone solid 

state reaction with Al2O3 forming larger or diffused elongated like shapes (Fu, 2016).  

  

                                    Fig 31 SEM image of 5wt% CuO at 1400C and EDS  

Table 5. EDS weight ratio focused on specific area 

Sample Temperature          Aluminum            Copper           Oxygen 

  Wt% At% Wt% At% Wt% At% 

1 1300C 58.5 45.8 2.9 1 38.4 53.2 

2 1400C 78 89.4 20 9.7 35.7 45.8 

 

From the previous sem results it was evident that sample of alumina containing 5wt% CuO gives 

of maximum continuous region due to presence of optimum liquid phase thus a better coverage and 

compaction throughout the alumina sample was obtained. hence the further studies made were 

concentrated on this specific concentration, i.e, 5wt% of CuO. The above fig31 represents the sem 

image of alumina containing 5wt% CuO, which was sintered at 1400C. The EDS taken was to 

confirm the elemental detections and the homogeneity obtained throughout the region. The region 

observed in SEM image exhibits that a diffusion has occurred and liquid phase present between the 

alumina-alumina grain boundary provided continuous smooth areas. The alumina sample sintered 

at 1400C gave much better result than that sintered at 1300C, which is evident from the micro-

structure given above.  
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4.2.2 Addition of CuO: TiO2 in Al2O3  

                                                                                                    

  

                      Fig. 32 SEM image of Al2O3- 5wt% CuO- TiO2 at a)13000C and b)14000C 

 

Table 6. EDS weight ratio focused on specific area 

Sample Temperature        

Aluminium 

           Copper           Titanium        Oxygen 

  Wt% At% Wt% At% Wt% At% Wt% At% 

1 13000C 48.3 38.1 6.3 2.1 0.8 0.1 45.4 59.6 

2 14000C 45.8 37.3 7.5 3.2 0.8 0.4 44 59.1 

 

The compaction of Al2O3 system when CuO was added gave favorable results, the next step was to 

observe if along with liquid phase solid phase could be introduced to enhance the morphology needed 

to ensure compaction of alumina pellets. Thus, it was required to produce vacancies in the lattice of 

alumina, thus TiO2 was considered and was added in 2wt% concentration along with CuO 

b 

a 
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(1wt%,3wt%,5wt%,8wt%). The best results obtained were of 5wt% of CuO added in Al2O3-CuO-TiO2 

system, which was discussed here. The fig 32 (a), (b) represents the sem images of the samples sintered 

at 13000C and 14000C, respectively, along with EDS that represents the elemental configuration and 

the homogeneity of the additives throughout the sample. Sample sintered at 13000C, it was observed 

that there is a continuous phase throughout the sample. The densification behavior depends on the 

associations of pores with grain growth and the mode of grain growth. Since the phases CuAl2O4 and 

AlTiO2 were formed; the di-phases occurred due to the mass transfer and diffusion phenomena. This 

gave rise to the flattening at the point of contact thus decreasing the angularity of grains. The capillary 

effect can be observed when liquid phase surrounds the alumina-alumina grains, decreasing the 

porosity. While TiO2 creates vacancies in Al2O3 lattice forms a solid phase as both have tetragonal 

structures (Clarke, 1989). The densification and a solid-state reaction occur at approximately 1300 0C. 

This gives higher compaction of the alumina as can be observed from the fig.32(a). The SEM image 

of the sample sintered at 14000C shows a better distribution of liquid phase throughout. Additional 

densification was achieved as the rearrangement of particles became insignificant. The mechanism 

followed was, dissolved solute transferred to the parts of grain structure by diffusion followed by 

reprecipitation. 
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4.2.3 Addition of CuO: TiO2: ZrO2 

    

  

Fig 33. SEM images of a) Al2O3-CuO-TiO2-1 wt%ZrO2 and b)Al2O3-CuO-TiO2-5wt%ZrO2 at 

1300 0C 

Table 7. EDS weight ratio focused on the specific area 

 

Sample 

 

Temperature 

Wt% 

of  

ZrO 

      

Aluminum 

             

Copper 

          

Titanium 

 

Zirconia 

     

   Oxygen 

   Wt% At% Wt% At% Wt% At% Wt% At% Wt% At% 

1  

    13000C 

1wt% 70 88.5 16.4 7.9 0.7 0.4 2.9 0.13 10 12.2 

2 5wt% 68.1 83.4 13.4 9.7 0.7 0.5 1.2 0.4 16.6 6 

ZrO2 has been used to increase the mechanical strength of pure alumina and is used in various 

applications mostly biomedical-based, our purpose was to conclude a system that can increase 

densification and induce better mechanical results. A multi-phase, alumina system was introduced by 

a)1wt% ZrO2 

b)5wt% ZrO2 
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adding ZrO2 along with CuO and TiO2, which were sintered at 1300 0C and 1400 0C.  The ZrO2 added 

were 1wt% and 5wt%. The diphasic and multi-phasic effect combined is observed.  

The sem images (a) (b) shown in the above fig.33 represent that as ZrO2 added in 1wt% and 5wt% 

respectively and were sintered at 1300˚C. In the multiphase system of alumina the ZrO2 added in lower 

concentration i.e, 1wt% has changed the morphology but yet has no significant effect on the structure 

observed in fig.33(a) but as the concentration was increased to 5wt% of ZrO2 it is quite evident that 

the surface is no longer continuous which can be observed from the sem image fig.33 (b). It was 

observed that grain size varies as the amount of ZrO2 was added to the Al2O3 system. The continuous 

phase present in various areas of the compact surface was due to the presence of CuO and TiO2, while 

the coarsening is due to the partial oxidation of ZrO2. The ZrO2 reacts with Al2O3 to form a solid state 

reaction (Hossen M. M., 2014). The porosity and cracks can be observed as could be seen between the 

small regions of abnormal grain growth areas evident in fig 33 (b).                              

          

  

Fig 34 SEM images of a) sAl2O3-CuO-TiO2-1 wt%ZrO2 and b)Al2O3-CuO-TiO2-ZrO2 at 1400 0C 

The sem images (a) (b) shown in the above fig.34 represent that as ZrO2 added in 1wt% and 5wt% 

respectively and were sintered at 1400˚C. In this multiphase system of alumina the ZrO2 added in lower 

concentration i.e, 1wt% has affected the morphology as could be observed in fig.34(a). The same 

a)1wt% ZrO2 

b)5wt% ZrO2 
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effect was observed when the concentration was increased to 5wt% of ZrO2 as it was quite evident 

from the surface in sem image fig.34 (b).  The continuous phase present in various areas of the compact 

surface was due to the presence of CuO and TiO2, while the coarsening is due to the partial oxidation 

of ZrO2. The ZrO2 reacts with Al2O3 to form a solid state reaction (Hossen M. M., 2014). From the 

given fig.34(b) high porosity and cracks can be observed between the small regions of abnormal grain 

growth regions.                              

 

Table 8. EDS weight ratio focused on the specific area 

 

Sample 

 

Temperature 

Wt% 

of  

ZrO 

      

Aluminum 

             

Copper 

          

Titanium 

 

Zirconia 

     

   Oxygen 

   Wt% At% Wt% At% Wt% At% Wt% At% Wt% At% 

1  

    14000C 

1wt% 70.4 80 10.8 5.3 1.9 1.2 7 2.2 14 11.3 

2 5wt% 45.8 37.3 6.5 2.3 0.8 0.4 3 0.9 43 59.1 

 

4.3 Density 

Once pellets were sintered, the densification was calculated. The pellets of the three systems of 

alumina was prepared at 1300˚C and 1400˚C, respectively. Considering the alumina system in which 
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CuO was added, its densification was plotted against pure alumina at 1300˚C and 1400˚C.

0 2 4 6 8

60

62

64

66

68

70

72

74

76

78

80

82

84

86

88

90

92

94

96

98

100

R
e

la
ti

v
e

 D
e

n
s

it
y

wt%

 Al2O3:CuO 1300C

 

 

0 2 4 6 8

60

62

64

66

68

70

72

74

76

78

80

82

84

86

88

90

92

94

96

98

100

R
e

la
ti

v
e

 D
e

n
s

it
y

wt%

 Al2O3:CuO 1400C

 

 

 

Fig.35 Relative density graph of pure alumina and Al2O3-CuO system at (a)1300˚C and (b)1400˚C      

The above graph shows that pure alumina's relative density is less than that of alumina containing 

CuO(1wt%,3wt%,5wt%,8wt%). This result could be supported by the sem images obtained in fig.30 

and fig31 respectively. The densification obtained shows an increasing trend as the concentration of 

CuO increases. But this trend can be observed till the concentration reaches 5wt% of CuO. This can 

be explained based on liquid phase formation, wettability, and diffusion throughout the microstructure.                      
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Fig.36 Comparison of Relative density graph of pure alumina and Al2O3-CuO system at (a)1300˚C 

and (b)1400˚C 

a b 
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The trend is shown in fig.36 where a comparison was made, that temperature increase has a positive 

effect on the densification of the alumina system, and with these concentrations of CuO, the 5wt% has 

shown good results in comparison to the others. But as the concentration increased to 8wt% despite 

the temperature provided densification decreased.  

Considering the di-phase alumina system i.e CuO-TiO2 is added as sintering additives. 
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Fig.37 Relative density  graph of pure alumina and Al2O3-CuO- TiO2 system at (a)1300˚C and 

(b)1400˚C    

The above fig.37 shows the relative density increasing trend till the 5wt% concentration of CuO, but 

exceeding this optimum concentration showed that density falls drastically. Thus the most favorable 

result achieved in the di-phase alumina system was at 5wt%. The doping effect of TiO2 seemed to 

favor pore elimination resulting in high densification of the alumina sample.  
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  Fig.38 Relative density  graph of pure alumina and Al2O3-CuO-TiO2 system at (a)1300˚C and 

(b)1400˚C   

The above figure gives a comparative study of the alumina system when  CuO-TiO2 was added and 

sintered at 1300˚C and 1400˚C. The graphs show that as temperature increases it gives off more refined 

compaction thus resulting in higher densification at 1400˚C than at 1300˚C.                                                                                                    



 
 

67 

                            

0 2 4 6 8

60

62

64

66

68

70

72

74

76

78

80

82

84

86

88

90

92

94

96

98

100

R
e

la
ti

v
e

 D
e

n
s

it
y

wt%

 Al2O3:CuO 1300C

 Al2O3:CuO 1400C

 Al2O3:CuO:TiO2 1300C

 Al2O3:CuO:TiO2 1400C

 

 

  

      Fig. 39 Relative density comparison of Al2O3-CuO and Al2O3-CuO-TiO2 system          

 

The above graph draws a comparison of the single-phase alumina system and di-phase alumina system. 

With the increase in Concentration of CuO up to an optimum concentration value i.e., 5wt% the trend 

seemed to be of increasing order, but further increase in CuO concentration in both systems causes 

degradation in the values of densification. This can be explained that the liquid phase formed in a 

higher quantity produces the coarsening effect, thus it induced distortion and deformation of the 

surface, causing a decrease in densification. Similarly, with the increase in temperature, the density of 

the specimens also increases. The increase in temperature supports vibrational motion and diffusivity 

of the liquid phase. The diffusivity of the liquid phase is high as most of the CuO present in the alumina 

matrix reacts to form new phases, while TiO2 also forms a new phase with Al2O3 i.e. Al2TiO2 thus 

promoting fast grain growth due to reprecipitation phenomena. (HaiyangLi, Low-temperature 

sintering of coarse alumina powder compact with sufficient mechanical strength, 2017) 
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 Fig 40. Density comparison of Al2O3-CuO-TiO2 and Al2O3-CuO-TiO2- (1,5 wt%) ZrO2   

From previous data, a conclusion can be drawn that the CuO 5wt% concentration has the desirable 

result of densification. Thus, this concentration was further used in a series of experiments when 

considering a multi-phase system i.e Al2O3: CuO(5wt%): TiO2: ZrO2 (1,5 wt%) system. According to 

the above graph, the trend of densification shows that as temperature increases the densification also 

increases. When the increase in the concentration of ZrO2 was considered in the multi-phase system it 

resulted in an adverse effect on the alumina. A comparison of di-phase and multi-phase was established 

that showed that di-phase densification is better than multi-phase densification.  
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4.3 Micro-Vickers Hardness 
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           Fig.41 Vickers Hardness  of pure alumina and Al2O3-CuO system at (a)1300˚C and (b)1400˚C 

Hardness is the measure of resistance to localized deformation of a material. From the above graph 

given in fig40. (a) and (b) hardness of Al2O3-CuO system is shown at 1300˚C and 1400˚C, respecively. 

The trend above shows that hardness increased when CuO was introduced, as compared to the pure 

alumina. It can be sseen that as concentration of CuO was increased upto 5wt%, the increase in 

hardness can be observed, but as the concentration increased to 8wt% a decrease in hardness was seen. 

Thus the most favorable results were shown by sample containing 5wt% CuO in alumina system at 

both tempratures i.e, 1300˚C and 1400˚C.  Thus at the sintering tempratures the liquid phase has aided 

in enhancing hardness of alumina even at such low tempreatures.   
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Fig.42 Vickers Hardness graph of pure alumina and Al2O3-CuO- TiO2 system at (a)1300˚C and 

(b)1400˚C    

From the above graph given in fig40. (a) and (b) hardness of Al2O3-CuO-TiO2 system is shown at 

1300˚C and 1400˚C, respecively. The trend above gives more favorable results of hardness as 

increasing trend coulf be observed when CuO and TiO2 was introduced, as compared to the result 

shown by  pure alumina. It can be sseen that as concentration of CuO was increased upto 5wt%, the 

increase in hardness can be observed, the di-phase causing the formation of CuAl2O4 and AlTiO2 aided 

in achieving incresed value of hardness. The further increase in the concentration up to 8wt% gave 

diverse effect i.e., a decrease in hardness value was seen. Thus the most favorable results were shown 

by sample containing 5wt% CuO- TiO2 in alumina system at both tempratures i.e, 1300˚C and 1400˚C.    
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    Fig. 43 Vickers Hardness values of (a) Al2O3-CuO and (b) Al2O3-CuO-TiO2  at 1300˚C and 1400˚C                                                                           

Hardness is directly proportional to the densification of the material. The trend of hardness from the 

above graphs justifies the resuts of relative density discussed in the section 4.2.  Observing the fig.42 

(a) and (b) gives a comaprioson of  sintering temperature of Al2O3-CuO system and   Al2O3-CuO-TiO2  

system, respectively. The trend in both cases represents that as the temperature increases, values of  

hardness also increases which is evident from the graphs above. It can be said that hardness is 

temperature dependent. The solubility of Cu ion in alumina  explained through phase diagram in fig.14, 

shows that CuAlO2 forms a liquid phase below 1000˚C. This phase helps in diffusion as it has 

wettability property while Al2TiO5 formed during solid phase sintering helps in increase of hardness. 

However when the concentration of CuO was increased to 8wt% the adverse effect can be observed, 

the hardness decreased which was due to presence of higher concentrations of copper oxide where the 

phase appears in metastable state thus decompose easily, producing the prosity. 
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  Fig. 44 Vickers Hardness values comparative study of Al2O3-CuO and Al2O3-CuO-TiO2  

 

The figures above represents hardness of the two system i.e (a)Al2O3: CuO and (b)Al2O3: CuO: TiO2 

system and a comparitive study in fig35 (c) has been made. The hardness is directly proportional to 

the densification of the material. Increasing the sintering temperature increased hardness. The two 

systems when compared shows the system containing di-phase i.e., CuO and TiO2 gave much 

favourable results than that alumina system containing single phase i.e.,CuO. This is due to the fact 

that the di-phases formed i.e.,  CuAlO2, Al2TiO5 were formed, which has aided the alumina system.  
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Fig. 45 Vickers Hardness values comparison of Al2O3-CuO-TiO2 and Al2O3-CuO-TiO2-(1-5 wt%) 

ZrO2 

 

 

From previous data a conclusion can be drawn that the CuO 5wt% concentration in both single phase, 

and di-phase alumina system has shown desirable result . This concentration was further used in series 

of experiments when considering a new multi-phase system i.e Al2O3: CuO(5wt%): TiO2: ZrO2 (1,5 

wt%) system. The fig.44 shows a comparitive study of hardness of the two system i.e. diphase- and 

multi-phase system. The addition of ZrO2 in a multi-phase alumina decreased hardness values as 

compared to the hardness values of di-phase system. [61]  
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4.4 Universal Testing Machine 
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        Fig.46 Compression testing graph of pure alumina and Al2O3-CuO system at (a)1300˚C and 

(b)1400˚C 

Compression testing is the study of the material to withstand crushing force when load is applied. The 

fig.45 above represents compression testing of the alumina system i.e., Al2O3-CuO sytem at (a) 

1300˚C and (b)1400˚C. The graph exhibits the increasing trend i.e., compression strength of alumina 

system increases as compared to that of pure alumina. From the above result it could be established 

that as density of the alumina samples, increases, value of compression also improves. This trend was 

observed till the concentration of CuO was up to 5wt% but as the concentration of CuO increases to 

8wt% the compression value decreases drastically, at both temperature conditions i.e, 1300C and 

1400C respectively. This is due to the fact that higher values of CuO in alumina restrains grains growth 

which decreases the densification due to formation of irregularities within the sample structure, thus 

porosity is introduced and hence cause initiation of microcracking even at a very minimum load. 
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Fig.47 Compression testing graph of pure alumina and Al2O3-CuO-TiO2 system at (a)1300˚C and 

(b)1400˚C    

The fig.45 above represents compression testing of the alumina system i.e., Al2O3-CuO-TiO2 sytem 

at (a) 1300˚C and (b)1400˚C. The compression values increased as sintering additives were added uo 

to 5wt% concentration. The di-phase present in the alumina system due to the presence of liquid phase 

acting as binder while titania undergoes solid phase sintering. The values improved in this sytem as 

compared to that of the pure alumina. Concentration when increased to 8wt% a drastic fall in the 

values could be observed from the above graph given in fig.46 because the higher concentrations 

caused restriction of grain growth and porosity was introduced.  
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  Fig. 48 Compression testing graph of (a) Al2O3-CuO and (b) Al2O3-CuO-TiO2  at 1300˚C and 

1400˚C 

Compression is also temperature dependent. A comparison of both systems i.e, (a) Al2O3-CuO and 

(b) Al2O3-CuO-TiO2 comparison is given on the basis of temperature. At 1300˚C the values of 

compression are lower than those samples sintered at1400˚C in both systems. This can be observed in 

above fig.47 provided. As the sintering temperature of samples increased the compression strength of 

these samples also increased, this is due to the fact that at higher temperatures the compaction of these 

samples was higher as liquid phase present acted as a binder thus density increased. This means that 

the phases formed during sintering has promoted grain growth and penetration through grain 

boundaries covering the particles thus provided maximum strength to the system under optimum 

concentration of CuO, in both the systems. But despite the higher temperatures provided, from the 

fig.47 (a) and (b) compression increased up to 5wt% CuO added, but further increase in concentration 

of CuO to 8wt% porosity was introduced hence causing microcracking even at a very minimum load, 

the decrease in compression strength value was clear, in both systems above. 
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Fig.49 Comparitive study of ompression testing values of (a)Al2O3-CuO and (b)Al2O3-CuO-TiO2 

The above graphs gives a comparitive demonstration of both the systems at given temperatures i.e, 

1300C and 1400C at differnet concentrations of CuO (1wt%, 3wt%, 5wt% and 8wt%) 
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Fig.50 Compression testing values comparison of Al2O3-CuO-TiO2 and Al2O3-CuO-TiO2- (1-5 wt%) 

ZrO2  

From previous data a conclusion can be drawn that the CuO 5wt% concentration has shown desirable 

result . This concentration was further used in series of experiments when considering a multi phase 

system i.e Al2O3: CuO(5wt%): TiO2: ZrO2 (1,5 wt%) system. The comparison of the two systems, di-

phase (CuO(5wt%): TiO2) and multi-phase [CuO(5wt%): TiO2: ZrO2 (1,5 wt%)] in alumina matrix 

has been established. The multi-phase system simply shows a drastic decrease in compression values 

when ZrO2 was introduced. This can be explained that the coarsening effect of ZrO2 grains inducing 

porosity, thus, causing microcracking and its propogation at a very low value of load thus the specimen 

could not withstand even a slightes load.  
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Conclusion 
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Fig.51 Represents values of 5wt% CuO added in Al2O3-CuO and Al2O3-CuO-TiO2 system at 1400˚C 

From the above results it can be deduced that the densification of alumina is possible and increases 

when copper oxide was initially added. The effect of hardness and compression of these samples 

when tested, which gave an increasing trend till 5wt% concentration of CuO in alumina matrix. This 

was the optimum concentration because as CuO concentration was further increased to 8wt% the 

results drastically decreased. 

In di-phase alumina system addition of CuO and TiO2 when added in an optimized concentration i.e 

5wt% of CuO. This also gave the increase in density of alumina system and increase in mechanical 

properties. CuO forming liquid phase between the alumina-alumina grain boundaries, increased the 

interfacial strength. While the addition of TiO2 causes creates vacancies in alumina lattice, thus 

undergoing solid state reaction. This aided in further decrease in internal porosity as densification 

was increased. The combination of the two prompts the grain size.  
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However, when forming a multi-phased alumina system, the addition of ZrO2 along with CuO and 

TiO2 was made. The addition of low concentration of ZrO2 i.e., 1 wt% has no significant effect on 

the morphology of alumina system but has drastically decreased the mechanical properties of the 

system. Secondly, when the ZrO2 concentration was increased to 5wt% it has affected the morphology 

of alumina system as cracks and porosity could be observed. When these samples tested, they 

exhibited decrease in the values of densification and mechanical properties. Thus, an optimized 

concentration needs to be obtained for better results and at various temperatures this system needs to 

be studied.   
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