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Successful development of enhanced cutting tool materials requires the application of 

innovative concepts at every phase of the manufacturing process. In this work, a 

computational design approach is applied in the development of reinforced ceramic based 

cutting tool inserts with tailored structural and thermal properties. Several potential filler 

materials are considered at the material design stage for the improvement of structural and 

thermal properties of a select matrix material. Properties, such as an improved thermal 

conductivity and reduced coefficient of thermal expansion are essential for an effective 

cutting tool insert to absorb thermal shock at varying temperatures. In addition, structural 

properties such as fracture toughness and elastic modulus should be enhanced or 

maintained within a moderate range. A mean-field homogenization theory and effective 

medium approximation along with fracture toughness determination through J-integral 

evaluation approach using an in-house code are applied for predicting potential optimum 

structural and thermal properties for the required application. This is achieved by 

considering the effect of inclusions as a function of volume fraction and particle size in the 

ceramic base matrix. Development of composites is done using the Spark Plasma Sintering 

process; structural and thermal properties are measured experimentally in order to validate 

the computational results. From the results, it is found that the computational material 
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design approach is precise enough in predicting the targeted properties of a designed hybrid 

composite material for cutting tool inserts. The designed composite cutting tool insert 

material’s performance is evaluated during a cutting process through the use of FEM. 

Comparative studies showed more robust performance of the composite when compared 

to benchmark materials due to its enhanced thermal and structural target properties. 
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 ملخص الرسالة

  
  

  طه وقار :الاسم الكامل
  

  ة إلى المركبة لقطع أداة إدراجاتتصميم وتطوير السيراميك المستند :عنوان الرسالة
  

  الهندسة الميكانيكية التخصص:
  

  2018أبريل  :تاريخ الدرجة العلمية
  

يتطلب التطوير الناجح لمواد أدوات القطع المحسنة تطبيق مفاهيم مبتكرة في كل مرحلة من مراحل عملية التصنيع. في 

هذا العمل ، يتم تطبيق نهج التصميم الحسابي في تطوير إدخالات أداة قطع السيراميك المقواة مع الخصائص الهيكلية 

محتملة في مرحلة تصميم المواد لتحسين الخصائص الهيكلية  والحرارية المصممة. يتم النظر في عدة مواد حشو

والحرارية لمواد مصفوفة مختارة. تعتبر الخصائص مثل التوصيل الحراري المُحسَّن وانخفاض معامل التمدد الحراري 

ك ، ضرورية لإدخال أداة القطع الفعالة لامتصاص الصدمات الحرارية عند درجات حرارة متفاوتة. بالإضافة إلى ذل

يجب تعزيز أو الحفاظ على الخصائص التركيبية مثل صلابة الكسر ومعامل المرونة ضمن نطاق معتدل. يتم تطبيق 

 Jالفعالية بالإضافة إلى تحديد صلابة الكسر من خلال منهج التقييم نظرية تجانس المجال الوسطي وتقريب متوسط 

كلية والحرارية المحتملة المثلى للتطبيق المطلوب. ويتحقق ذلك المتكاملة باستخدام كود داخلي للتنبؤ بالخصائص الهي

من خلال النظر في تأثير الادراج كدالة لكسر حجم وحجم الجسيمات في مصفوفة قاعدة السيراميك. يتم تطوير المواد 

ن أجل ؛ يتم قياس الخصائص الهيكلية والحرارية تجريبيا م Spark Plasma Sinteringالمركبة باستخدام عملية 

التحقق من صحة النتائج الحسابية. من النتائج ، وجد أن نهج تصميم المواد الحسابية دقيق بما فيه الكفاية في التنبؤ 

بالخصائص المستهدفة لمركب هجين مركب مصمم لإدخال أداة القطع. يتم تقييم أداء أداة القطع المركبة المصمّمة للمادة 

. أظهرت الدراسات المقارنة أداء أكثر قوة للمركب عند مقارنته بالمواد FEMم أثناء عملية القطع من خلال استخدا

 القياسية بسبب خصائصه المستهدفة الحرارية والهيكلية المحسنة.
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1 CHAPTER 1 

INTRODUCTION 

1.1 Background and Motivation 

In today’s ever changing global manufacturing market, there is an increasing requirement 

for ultimate product quality. The need for economical and efficient production techniques 

is of utmost requirement; the designing of innovative products ranging widely in intricacy, 

composition of material, size, and surface finish quality has driven the industry to develop 

and design new composite materials and to adopt these new materials into strategies for 

optimizing the machining process. The demand has meant increased revenues for the global 

machine tools and cutting tools market, reportedly worth $15.72bn in 2012 [1]. Main 

contributors to this surge in the rise of this particular growth is from the automotive, 

aerospace and defensive industries.  

Due to the design of products with advanced materials, innovative cutting tools have also 

been developed and adopted for economic and performance optimization in high speed 

machining conditions, especially high cutting speed and higher feeds [2]. The main aim of 

this work is to explore the material design aspects of cutting tool inserts with enhanced 

properties through a computational model approach. 
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Figure 1.1 - A cutting tool insert under operation [3] 

 

Cutting tools are typically divided into five main classes of tool materials. Choosing which 

type of material for use as cutting tool requires careful consideration because this can 

greatly affect the final quality of the machined workpiece. Therefore, when selecting which 

material to use for machining it is important to consider which process type is in 

consideration and the material composition of the workpiece that requires machining [3–

5]. To be more aware of the differences between the different cutting tool materials five 

main classes of tool materials are described as the following: 

 Ceramics – Ceramic based cutting tools are usually considered in the form of 

disposable tips. This is possible due to the relative cheaper costs associated with 

most ceramics when compared with the alternatives. Due to the high hot hardness 

possessed by ceramics they are able to operate at higher speeds in comparison to 

tungsten carbide[6]. Due to their brittle nature and good wear resistance they are 

exceptional at resisting crater damage. Ceramics are typically more brittle 

compared to carbides and are fitted with rigid tool holders in order to avoid failure 
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due to shock. The hot hardness and chemical stability of ceramics make them a 

good material for high speed cutting of various high strength workpieces. However 

due to their poor ability to withstand thermal and mechanical shock, continuous and 

insufficient use of coolant can lead to failure of tools.  

 

Figure 1.2 - Hardness values of different tool materials as a function of temperature. [6] 

 

 Carbides – Carbide based tools are one of the most commonly used tool materials 

and are considered the standard choice of material for nearly 50% of all cutting 

processes. They are manufactured using powder metallurgy methods by reinforced 

various forms of carbides into a touch iron group based matrix. Commonly used 

carbides are tungsten carbide, titanium carbide, tantalum carbide among others. 

Cobalt is also considered to enhance the binding quality of the material. Carbide 

tool inserts are categorized into two groups. Tungsten based grades are applied in 
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light finishing to heavy roughing cutting processes involving most ferrous and non-

ferrous metals. Grades containing titanium, tantalum are considered only for 

finishing and semi-finishing of ferrous based workpieces due to their chemical 

affinity with ferrous materials at high temperature.  

 Cermets – A hybrid class of tool materials which consists of a ceramic and a 

reinforced metallic alloy. Cermets possess superior wear resistance, greater tool life 

and are able to operate at high cutting speeds. They possess higher hot hardness and 

oxidation resistance compared to cemented carbides. Therefore, they are able to 

apply a better finish due to its reduced chemical affinity with iron. However, due 

to their low toughness, lower thermal conductivity and high thermal expansion 

coefficient can make them prone to failure due to thermal cracking. 

 Carbon-based – Development of super hard materials was begun in the early 1970s 

with the introduction of tool materials formed from super hard materials such as 

diamond, cBN; these are being used in the industry for the machining of aluminum 

and various plastics due to the reduced cutting forces generated during machining 

compared to carbides. Their key properties which include high hardness, good 

thermal conductivity, the ability to form sharp edged finishes and good wear 

resistance. However, diamond based tools wear when used for machining of steel-

based workpieces. This is due to the chemical affinity diamond has with iron based 

workpieces at high temperatures which causes the diamond to change its atomic 

structure. 

 High-speed Steels – Need for tool materials which are able to handle high cutting 

speeds and temperatures have led to the development of high speed steels. One of 
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the key advantages is the possibility of reinforcing additional elements to boost the 

hardness and strength the steel based tool when exposed to hot hardness, i.e. 

maintenance of hardness at elevated temperatures. Few of the commonly 

considered alloying elements are: manganese, molybdenum, chromium, cobalt etc. 

Each inclusion is considered to improve the desired target properties. These 

enhanced properties will allow machining at higher speeds and better performance 

as compared to stand-alone steels. High speed steels contain varying amounts of 

carbon, which reacts with refractory metal to form hard carbides which provides 

greater wear resistance. However, the alloying elements considered for high speed 

steels are not to be found in abundance and the cost of these elements is rising.  

 

Figure 1.3 - Structural performance comparison of various tool materials. [6] 

Cutting tools are quite frequently designed with fit-in replaceable inserts. In such a 

scenario, the cutting edge consists of a separate piece of desired material fitted onto the 

tool body via either clamping, welding or blazing the insert onto the tool body [4]. Common 

materials considered as candidates for cutting inserts include ceramics, cemented carbides, 
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polycrystalline diamond, cubic boron nitrides, etc. Tools that are used with these fitted 

inserts include tool inserts, milling cutters & saw blades. 

 

Figure 1.4 - Different classes of cutting tool inserts. [6] 

Furthermore, due to the advancing nature of technology, products are directly machined to 

their final dimensions’ post heat treatment [3]. This leads to hard cutting which depends 

especially on the features of the cutting tool materials and the cutting speed. 

Ceramic tools are usually considered for high-cutting speed, finishing of ferrous alloys and 

cast iron workpieces. They are considered due to their high hot hardness and chemical 

stability when working with ferrous alloys [3]. However, due to poor fracture toughness 

and resistance to thermal shock, this leaves room for improvement which may be possible 

with the fabrication of ceramic-based composite materials [4]. The most widely used form 

of ceramic cutters is that of the ceramic cutting tool insert, this due to relative ease with 

which it can be manufactured and into the desired shape. Current trends show research of 

ceramic materials shifting from single phase to multiphase composite materials in order to 

obtain the best effective properties for the required application. Ceramic tools based on 

Alumina are of particular interest due to their exhibition of high hot hardness and good 

wear resistance, which makes it an ideal candidate for high speed machining.  
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Therefore, it is notable that there is a significant increase in R&D of ceramic based tools 

[1,6]. This is because ceramics are considered a cost-effective yet efficient option for a 

cutting tool material dealing with a wide range of workpiece material. However, it is found 

that there is a need to improve fracture toughness and thermal shock resistance parameters 

to improve the efficiency and applicability [7]. Reinforced ceramic matrix composites are 

a viable to enhance the target properties and achieve a cheap yet effective option for a high 

performance cutting tool insert. 

Design of a cutting tool material is an essential part of determining the overall quality of 

the tool design process. This is because these tools are subjected to strenuous conditions 

such as high wear conditions, severe contact stresses and high temperatures [2]. 

Consequently, the materials selected should possess the properties in order to cope with 

these demanding conditions. Mentioned below are the key target properties that are taken 

into consideration during the material design process: [3]  

1) High hot hardness 

2) Good wear resistance 

3) High fracture toughness 

4) Chemical Stability – Inert to reaction with workpieces 

5) High thermal conductivity 

6) High thermal shock resistance 

7) Reduced coefficient of thermal expansion 
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1.2 Problem Description 

 

For effective development, it is important to utilize innovative concepts during the design 

process of a composite material used for cutting tool inserts. Key target properties for 

cutting tool design are high wear and thermal shock resistance, chemical stability, fracture 

toughness. An enhanced composite material is designed and developed for the tool insert 

application using a computational based approach keeping the target properties in focus. 

1.3 Project Objectives 

 

In this work, a base matrix is selected based on a comparison analysis with other potential 

candidates. Furthermore, selection of inclusions will be done based on the desired target 

properties. Next, computational modelling is used to predict the effective properties and 

the corresponding required inclusion volume fractions and particle sizes. Furthermore, 

experimental work is performed to validate the computational results followed by a 

performance evaluation. In order to achieve the set objective, the following KPIs have been 

constructed: 

1) To design a ceramic based composite material with enhanced target properties for 

the cutting tool application through a computational approach. 

2) Manufacture the selected ceramic based composites using the spark plasma 

sintering process. 

3) Validate the findings from the numerical simulations with experimental data in 

terms of their effective properties and morphologies. 
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4) Carry out performance evaluation of the designed composites through simulation 

of various cutting conditions. 

5) To develop a computational model which could be used to predict the effective 

fracture toughness of the prepared composite and to compare these findings with 

experimental testing and existing literature. 

1.4 Research Methodology 

 

Shown in the schematic (Figure 1.5) on the next page is a step-by-step plan prepared to 

achieve the problem objectives that have been set. Each target of the set objectives required 

the utilization of various resources ranging from the university library resources, powerful 

computational workstations to the experimental equipment. 
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Figure 1.5 - Schematic explaining research methodology of the proposed work. 
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CHAPTER 2 

LITERATURE REVIEW 

The need for cost efficiency in production and the development of complex products have 

raised the requirement for the industry to design new cutting tool with enhanced material 

properties. New materials have been designed for cost and performance optimization in 

high-speed machining conditions. New materials are also designed for dry cutting which 

is increasingly becoming a favored process. If machining can be performed without the use 

of coolant there is a significant saving in cost. 

 

2.1 Types of Cutting Tool Insert Materials  

 

Ceramic based tools are generally considered for high speed cutting, finish machining of 

ferrous alloys or machining of various cast iron workpieces [5,8]. Various reinforcements 

are used to improve the thermal shock resistance without much loss to the effective 

hardness. 

Cutting tools are quite often designed with replaceable inserts. For cutting tool inserts, the 

cutting edge consists of a separate piece of material which is either brazed, welded or 

clamped on to the tool body. Common materials considered for inserts include cemented 

carbide, polycrystalline diamond and cubic boron nitride. Tools using inserts include tool 
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bits, milling cutters. An effective cutting tool insert would be possessing good wear 

resistance, superior fracture toughness and thermal shock resistance. 

There are various materials available that can be considered for the usage as cutting tool 

inserts. Materials range from metals, cemented carbides and ceramics. Ceramics and 

carbon based materials are considered in applications such as turning, milling of cast iron 

and super alloys as well as in finishing of hardened materials[5,8–10]. For cutting tool 

applications, there are two kinds of ceramic composite materials that are used, alumina and 

silicon nitride. The advantage of ceramic based tools is their ability to withstand heat 

relatively better than its rivals. For example, ceramic based tools will soften at 2200oC as 

opposed to carbide tools that will soften at about 870oC, this allows machining processes 

to be performed at higher temperatures [5,8]. 

Ceramic cutting tools have developed greatly during the past few years and have begun 

replacing carbide based tools in various high-speed machining applications [11]. In 

addition, the mechanical properties possessed by ceramics are deemed superior to those of 

carbides at high temperatures (800oC). They can maintain excellent hardness and stiffness 

at temperatures greater than 1000oC and are chemically stable with various workpiece 

materials at temperatures greater than 1000oC. Ceramics provide high quality finishing cuts 

due to their ability to provide better dimension control at lower tool wear rates [12]. 

However, they also possess several deficiencies such as low strength compared to other 

candidates of material, minimal resistance to thermal and mechanical shock, and a habit to 

fail by chipping. Various ceramic based materials do not prove to possess decisive failure 

times and may fail catastrophically that may lead to the damaging of the workpiece [3,4].  
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2.2 Recent Developments in Ceramic Composite Material Design 

  

In the recent times, continued progress has been made in the development of ceramic 

matrix composites with particulate or whisker reinforcements. This development has been 

in the search for enhancement in the mechanical properties of ceramics to obtain enhanced 

properties [13]. Particular attention has been paid to the thermal and elastic properties, 

which are critical in the material design for high temperature cutting applications. The 

addition of multiple phases can improve the fracture behavior and the “field” properties. 

These are elastic modulus, thermal conductivity, coefficient of thermal expansion [3]. 

These properties will play a significant role in the overall target properties of cutting 

inserts. During machining, a SiC reinforced alumina composite exhibited longer tool life 

as compared to that of standalone alumina. The reinforced composite exhibits greater 

hardness that the reinforced matrix due to the presence of a hard-secondary phase 

[14,15][16]. As the main drawback of ceramic inserts is their brittleness, increasing their 

toughness is a key aspect. Thermal shock tests of an alumina with reinforced 20% SiC 

composite resulted in relatively no fall in flexural strength with a temperature difference 

up to 900oC which showed significant improvement to pure alumina. Alumina-TiC 

designed have reported to have improved the effective toughness with addition of TiC [17]. 

Incorporating a ductile phase into a brittle ceramic composite can assist in improvement of 

toughness and dissipate the energy of crack propagation. Inclusion of cobalt, ZrO2 into a 

Al2O3-TiC composite exhibits a comparatively higher toughness[18,19]. Inclusion of 

Ti[C,N] into Al2O3  fabricated via repetitious hot-pressing exhibited enhanced structural 

properties with a decreased coefficient of friction [20][21]. Kumar et all report a designed 
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alumina-ceria ceramic composite which shows improvement in hardness and fracture 

toughness properties when in comparison with pure alumina and comparable with ZTA 

cutting inserts [22]. Fabrication of Al2O3-cBN composites were fabricated through SPS by 

Irshad et all, where they reported enhanced structural properties until 30% cBN content 

[23]. Jianxin et. al produced Al2O3-TiB2 cutting tools through hot pressing which led to the 

formation of a self-lubricating oxide film which resulted in the improvement of wear 

resistance [24]. This film also offers cost reduction and an environmental advantage in 

machining because of lack of need of coolant. Furthermore, Jianxin et. al carried his Al2O3-

TiB2 design forward and developed hybrid composites with additional SiC inclusion. His 

results showed the structural properties continually improved with increased SiC content 

[25]. Alumina-Graphene Oxide composites fabricated using spark plasma sintering by 

Bronizewski et. al were reported to possess enhanced structural properties with good 

cohesion between matrix and inclusion [26].  

Thermal properties are key aspect for design of cutting tool composites as this will 

influence the thermal shock resistance of the designed insert. For improved thermal shock 

resistance, an increase in thermal conductivity while a decrease in coefficient of thermal 

expansion is desirable [3]. Akhtar et. al fabricated Alumina-SiC composites using spark 

plasma sintering and reported enhanced properties for thermal shock resistance when in 

comparison with pure alumina [27]. In addition, Al2O3-cBN composites fabricated by SPS 

also demonstrated improved thermal conductivity and reduced coefficient of thermal 

expansion. These are expected results due to the enhanced thermal properties of filler 

materials. It is noteworthy that almost all reviewed publications have designed the 

composite materials via an experimental approach. Design of material through a 
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computational approach can prove to be beneficial in many ways as this will reduce amount 

of resources, material and time consumed experimentally along with the time required to 

perform the design process.  

 

Figure 2.1 - A comparison of high hot hardness of various materials. [28] 

Ceramic cutting tools have developed greatly during the past few years and have begun 

replacing carbide based tools in various high-speed machining applications [7]. In addition, 

the mechanical properties possessed by ceramics are deemed to be superior to those of 

carbides at high temperatures (800oC). They can maintain excellent hardness and stiffness 

at temperatures greater than 1000oC and are chemically stable with various workpiece 

materials at temperatures greater than 1000oC. Ceramics provide high quality finishing cuts 

due to their ability to provide better dimension control at lower tool wear rates [7]. 

However, they also possess several deficiencies such as low strength compared to other 

candidates of material, minimal resistance to thermal and mechanical shock, and a habit to 

fail by chipping. Various ceramic based materials do not prove to possess decisive failure 

times and may fail catastrophically that may lead to the damaging of the workpiece.  

To be able to deal with weaknesses, research is being carried out extensively to develop 

ceramic based composite materials that enhance their properties and design a more 
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effective cutting tool. For the basis of my study, Attention is focused on Alumina due to 

its high hot hardness and wear resistance properties while being cheap to manufacture and 

produce. Alumina matrix based tools are used due to their relatively low cost and a wide 

range of workability. 

 

2.3 Research Work Dealing With Enhanced Alumina Composites For 

Cutting Tools 

 

Alumina (Al2O3) based cutting tools have been used since the turn of the 20th century in 

machining of low hardness steels and grey cast iron [29]. Cutting tools of pure alumina are 

considered due to their cheap cost in mass production [8,12]. It possesses hot hardness and 

compression strength larger than that for cemented carbides while also being chemically 

stable at high temperatures. However, its fracture toughness is low (KIC around 4.3 MPa-

m1/2) which is considerably lower than that of carbides [30]. Therefore, there is a need to 

develop alumina based composites which deals with the deficiencies while keeping the 

production process cost effective. There have been various publications regarding 

production of alumina composites with enhanced properties which will be discussed.  

In the recent times, continued progress has been made in the development of ceramic 

matrix composites with particulate or whisker reinforcements. This development has been 

in the search for enhancement in the mechanical properties of ceramics to obtain enhanced 

properties. Particular attention has been paid to the thermal and elastic properties, which 

are critical in the material design for high temperature cutting applications. The addition of 

a second phase can improve the fracture behavior and the “field” properties. These are 
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elastic modulus, thermal conductivity, coefficient of thermal expansion. These properties 

will play a large role in the overall target properties for a cutting insert. 

Materials consisting of an alumina matrix reinforced with silicon carbide have garnered 

particular attention and are considered successful functioning as cutting tools. Silicon 

carbide is chosen due to its high thermal conductivity which is needed to reduce thermal 

shock failures and high fracture toughness capabilities [14]. The SiC reinforcement can be 

reinforced as powder, whiskers or as nano composite. During machining, the composite 

exhibited the longest tool life, a tool life seven times longer than that of an Al2O3-TiC 

composite. Typically, it is done in the whisker format. The reinforced composite exhibits 

greater hardness than the unreinforced matrix due to the small grain structure (presence of 

hard secondary phase as well grain growth) [15,16]. 

As the main drawback of ceramic inserts is their brittleness, increasing the toughness is a 

key aspect. Tiegs prepared Al2O3-SiC whiskers composites and then observed the effective 

properties obtained [31]. It was observed that Al2O3-SiC whisker composites possesses 

minorly high fracture toughness as compared to pure alumina due to mainly crack 

deflection by the whiskers with some contribution from crack bridging and whisker pullout. 

Increasing whisker volume concentration lead to increase in crack deflection mechanism 

as was expected. This increase is further highlighted as shown in Figure 2.2.  
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Figure 2.2 - Increase in fracture toughness and strength with addition of SiC [32] 

In addition, thermal shock tests of an alumina based w/ 20% SiC composite resulted in 

relatively no fall in flexural strength with a temperature difference of up to 900oC. In 

comparison, standalone alumina, experiences a significant decrease in flexural strength 

above temperatures than 400oC [16]. Research has shown that the reasoning behind the 

improvement is a result of interactions between the SiC whiskers and the microcracks 

present within the alumina matrix halt the dispersion of the cracks into critical flaws. 

Furthermore, it is essential to understand the wear properties of developed composites as 

these will determine the quality of cut and life of each insert. El-Wardany et al reported 

that, during machining of hardened steel using ceramic cutting tools, the presence of plastic 

deformation of the ceramic cutting edge lead to the deterioration of the surface roughness 

which later lead to edge failure [33]. However, it is reported that these composites exhibit 

good resistance to notch wear as opposed to stand-alone alumina. 

The random distribution of the whiskers in the alumina matrix assists the matrix to have 

predictable wear patterns on the inserts. These composites are at their best when being used 
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with hard ferrous steel and nickel alloys as will be discussed later on. The wear resistance 

of these reinforced ceramics will be reduced as the volume fraction of SiC is increased. 

The performance of these composites can vary depending on the workpiece material. 

Alumina-SiC is found to suffer from chemically initiated wear due to the presence of high 

chemical affinity of silicon carbide with iron and this results in SiC being removed from 

the alumina base. SiC whisker reinforced alumina ceramic cutting tools exhibit good 

resistance to notch wear despite the chemical affinity wear mechanism. Gatto observed the 

pull-out whisker phenomenon due to the temperature difference on the tool-chip interface 

when cutting Inconel 718 with SiC whisker however the performance was still considered 

adequate compared to regular alumina [21]. Richards observed the limitation of tool life of 

the composite tool due to extreme depth of cut notch wearing while machining Nickel 

based alloys [21]. Tests conducted on the composite material showed improved notch and 

crater wear compared to alumina. 

 

Figure 2.3 - Presence of Crater wear on Alumina-SiC cutting tool [21] 

Hardness tests show an increase in the hardness. It is observed with increase in SiC content 

within the alumina matrix there will be a rise in the Vicker’s hardness. This is due to the 
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presence of harder and firmly bonded SiC particles in the Alumina matrix which impedes 

the dislocation movements which in turn lead to the rise in hardness. 

Next, the relationship of tensile strength and SiC volume fraction is explored. From the 

finding, it is evident that the tensile strength increases with greater reinforcement of SiC. 

This is attributed to transferring of tensile load to the strongly bonded SiC reinforcements 

in the matrix, which lead to the increase in the dislocations density near matrix-inclusion 

interface and initiated the grain strengthening effect [16]. Therefore, in a strong reinforced 

matrix, the crack must spread across both matrix and reinforcement. These mechanisms 

along with strong interfacial bonds contribute in enhancing the tensile strength of the 

composite material. 

Double inclusions can also be considered to enhance the target properties. One such case 

that will be discussed is reinforcing TiB2, SiC into alumina. Various volume fractions of 

both reinforcements were considered which were manufactured by hot pressing. Results 

entailed that fracture toughness and hardness of the composite based tools uninterruptedly 

increased with increasing SiC content [33].  

Jianxin et el report that these double inclusion composites also exhibited improved wear 

resistance due to the superior fracture toughness and hardness of TiB2, SiC; Increasing SiC 

content improved wear resistance even further. Abrasive wear was found to be dominant 

mechanism in flank wear. While adhesion and diffusion due to high cutting temperature 

were deemed responsible for crater wear [25]. 
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2.4 Exploring Other Materials for Inclusion Considerations  

 

In a case where the hardness is relatively high, such as in the production of quenched steels 

or hardened cast iron, nickel based super alloys and some metallic composite materials it 

becomes important to use suitable cutting tools which deal with the requirements [9]. 

Therefore, the tool used needs to have high wear resistance along with high hardness and 

for these reasons ultra-hard tools based on cubic boron nitride are considered. Cubic boron 

nitride is only second to diamond when it comes to hardest materials that are known to 

man. Following is a review of published work discussing the performance of cBN based 

tools. 

cBN based tools have been widely applied in the cutting of hard materials at high speeds. 

This is due to its high temperature stability, superior hot hardness, high thermal 

conductivity, low CTE and good chemical stability with iron [34]. It is observed that during 

the cutting of hard steels that the lifecycle of cBN tools showed an ascending and then a 

descending trend when cutting speed is increased. This behavior is significantly different 

than that is ascribed by the Taylor’s tool life equation. It is reported that the wear behavior 

of cBN at low cutting speeds takes the form of abrasion. Increase of cutting speed results 

in the formation of a layer on the tool face which helps in protection from wear [35]. 

However, further increase will cause the friction forces to remove the layer which will 
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promote diffusion at high speeds which will lead to a rise in wear on rake face of the cutting 

tool. 

Chou et al. researched the machining quality and wear behavior of various CBN tools 

which are used for finishing turning of hardened steel. They established that materials with 

low percentage of cBN content provides the optimum performance in regards to quality of 

surface finish and tool life. The cause of failure of these tools is attributed to the result of 

plastic deformations under the combination of thermal and mechanical stresses around the 

edge area and the small wear rate of the cBN based tool is ascribed to a condensed chemical 

affinity when in contact with certain alloys. It is concluded that the wear resistance 

behavior of the cBN is benefited by the reduced solubility of boron. 

Luo et al. investigated the wear behavior in hard turning of alloy steel using both ceramic 

and cBN based tools and it was reported that the flank wear in cBN was reduced as work 

material hardness was increased upto 50 HRC beyond this limit the wear rate began to 

increase; this phenomenon has led to great activity of research in this area. It is observed 

that the most influencing factor on the tool wear is due to the occurrence of carbide 

elements within the workpiece steel microstructure which assist the abrasion and diffusion 

mechanisms. Lahiff et al were able to conclude that there are varying theories regarding 

the tool wear mechanisms however there is a general consensus that wear is due to a 

combination of mechanisms and not one can be singled out. An experimental study carried 
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out by Yallese et al concluded that hard turning of steel alloys with cBN inserts showed an 

acceptable wear resistance for comparatively high cutting speeds. 

Another interesting proposition is to consider cubic boron nitride as a reinforcement within 

an Alumina matrix to enhance fracture toughness and other target properties. cBN on its 

own possesses a high elastic modulus, thermal conductivity, fracture toughness and a low 

coefficient of thermal expansion. This makes it an ideal candidate for a reinforcement. Its 

disadvantageous because it changes form into a hexagonal shape if exposed to high 

temperature during sintering therefore different techniques are used to manufacture. It is 

formed from the synthesis of boron nitride into cubic form & if synthesized with alumina 

and/or additional reinforcements could potentially make an effective cutting tool insert. 

 

2.5 High Speed Machining 

 

High Speed Machining is considered to be of special significance to the industry and the 

researching community in recent times due to the benefits it provides in comparison to 

conventional machining processes [36]. The boundary between conventional machining 

and HSM depends on factors such as the workpiece material and the process. The highest 

cutting speeds can be achieved for non-ferrous materials that exhibit good machinability, 

such as aluminum, but they are limited by the attained cutting speeds of the machine tools 

[36,37]. For machining some different factors are taken into consideration, such as cutting 

speed, spindle speed, feed, the cutting operation, workpiece material, cutting forces and 

cutting tool.  
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The notion of high speed machining was first conceived in the early 20th century by 

Salomon in the year 1931 [36]. He proposed that at a particular cutting speed which is 5 -

10 times higher as compared to conventional machining, the chip tool interface temperature 

will start to decrease. He used these findings to generate a curve to highlight the chip 

removal temperature for various materials. It was observed that at increased cutting speeds 

the chip interfacial temperature would drop and thus he was able to back his theory. 

It is reported that at high cutting speeds required for a constant cutting power, there will be 

less required cutting forces to carry out the machining process [38]. Therefore, high speed 

machining is a cost-effective option among the machining processes and if used properly 

with careful considerations of material can be a great cutting method. For each material, 

the transition range to enter the high-speed machining range as shown in the figure below. 

 

Figure 2.4 - Comparison of Various Materials HSM Range [39] 

Therefore, it is shown that through the usage of high speed machining leads to an 

improvement in accuracy, efficiency, reduced machining time, improved quality of 

workpieces and decreased costs in production [37]. 
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Differences of Normal and HSM: 

Table 2.1 - Differences between Normal Machining and HSM. 

Normal HSM 

Long contact time Short contact time 

Low accuracy High accuracy 

Higher cutting forces needed Less cutting forces needed 

Poor quality surface finish Good quality surface finish 

Low rate of material removal High rate of material removal 

Requirement of cutting cooling fluid Cooling fluid is not required 

 

There are three key process parameters that are considered during high speed machining 

[37]: 

1) Actual cutting speed 

Cutting speed is a function of both the spindle speed and the diameter of the tool. 

2) Metal Removal rate 

3) Surface finish 

Surface finish quality relies upon the cutting tool geometry, coating (if applied) on the 

cutting tool and the wear resistance properties of tool.  
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Various Examples of HSM [30]: 

Table 2.2 - Key Characteristics of HSM & Industry Applications 

Attributes Type of application Industrial examples 

High rate of metal removal Light metals 

Steel and cast iron 

Aerospace 

Die forming 

High surface finish quality Precisions machining 

Special components 

Die forming 

Components of precision 

mechanics 

Low cutting forces Machining of thin-walled 

components 

Aerospace 

Automotive industry 

Household appliances 

High exciting frequencies Vibration free machining 

of difficult components 

Precision components 

Optical Industry 

Heat dissipation through 

chips 

Distortion-free machining 

Colder workpieces 

Precision components 

Magnesium alloys 

 

So, high speed machining is not simply dependent on a high cutting speed. It should be 

regarded as a process where the processes are precision and application specific methods 

[38]. It does not essentially depend on machining at a high spindle speed. Various HSM 
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applications are performed considering moderate spindle speeds and cutters of large size 

[38]. It is highly productive machining in small sized components in roughing to finishing 

of components of all sizes. Further research is still being carried out to build on the 

development to further improve the quality of the process. 

 

2.6 Computational Models 

 

Simulations of practical material design and testing have become feasible due to the 

powerful computational tools at hand. Composite materials targeted for a certain 

application are characterized by a variety of phases, defects, interfaces and other 

microstructural features. These simulations provide a cost-effective alternative approach 

in order to understand the response of a material’s structural and thermal behavior of a 

material under various combinations of matrix and filler materials.  

There are several computational models that have been proposed over the years for the 

prediction of key material properties [40–60]. For thermal conductivity, Hesselman and 

Johnson proposed a model using a self consistent scheme incorporating the effect of 

particle size and thermal interfacial resistance between matrix and interface; however this 

model can handle low inclusion cases and spherical shape particles. Another thermal 

conductivity model proposed by Jiajun et al. carried forward the work of Hesselman and 

Johnson and included the shape factor and could be considered for non-percolating, micron 

sized inclusion in random orientation [45]. Nan et. al utilize the effective medium theory 

which incorporates the effect of particle orientation and alignment along with the 
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dependency of aspect ratio. Siddique and Arif modified the work of Nan to include the 

incorporation of nano-sized percolating inclusions and non-uniform distributions [49].  

For the determination of elastic modulus and the coefficient of thermal expansion CTE 

there are various models proposed by renowned researchers. A numerical model proposed 

by Doghri and Tinel incorporates the Mori-Tanaka method to formulate a model which 

allows to determine effective elastic modulus and CTE for cases dealing with multiple 

inclusions, wide range of inclusion particle size and can be extended to include constitutive 

relationships [42]. The generalized method of cells approach has been limited to fiber 

inclusion and frequently arranged filler composites. Using Voigt and Reuss bounds 

approach allows the determination of properties in wider bounds [47]. Various analytical 

and numerical models have been proposed to quantify the effective fracture toughness of 

brittle matrix composites. These models require the knowledge of the in-situ fracture 

toughness of the inclusions. Values needed for modelling are usually unavailable which is 

why the effective properties can vary significantly. Li & Zhou have proposed analytical 

and numerical model for the prediction of fracture toughness of ceramic composites as a 

function of microstructure [59,60]. This is done by evaluating the associated J-integral 

through determining the probability of occurrence of different fracture mechanisms and 

energy release rate. 
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2.7 Spark Plasma Sintering 

 

Traditionally, cutting tool material have been manufactured through either hot rolling or 

cold rolling. Spark plasma sintering (SPS) is a relatively new sintering process that allows 

compaction of ceramics and powdered metals at low temperature while using short holding 

times [61,62]. Loading of the precursors into the die and application of axial pressure make 

it similar it hot pressing technique. SPS makes it possible to apply very fast heating rates 

for small holding times which sinters highly dense sintered samples.  

Al2O3 has been previously sintered in several published works along with other materials. 

Al2O3-SiC composites have been fabricated using spark plasma sintering and the effect of 

the sintering parameters have been investigated [63–68]. Similarly, Al2O3-cBN composites 

have been sintered using SPS [23,69–76]. The effect of sintering parameters is investigated 

and how phase transformation of cBN can be minimized.  
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2.8 Summary of Chapter 

 

In Chapter 2, an extensive literature review in relation to the project objectives has been 

presented with the following key points. 

 Key concepts of cutting tool inserts & various materials used as cutting tools; pros 

and cons. 

 Advancements of ceramic composite design in recent times and how various 

inclusions can lead to improvement in various processes. 

 Research work dealing the design of alumina based composites for use as enhanced 

cutting tools was discussed and how certain inclusion candidates can help improve 

performance. 

 The basics of high speed machining and what are the key parameters that can affect 

the quality of the machining process. 

 Computational models needed to carry out the material design were discussed. 

Mean field homogenization and effective medium theory based models were 

considered for the evaluation of thermal conductivity, CTE and elastic modulus. 

While fracture toughness based parameters can be determined through the 

evaluation of a J-integral and energy release rate.  
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CHAPTER 3 

MATERIAL DESIGN 

Simulations of practical material design and testing have become feasible due to the 

powerful computational tools at hand. Composite materials targeted for a certain 

application are characterized by a variety of phases, defects, interfaces and other 

microstructural features. These simulations provide a cost-effective alternative approach 

in order to understand the response of a material’s structural and thermal behavior under 

various combinations of matrix and filler materials. 

 

3.1 Matrix & Reinforcement Selection  

 

There are various commercially available ceramics available within the cutting tool market. 

Among them, alumina stands out due to its structural properties and economical cost [12]. 

Therefore, an alumina based composite having enhanced properties is considered in this 

work. The main objective for designing this particular composite is to improve the thermal 

shock resistance. This will be achieved by obtaining a high thermal conductivity and low 

CTE while maintaining its structural properties. Our approach integrates thermal and 

structural properties of composites as a constraint on the design process. Table 3.1 

highlights the properties of commercially available alumina and the desired properties of 

our proposed material [77]. 
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Table 3.1 - Ceramics commonly considered for ceramic-based cutting tool design. 

Properties Alumina Silicon Nitride Zirconia 

Hardness (Mohs) 8 8.5 3 

Fracture 
Toughness 
(MPa.m1/2) 

4 8 8.5 

Flexural Strength 
(MPa) 

400 750 900 

Modulus of 
Elasticity (GPa) 

150 297 94.5 

Thermal 
Conductivity 

W/m.K 
25 43 16.7 

CTE 10-6/K 7.1 2.8 12.2 

Wear Resistance Good Good Poor 

Affordability Good Poor Poor 

Thermal Shock 
Resistance 

Poor Good Poor 

Chemical Stability Good Poor Good 

 

After tabulating the properties found from literature, Pugh’s decision matrix method is used 

to select the best possible material for matrix consideration with Alumina kept as datum. 
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Table 3.2 - Pugh's decision matrix for picking the best ceramic matrix. 

Properties Alumina (Datum) Silicon Nitride Zirconia 

Hardness (Moh’s 
Scale) 

8 +1 -1 

Fracture Toughness 
KIC (Mpa.m1/2) 

4 +1 +1 

Flexural Strength 
(MPa) 

400 +1 +1 

Modulus of 
Elasticity (Gpa) 

150 -1 -1 

Thermal 
Conductivity W/m.K 

25 +1 -1 

CTE 10-6/K 7.1 +1 -1 

Wear Resistance Good -1 -1 

Affordability Good -2 -1 

Thermal Shock 
Resistance 

Poor +1 0 

Chemical Stability Good -2 0 

Availability Good -1 0 

Total 0 -1 -5 

 

From the Pugh’s/decision-matrix method results, alumina has been selected as matrix 

material due to its greater availability, relatively cheap cost and good properties. It also 

promotes cohesiveness between the matrix and the filler inclusions. However, it has poor 

resistance to thermal shock therefore the objective here is to improve properties which will 
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enhance thermal shock resistance while maintaining structural integrity. Selection of filler 

materials listed in Table 3.3 will be done by picking the best possible filler candidates for 

our hybrid composite with the aid of numerical simulations.  

Candidate filler materials are listed in Table 3.3; these have been chosen based on their 

ability to enhance the targeted properties. For the application of cutting tool inserts, the 

reinforcements chosen have to improve the thermal shock resistance as well as the 

structural properties. Therefore, the filler materials should possess the material properties 

required to achieve the set target.  

Table 3.3 - Filler candidates for ceramic-based composite design and their properties of interest with respect to 
cutting tool inserts. 

Candidates 

Modulus 

of 

Elasticity 

E (GPa) 

Poisson’s 

Ratio 

Hardness 

(Moh’s) 

Fracture 

Toughness 

KIC 

(Mpa.m1/2) 

Density 

(g/cm3) 

Melt. 

Temp 

(C) 

CTE 

10-6/K 

Thermal 

Cond. 

W/m.K 

Alumina 150 0.22 8 4 3.96 2054 7.1 25 

Titanium 

Carbide 
450 0.18 9.4 4.4 4.94 3065 7.7 30.9 

Cubic Boron 

Nitride 
367 0.15 9.8 4 3.35 3027 4.8 42.1 

Titanium 

Carbonitride 
473 0.23 7.8 6 5.50 2930 9.4 19.0 

Silicon 

Nitride 
297 0.28 8.5 8 3.25 2769 2.80 43 

Silicon 

Carbide 
410 0.14 9.2 4.6 3.1 2730 4.0 120 

Diamond 1000 0.29 10 3.40 3.52 3550 1.18 2000 

Graphene 1000 0.18 10 4 2.25 4727 4.30 500 

Zirconia 94.5 0.34 3 8 5.68 2973 12.2 16.7 
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Next, the same steps are taken to select the best filler materials. Best candidates are bundled 

and then through the process of elimination the list is condensed. The properties shaded in 

yellow are eliminated because they are not within the range and therefore the associated 

will be eliminated. This leads to the condensed list of inclusion candidates. 

Table 3.4 - Condensed list of potential inclusion candidates. 

 Alumina TiC cBN Si3N4 SiC Graphene TiB2 ZrO2 

Modulus of 
Elasticity E 

(GPa) 
370 450 550 297 410 1000 367 94.2 

Poisson’s 
Ratio 

0.22 0.18 0.15 0.28 0.14 0.18 0.12 0.34 

Hardness 
(Moh’s) 

8 9.4 9.8 8.5 9.2 10 9.4 3 

KIC 
(MPa.m1/2) 

4 4.4 4 8 4.6 4 8 8 

Density 
(g/cm3) 

3.96 4.94 8.8 3.25 3.1 2.25 4.52 5.68 

Melt. 
Temp (0C) 

2054 3.65 3027 2769 2730 4727 2970 2973 

CTE 10-6/K 8.1 7.7 4.8 2.8 4 4.3 6.7 12.2 

Thermal 
Cond. 

W/m.K 
25 30.9 42.1 43 120 500 54 16.7 

 

Despite high structural properties of titanium carbonitride, it was eliminated from the list 

due to its inferior thermal conductivity and CTE values. Zirconia was considered to be 

eliminated because of its low thermal conductivity and elastic modulus but retained for 

fracture toughness. Diamond was not considered due to its brittleness and incompatibility 

with cast iron at high temperatures.  
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To validate our material elimination process, the computational design tool is used to 

predict the effective properties that have been discussed when the various selected 

reinforcements are considered. Based on the computational results, the most effective 

fillers were selected as shown in Table 3.4 that were deemed to be the most suitable to 

achieve the target properties required for the designed composites. For the basis of this 

work, we have selected silicon carbide and cubic boron nitride as filler materials because 

of their enhanced target properties and due to availability of material. the target properties 

have been set as functions of volume fraction and particle size. The volume fraction of 

filler material in a reinforced composite material has a direct effect on the properties of the 

composite; the filler volume fraction may lead to an increase or reduction in certain 

properties of the material. Therefore, it is important to investigate the effect of these 

parameters on the target properties such as thermal conductivity, CTE, elastic modulus and 

fracture toughness parameters. 

 

3.2 Computational Models 

3.2.1. Mean-field homogenization and effective medium approximations 

 

The term homogenization is used to refer a method of estimating the properties of an 

inhomogeneous material which provides a higher-level approximation. Homogenization is 

broken down into two different phases: A microscale problem is solved over a 

representative volume of the heterogenous material to determine the microscale solution. 

Secondly, an averaging of the of the local microscale solutions is carried out to determine 

the macroscale response of the heterogeneous material. A multi inclusion effective medium 
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theory is used in the current study the predict the thermal conductivity of a composite 

material. The model takes into account the properties of the matrix and reinforcement, 

particle size, volume fraction and interfacial thermal resistance; the effect of the shape and 

of orientation of inclusion on the effective thermal conductivity is accounted for. The 

volume fraction of the dispersions is assumed sufficiently dilute that interactions between 

the local temperature fields of neighboring dispersions are absent. The effect of material 

mismatch and imperfect interfaces is taken into account as an interfacial thermal resistance. 

The multi-inclusion EMA is expressed through the following equations. For complete 

descriptions, refer to Siddiqui [49]: 
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Where, Keff,11, Keff,22 and Keff,33 are the effective thermal conductivity values of the 

composites in all three directions; φi is the volume fraction, a1
i and a3

i are particle radii. 

Ri
TB is the interfacial thermal resistance, pi is the aspect ratio. Kinc.i is the thermal 

conductivity of inclusion of type i. ⟨cos2θ⟩i is the factor which defines the orientation of 

inclusion of type i. Km is the thermal conductivity of the base matrix. L11 and L22, L33 are 

the phonon mean free paths of matrix and inclusions, respectively. 

The coefficient of thermal expansion is calculated using the Mori-Tanaka mean-field 

homogenization theory using the base equation: 

∝௘௙௙=∝௜ 𝐼ଶ + 𝑐௜൫𝐶௜
ିଵ − 𝐶ெ

ିଵ൯𝑊൫(1 − 𝑐௜)𝐼ସ + 𝑐௜𝑊൯
ିଵ

൫𝐶௜
ିଵ − 𝐶ெ

ିଵ൯
ିଵ

(∝௜ 𝐼ଶ −∝ெ 𝐼ଶ)      3.11 

where, 𝑊 = 𝐶௜𝐴௜𝐶ெ
ିଵ and 𝐴௜ = [𝐼 + 𝑆ெ𝐶ெ

ିଵ൫𝐶ூ,௜ − 𝐶ெ൯]ିଵ                     3.12 
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∝௘௙௙ is the effective coefficient of thermal expansion of the reinforced composites. ∝ெ is 

the thermal expansion of the base matrix material, while ∝௜ is the thermal expansion of the 

reinforcement, 𝐶ெ is the stiffness tensor of the base matrix, 𝐶௜ is the stiffness tensor of the 

inclusion and S is the Eshelby tensor. 𝑐௜ is the inclusion volume fraction. 𝐼ଶ and 𝐼ସ are the 

second and fourth stiffness tensors respectively. 𝐴௜ is the strain localization tensor for the 

inclusion type i which is determined by Mori-Tanaka scheme [78]. It is used to predict the 

average strain field in inclusion i using the macroscopic strain field that is applied onto the 

composite.  

The model used for predicting the modulus of elasticity is based on the seminal work done 

by Eshelby in 1965 along with utilizing the mean-field homogenization theory to predict 

the effective modulus of elasticity of a particulate reinforced composite. The strain 

distribution at the micro scale is related to the macro scale strains using the equation of 

strain localization 𝐸(𝑥) = 𝐴(𝑥)𝐸തெ. The homogenized elasticity tensor can be solved using 

the equation: 𝐶ெ̅ = ∑ 𝑐௜𝐶௜𝐴௜௜ . Through Mori-Tanaka scheme we can further resolve, 

 

𝐴(ெ்),௜ = ൣ𝑐௜𝐼 + 𝑐௠(𝐴௜)
ିଵ + ∑ 𝑐௜𝐴௝(𝐴௜)ିଵ

௝ ൧
ିଵ

                      3.13 

𝐶(̅ெ்) = 𝐶ெ + ∑ 𝑐௜(𝐶௜ − 𝐶ெ)𝐴(ெ்),௜௜                         3.14 

Where 𝐶௜ denotes the elastic strain tensor of inclusions, 𝑐௜ the volume fraction of inclusions 

and 𝐴(ெ்),௜ the localized strain tensor of inclusions and 𝐼 is the fourth order identity. 

Models prepared for thermal conductivity, elastic modulus and coefficient of thermal 

expansion are preliminarily validated using previously published experimental literature 

[23,27]. Deviation in results is attributed to the modelling being performed assuming 
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perfectly spherical shaped inclusion particles whereas in reality, particles are found to be 

irregularly shaped. Trends and deviations are discussed in greater detail in Section 3.3. 

3.2.2 Prediction of fracture toughness and energy release rate 

 

There are various parameters that determine the overall fracture toughness of reinforced 

brittle composites via the activation of different fracture mechanisms. The microstructure 

of the composite, its constituent properties and the distribution of phases influence the 

fracture behavior of materials undergoing deformation by affecting the failure mechanisms. 

To better understand the fracture behavior, Li & Zhou have proposed analytical models 

through the use of a J-integral based approach and cohesive FEM simulations to predict 

the overall fracture toughness of brittle ceramic-based composites which is evaluated as a 

function of particle size, volume fraction percentages, constituent properties and interfacial 

bonding attributes [59,60] and modified for additional inclusions. Due to statistical 

measures this approach is applied on microstructures possessing random heterogenous 

phase distributions. The fracture toughness parameter is evaluated as a function of the 

critical energy release rate, effective elastic modulus and Poisson’s ratio. For brittle 

materials, the fracture toughness is related to the critical energy release rate through the 

equation: 

𝐾ூ஼
ଶ = 𝐽ூ஼

ாത

ଵି௩തమ
                3.15 

Where 𝐸ത and 𝑣̅ are the effective elastic modulus and Poisson’s ratio while 𝐽ூ஼ is the critical 

energy release rate function. For a tortuous crack path where different types of fracture 
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sites, namely matrix cracking, interface debonding and particle cracking are present, the 

average energy release rate can be stated as: 

𝐽ூ஼ =  
௅

ௐ
ቀ𝜑௜௡

௅೔೙

௅
+ 𝜑௠

௅೘

௅
+ 𝜑௣

௅೛

௅
ቁ                                                        3.16 

𝐽ூ஼ =  𝜉(𝑄, 𝑠, 𝑓)൫𝜑௜௡𝐻௜௡ + 𝜑௠𝐻௠ + 𝜑௣𝐻௣൯                                                       3.17 

Where W is the projected crack surface area in the direction of crack propagation. 𝐿௜௡, 𝐿௠, 

and 𝐿௣ represent the crack arc lengths along the interface, within the matrix and intersecting 

the reinforcement material particles which equal the total crack length L. Solving Eqn. 3.16 

is broken into two parts as highlighted in Eqn. 3.17. 𝜉(𝑄, 𝑠, 𝑓) is defined as the crack length 

multiplication factor (CLMF). This factor allows the capturing the influence of interfacial 

compliance as a function of strength ratio Q, reinforcement particle size s and the 

reinforcement volume fraction f respectively. 𝐻௜௡, 𝐻௠, and 𝐻௣ are the proportions of crack 

lengths that are associated with the interface debonding, matrix cracking and particle 

cracking. The analysis performed with the two equations described applies only to 

quasistatic crack growth in which crack speed will approach zero. Nevertheless, it is found 

that for brittle materials, which is the case for our study, the evaluation of 𝐽ூ஼ can be 

performed by accounting for the crack speed via the use of dynamic calculations. There are 

two kinds of possible fracture types that can occur when a crack approaches an interface 

between matrix and reinforcement within a ceramic composite. Interface debonding is a 

key mechanism for crack deflection which is a result of weak interfacial bonding, smaller 

reinforcement particle size and greater roundness of particles. Second mode of fracture is 

particle cracking which is promoted by crack penetration. This type of failure typically 

results in catastrophic failure. This model can quantify the conditions which will allow the 
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two fracture mechanisms to be activated. This makes it possible to manipulate the design 

of microstructure to improve the fracture resistance of developed composites. The 

approach used for determining the activation of the mechanisms is based around the work 

of He and Huthinson, Martin et al, which is an energy-based criteria which takes into 

account the works of each fracture type along different crack paths. A crack will grow 

when there is sufficient energy in the stress field which is needed to form new fracture 

areas. Therefore, the energy release rate of each type of fracture behavior would have to 

exceed the fracture energies of the interface and reinforcement for crack growth to be 

possible. Li and Zhou extended this work to incorporate the effects of size, shape and 

distribution of phases. 

Characterization of the competition between the two fracture types (crack deflection and 

crack penetration) is done to quantify to the proportion of each mode occurring. He and 

Hutchinson presented a method to analyze the fracture behavior which involves analyzing 

a semi-infinite crack which is perpendicular to the planar bi-material interface. The solution 

of this analysis depends on the evaluating Dunder’s parameters [79]. There parameters are 

evaluated by the following equations: 

∝ = 𝑓ଵ
[ఓభ(ଵି௩బ)ିఓబ(ଵି௩భ)]

[ఓభ(ଵି௩బ)ାఓబ(ଵିଶ௩భ)]
+ 𝑓ଶ

[ఓమ(ଵି௩బ)ିఓబ(ଵି௩మ)]

[ఓమ(ଵି௩బ)ାఓబ(ଵିଶ௩మ)]
                                                       3.18 

𝛽 = 𝑓ଵ
଴.ହ[ఓభ(ଵିଶ௩బ)ିఓబ(ଵିଶ௩భ)]

[ఓభ(ଵି௩బ)ାఓబ(ଵି௩భ)]
+ 𝑓ଶ

଴.ହ[ఓమ(ଵିଶ௩బ)ିఓబ(ଵିଶ௩మ)]

[ఓమ(ଵି௩బ)ାఓబ(ଵି௩మ)]
                                            3.19 

Where 𝜇௜ and 𝑣௜ are the shear modulus and Poisson’s ratio for the matrix (𝑖=0) and 

reinforcements (𝑖=1,2,…). 
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To determine the activation of the fracture mechanisms, Li and Zhou have proposed a 

modified parameter that incorporates the effect of particle size, shape and phase 

distribution. This parameter identifies the type of fracture failure and is independent of 

crack extension lengths.  

𝑈 =
ଵିఉమ

௔బ(ଵିఈ)
[|𝑐|ଶ + |ℎ|ଶ + 2𝑅௘(𝑐ℎ)]𝜌ି௔భ𝑒

ቀ
ೌమ

బ.ఱ(ೞభశೞమ)
ቁ

−
ఝ೔೙

ఝ೛
                                           3.20 

Where 𝜌 is defined as the roundness of the reinforcement particle, si represents the 

reinforcement sizes; which leads to: 

𝑃௝௝ = ൫𝑓ଵ − 𝑓ଵ
ଶ൯𝑒

ିቀ
ವ

ೞభ
ቁ

+ 𝑓ଵ
ଶ + ൫𝑓ଶ − 𝑓ଶ

ଶ൯𝑒
ିቀ

ವ

ೞమ
ቁ

+ 𝑓ଶ
ଶ                                           3.21 

𝑃௜௜ = [(1 − 𝑓ଵ) − (1 − 𝑓ଵ)ଶ]𝑒
ିቀ

ವ

ೞభ
ቁ

+ (1 − 𝑓ଵ)ଶ + [(1 − 𝑓ଶ) − (1 − 𝑓ଶ)ଶ]𝑒
ିቀ

ವ

ೞమ
ቁ

+

(1 − 𝑓ଶ)ଶ                                                                                             3.22 

𝑃௜௝ =
(ଵି௉ೕೕି௉೔೔)

ଶ
                                     3.23 

These are the probabilistic functions for randomly located vectors with a defined length D 

which begins in each different phase present. Here, phase i is defined as the matrix with j 

considered as the reinforcements of volume fractions f1 and f2. Additional reinforcements 

are included by manipulating these functions to consider the probability of encountering 

these inclusions when a crack is propagated. The coefficients c and h needed to perform 

these parametric studies are approximated as: 

𝑐 =
ଵ

ଶ
ටଵିఉ

ଵାఈ
(𝑒

ష೔

మ + 𝑒
షయ೔ഘ

మ )                                    3.24 
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ℎ =
ଵ

ସ
ට

ଵିఉ

ଵିఈ
(𝑒

ష೔ഘ

మ − 𝑒
షయ೔ഘ

మ )                                    3.25 

The crack deflects at the interface when U>0, otherwise it will penetrate into the 

reinforcement which will result in particle cracking. Coefficients c and h are greatly 

influenced by the crack incidence angle ω. Both c and h tend to become constant as ω>60o. 

Veljkovic also reported that the error associated with c and h is within 1% when 0o< ω 

<45o. Using this information, the probability of crack deflection is therefore defined as: 

𝑝 =
∫ ௎ௗఠ

ഏ/మ
ഘబ

∫ |௎|ௗఠ
ഏ/మ

బ

                                                 3.26 

Using the parameters discussed, we can predict KIC by quantifying the probability of 

occurrence for each fracture mechanism over a defined crack length D [80–82]. Crack 

deflection can occur through either matrix cracking or interfacial debonding. Thus, the 

interfacial bonding strength and the fracture energies should be taken into account. The 

relation that accounts for these factors is empirically determined using: 

𝐻௜௡ =
∫ ௉೔ೕ(஽)ௗ௫

ವ
బ

஽
𝑝(

ఝ೔೙

ఝ೘
)ି௔ ୪୬ ொ                                              3.27 

𝐻௣ = (
∫ ௉೔ೕ(஽)ௗ௫

ವ
బ

஽
(1 − 𝑝) +

∫ ௉ೕೕ(஽)ௗ௫
ವ

బ

஽
)(

ఝ೔೙

ఝ೘
)ି௕ ୪୬ ொ                                            3.28 

𝐻௠ = 1 − 𝐻௜௡ − 𝐻௣                                                3.29 

Where 𝐻௠, 𝐻௜௡, and 𝐻௣ are the proportions of matrix cracking, interface debonding and 

particle cracking, respectively. a =0.4 and b =2 are dimensionless parameters that have 

been predetermined by fitting relations to programmed CFEM results. Q is the interfacial 

bonding strength, which is ratio of interfacial cohesive strength and the average value of 
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the cohesive strengths of matrix and reinforcement.  Q may be varied between 10-5 and 101 

based on the strength of the interface bonds (where small Q represents ductile interfaces). 

As previously mentioned, prediction of fracture toughness KIC requires evaluating of the 

crack multiplication factor 𝜉(𝑄, 𝑠, 𝑓). This factor depends on variation in trajectory of 

heterogeneity-induced cracks which requires 𝜉>1 for all cases. A simplified version that 

has been implemented when taking 𝜉(Q=1) as a constant is presented: 

𝜉(𝑠, 𝑓) =
ଵି௘ವమ

௘ವభି௘ವమ
𝑒஽భ௙ +

௘ವభିଵ

௘ವభି௘ವమ
𝑒஽మ௙                                             3.30 

where 𝐷ଵ=m1s+m2 and D2=m3𝑠௠ర+m5; The parameters m1 = 0.0175, m2 =-1.483, m3 =-

4.7x10-12 , m4 =6.695 and m5 =-4.04 have been set by curve fitting on the CFEM data and 

s is the average of the reinforcement particle sizes. 

The effective properties of the homogenized region have been predicted using the Mori-

Tanaka method scheme. The effective bulk modulus and shear modulus are defined as: 

𝐾ഥ = 𝐾଴ +
௙భ(௄భି௄బ)(ଷ௄బାସఓబ)

ଷ௄బାସఓబାଷ(ଵି௙భ)(௄భି௄బ)
+

௙మ(௄మି௄బ)(ଷ௄బାସఓబ)

ଷ௄బାସఓబାଷ(ଵି௙మ)(௄మି௄బ)
                                           3.31 

𝜇̅ = 𝜇଴ +
ହ௙ఓబ(ఓభିఓబ)(ଷ௄బାସఓబ)

ହఓబ(ଷ௄బାସఓబ)ା଺(ଵି௙)(ఓభିఓబ)(௄బାଶఓబ)
                                            3.32 

where, f is the volume fraction of the reinforcement K and μ are the bulk and shear modulus 

for matrix (i=0) and reinforcements (i=1,2,…) respectively. 

The effective Young’s modulus and Poisson’s ratio for the homogenized region are defined 

as: 

𝐸ത =
ଽ௄ഥఓഥ

ଷ௄ഥାఓഥ
                                                 3.33 
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𝑣̅ =
ଷ௄ഥିଶఓഥ

଺௄ഥାଶఓഥ
                                                 3.34 

The fracture toughness model prepared has been validated using published experimental 

work [23,27] and variations in results are attributed to irregular reported surface fracture 

energies. Patterns and discrepancies are discussed in greater detail in Section 3.3. 

3.3 Numerical Simulations 

This section presents the numerical results of the simulations carried out for single 

inclusion and hybrid alumina-based composite containing the selected reinforcement 

phases i.e. cBN & SiC. These results will highlight the resulting effective properties as a 

function of volume fraction and particle size. The threshold values to obtain the desired 

properties for our cutting tool application will also be determined based on material 

properties acquired from literature.  

 

Figure 3.1 - Chronological map highlighting each step of the computational material design approach 
undertaken for ceramic matrix composite design. 

 

FT Model 
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Firstly, effective properties as a function of volume fraction will be presented to identify 

the amount of filler material needed to reach the threshold. In the second part, 

determination of the minimum required filler particle size to meet the properties target will 

be performed. We will be focusing on four key resulting properties; thermal conductivity, 

coefficient of thermal expansion (CTE), elastic modulus and fracture toughness. As a 

means of comparison, single-phase results will also be presented for each selected filler 

phase. The method of design is highlighted in Figure 3.1. 

Since alumina is considered as a stand-alone cutting tool insert material very often within 

the industry, we have decided to design the composite with alumina as a benchmark. 

Table 3.5 below lists the target properties threshold that has been determined to achieve: 

Table 3.5 - Range of target properties for our proposed composite material design with comparison with pure 
alumina. 

 Thermal Conductivity 

(W/m-K) 

Elastic Modulus 

(GPa) 

CTE (10-6/K) Fracture 

Toughness 

KIC 

(MPa.m1/2) 

Alumina 25 150 7.1 3.96 

Proposed 

Composite 

Material 

25 < K <40 150 < E < 250 CTE < 7.1 > 3.96 
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3.4 Single Inclusion Results 

 

Initially, the models are run for single inclusion results only. Based on the reinforcements 

table and availability of material, three materials from the superior filler candidates have 

been selected. The results are discussed in the following section. 

 

3.4.1 Effective Thermal Conductivity & CTE Determination 

 

 

Figure 3.2 - Predicted thermal conductivity as a function of volume fraction of alumina based composite 
material with various independent fillers. 
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Figure 3.2 shows the effective thermal conductivity of various combination of fillers and 

Alumina matrix as a single inclusion composite. SiC and cBN fillers results in an increase 

of the effective thermal conductivity. Inclusion of zirconia has decreased thermal 

conductivity which was expected because of its reported inferior thermal properties. 

Similarly, effective CTE of the composite is lowered with the introduction of SiC and cBN, 

as shown in Figure 3.3. A lowered CTE is beneficial when considering the design of a 

cutting tool insert as it aids in the reduction of thermal shock at elevated temperatures. 

 

 

Figure 3.3 - Predicted coefficient of thermal expansion as a function of volume fraction of alumina based 
composite material with independent fillers. 
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3.4.2 Effective Elastic Modulus Determination 

 

Effective elastic modulus reinforced alumina is improved with the introduction of SiC and 

cBN as shown in Figure 3.4. The relatively inferior elastic modulus of zirconia is resulting 

in reduction of elastic modulus of the composite material. With the single inclusion results, 

it seems silicon carbide and cubic boron nitride are the optimum filler candidates for the 

next phase; which is considering double inclusions. 

 

Figure 3.4 - Predicted effective elastic modulus as a function of volume fraction of alumina based composite with 
the addition of independent fillers. 
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3.4.3 Minimum Particle Size of Inclusion Study 

 

After selecting the top two candidates, we have performed a study on the effect of particle 

size on the effective thermal conductivity. According to the computational model, the 

matrix is considered homogenous so its particle size effect is assumed to be independent.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) 

b) 

Figure 3.5 - a) Effective thermal conductivity as a function of particle size of cBN reinforced alumina 
matrix composite. b) Effective thermal conductivity as a function of particle size of SiC reinforced 

alumina matrix composite. 
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The thermal interfacial resistance to be considered between matrix and fillers has been 

determined from surveyed literature [83]. As shown in the Figures 3.5a and 3.5b above, for 

both SiC and cBN cases the resulting thermal conductivity decreases at approximately 20 

microns. A smaller particle size creates a larger contact surface area at the interface; the 

greater the area, the greater the thermal interfacial resistance. This leads to the drop in the 

effective thermal conductivity of the composite material. Therefore, it is important to select 

filler sizes beyond the minimum particle size to avoid a drop in thermal conductivity. 

 

3.4.4 Effective Fracture Toughness Determination 

 

Along with enhanced thermal properties, an effective cutting tool insert needs to have good 

fracture toughness properties. Enhanced fracture toughness can make the cutting tool insert 

more durable and prone to cracking at high cutting speeds resulting in greater tool life. The 

following graphs show the effective fracture toughness parameter of various single 

inclusion combinations as a function of volume fraction of inclusion. The constant 

parameters used for each case have been obtained from literature. Shape of inclusions are 

assumed to be perfectly spherical while the strength ratio is maintained constant. 
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Figure 3.6 - Effective Fracture Toughness of Alumina Matrix w/ various inclusion candidates. 

 

As shown in the figure above, an alumina composite reinforced with zirconia (zirconium 

oxide) exhibits enhanced fracture toughness compared with silicon carbide and cubic boron 

nitride with increasing volume fraction. This is attributed to the enhanced fracture 

toughness properties that are possessed by zirconia; incorporating zirconia into the system 

will reduce chances for particle cracking to occur due to its superior fracture surface 

energy. Embedding silicon carbide and cubic boron nitride are also improving the fracture 

toughness of the alumina base matrix composite. The greater elastic modulus values for 

these inclusion types greatly help in the improvement of the overall fracture toughness 

which is understandable when evaluating the J-integral equation. The decrease in the slope 

of the fracture toughness and volume fraction curves can be attributed to the greater number 
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of inclusion particles present within the system. The increased number of particles are 

resulting in a greater probability of failure due to particle cracking which could be a 

possible reason for the decrease in slope in the plotted data. 

 

3.4.5 Exploring the Effect of Porosity 

 

The porosity of the final material can also play a major role in the final effective properties 

of the composite material. Through the aid of computational modelling once again, the 

effect of porosity was investigated on Alumina-SiC case. 

 

Figure 3.6 - Effect of porosity on the thermal conductivity of a Alumina-SiC composite. 
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Figure 3.7 - Effect of porosity on the elastic modulus of a Alumina-SiC composite. 

 

Increase in porosity will lead to a decrease in both elastic modulus and thermal conductivity 

therefore in order to avoid this issue the sintering of composites should be tuned in a way 

to reduce porosity as much as possible to avoid possible reduction of effective properties. 

 

3.5 Double Inclusions 

 

From the single inclusions study, we have concluded that the optimum reinforcements for 

a hybrid composite will be silicon carbide and cubic boron nitride. With these results, we 

have conducted a study for a composite with two reinforcements. Experimentally, we have 

observed slight cBN to hBN phase transformation when manufacturing the Al2O3-SiC-

cBN composites using SPS. This transformation has been incorporated into our 

computational simulations by modifying the input properties of cBN inclusion. This is 
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because the transformation is occurring at the same locations and therefore does not have 

to be considered as an additional inclusion.  

3.5.1 Effective Thermal Conductivity & CTE Determination 

 

Figure 3.8 shows the effective thermal conductivity of the designed composite as a function 

of volume fraction of various combinations. As shown, the combination of alumina with 

SiC and cBN brings the effective thermal conductivity within the threshold around the 30% 

SiC & 20% cBN inclusion volume fraction region. The addition of silicon carbide affects 

the thermal properties considerably due to its superior thermal conductivity.  

 

Figure 3.8 - Effective thermal conductivity as a function of volume fraction of a hybrid alumina matrix 
composite with reinforced SiC and cBN as filler materials. 
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Figure 3.9 - Effective coefficient of thermal expansion as a function of volume fraction of an alumina based 
matrix composite with reinforced SiC and cBN filler materials. 

 

A common issue with alumina based cutting tools is their weak resistance to thermal shocks 

due to its relatively poor thermal properties. The enhanced thermal conductivities of SiC 

and cBN improve the resulting thermal conductivity of the composite. To further improve 

the thermal performance of the composite during machining, the effective CTE should be 

reduced because of the inversely proportional effect of CTE on the thermal shock 

resistance. From Figure 3.9, it is clear that the reinforcements are reducing the effective 

CTE as volume fraction of the filler materials is increased.  

The drop in coefficient of thermal expansion can be attributed to the low CTEs of both 

inclusions. The excellent thermal properties of SiC are desirable for our application and 
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the figure shows increase in SiC content is resulting in a much rapidly decreasing effective 

CTE of the composite. 

 

3.5.2 Effective Elastic Modulus Determination 

 

Another important aspect to consider is the structural integrity of the developed composite. 

Elastic modulus is an integral property which has a direct effect on the mechanical strength 

and toughness of the material. A stable elastic modulus can help improve the resistance to 

deformation during the cutting process. Figure 3.10 shows the effective elastic modulus as 

a function of volume fraction for varying SiC and cBN content. The base matrix and SiC 

as the first filler have been kept constant while the second filler, cBN, has been varied 

based on the candidates narrowed down. The superior elastic modulus properties of both 

silicon carbide and cBN will result in an improved effective elastic modulus of the 

composite. As reported in Figure 3.10, a combination of 30% SiC along with 20% cBN 

improves the elastic modulus significantly. Due to the high elastic modulus possessed by 

cBN, this combination is the most optimum out of the available candidate options to bring 

the elastic modulus within range. It is best to be around the base value to reduce any major 

effects on the overall strength and toughness.  
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Figure 3.10 - Predicted effective elastic modulus as a function of volume fraction of an alumina matrix composite 
with reinforced cBN and SiC reinforced filler materials. 

 

3.5.3 Effective Fracture Toughness Determination 

 

Similarly, to improve the structural integrity of the proposed hybrid composite it is 

desirable to improve the overall fracture toughness. Enhanced fracture toughness leads to 

reduced crack propagation which is vital for an effective cutting tool insert as it improves 

the overall tool life which leads to a reduction of costs for replacement. The effective 

fracture toughness is predicted for the proposed hybrid alumina-silicon carbide-cubic 

boron nitride composite as a function of volume fraction.  



60 
 

 

Figure 3.11 - Predicted effective fracture toughness as a function of volume fraction of an alumina matrix 
composite with reinforced cBN and SiC reinforced filler materials. 

 

Increase in SiC and cBN content results in the overall increase of the effective fracture 

toughness. This is attributed to the superior fracture toughness values of both inclusions. 

Particle sizes for inclusions have been considered as equal to simplify the problem. The 

increase in fracture toughness can be pinpointed to enhanced elastic modulus of the 

composite because of the silicon carbide and cubic boron nitride inclusions. A decrease in 

fracture toughness is observed at increased volume fraction of inclusions, this can be 

explained by the greater amount of particles which is increasing the probability of fracture 

failure due to reinforcement particle cracking. 
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3.5.5 Minimum Particle Size of Inclusions Determination 

 

Particle size plays a major role in the effective thermal conductivity of the developed 

material. Various studies have shown that a decrease in particle size leads to a drop in the 

resulting thermal conductivity. Keeping this in mind, simulations were performed to 

predict the thermal conductivity as a function of particle size. As seen in Figure 3.12, our 

numerical results show how a smaller particle size results in a decrease in thermal 

conductivity.  

 

Figure 3.12 - Predicted effective thermal conductivity as a function of particle size of a hybrid alumina matrix 
composite with reinforced filler combinations i) 30% SiC and 20% cBN and ii) 20% SiC and 30% cBN. 

 

This decrease in the thermal conductivity is associated with the fact that a smaller particle 

size is increasing the chances of phonon scattering. This increase in scattering leads to an 

increase in the interfacial resistance of the composite with results in a drop in thermal 
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conductivity. As discussed previously, a smaller particle size creates a larger contact 

surface area at the interface; this leads to an increase in thermal interfacial resistance. This 

results in the drop of the effective thermal conductivity of the composite material. 

Therefore, it is important to select filler sizes beyond the minimum particle size to avoid a 

drop in thermal conductivity.  

 

3.6 Summary of Chapter 

 

In this chapter, 

 Various material candidates for ceramic based cutting tool inserts composites are 

compiled. Using Pugh’s method, alumina is selected as the best possible matrix 

material. Similarly, the candidates with the inferior target properties are eliminated 

to filter out the weak options. 

 Through the aid of computational models, the effective target properties are 

determined for the top 3 inclusion candidates as single inclusion cases. Minimum 

particle size required to avoid a drop in thermal conductivity is also determined for 

each case. In addition, the effect of porosity is also investigated where it was found 

the least amount of porosity percentage is desirable. 

 The two best candidates are then carried forward into the hybrid composite study 

considering double inclusions. The effective targeted properties are determined and 

a minimum particle size study is performed to avoid a drop in thermal conductivity. 

With the selection of the best possible combinations, work is moved into the next 

phase of the project which is material development. 
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CHAPTER 4 

MATERIAL DEVELOPMENT, CHARACTERIZATION & 

TESTING 

4.1 Material Development 

 

In order to validate the accuracy of the computational simulations an experimental phase 

is performed which will include characterization and determination of properties of the 

prepared composites. Pure alumina and alumina matrix composites with selected filler 

inclusions are manufactured using SPS (Spark Plasma Sintering). Based on the minimum 

particle size as predicted form numerical simulation, the inclusion particle sizes were 

selected at 40 microns to obtain the desired thermal conductivity. Measurement techniques 

for properties be discussed extensively in the experimental setup section. Lastly, the 

corresponding experimental results are tabulated and compared to the numerical simulation 

results.  

As discussed previously in the material design section, the base matrix material for the 

hybrid composite is chosen to be alumina. For the reinforcement selection, cubic boron 

nitride and silicon carbide have been selected in line with our computational predictions 

due to their enhanced properties which will allow us to achieve our targeted properties 

values. Figure 4.1 shows the schematic which highlights each step in the material 

development process. 
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Figure 4.1 - Schematic displaying the step-by-step process undertaken for Material Development phase. 

 

4.1.1 Manufacturing of Designed Composite 

 

The alumina powder used was supplied by Chempur with an average particle size of 0.15 

microns. The reinforcements were decided to be kept at equal size and were selected at an 

average particle size of 40 microns which is in line with the minimum particle size study 

performed computationally. The silicon powder supplied by Buehler while the cubic boron 

nitride was provided by Sigma. Cubic boron nitride powder has been acquired from 

Element Six, ABN800,USA. The fraction of matrix material is kept at a constant while the 

fraction of each reinforcement is varied. Table 4.1 is highlighting the details of the material 

development approach. 
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Table 4.1 - Types of samples developed using SPS. 

Sample # Matrix Inclusion Types & Volume 

Fraction 

Average Particle 

Sizes of Inclusions 

1 

Alumina (0.15μm) 

None None 

2 30%SiC-20%cBN 40μm 

3 20%SiC-30%cBN 40μm 

 

The reinforcement materials are effectively dispersed into the alumina base matrix through 

the use of an ultrasonic probe sonicator (Model VC750, Sonics) mixed within an ethanol 

solution. Each sample prepared is probe sonicated for 5 minutes to allow effective 

dispersion. They are then left in a furnace at 80oC for 24h to allow the removal of the 

ethanol solution from the homogenized mixture.  

 

Figure 4.2 - Ultrasonic probe sonicator (Model VC750, Sonics) 
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The designed composites were prepared using a 20 mm diameter graphite die using a Spark 

Plasma Sintering system from FCT, Germany. The samples are sintered at a fixed 

temperature of 1400oC, a heat rate of 100oC/min, holding time of 10 minutes and die 

pressure of 50 MPa. Parameters for sintering have been selected based on previous 

published works for similar composite design [23,27,62]. The graphite dies are used to 

produce disc shaped samples of approximately 8 mm height. Graphite sheet is kept between 

the die and sample to minimize the effect of friction which will allow easy ejection of the 

sintered samples.  

 

Figure 4.3 - Spark Plasma Sintering system from FCT, Germany. 

 

With the powder filled within the graphite die, it is then placed into the SPS chamber. A 

combination of passing current, applying heat and a mechanical axial load is forced onto 

the die simultaneously. The sintering temperature is measured and monitored using a 
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pyrometer placed at the bottom of a central hole in the upper punch. The pulse duration 

and pause time as well as the heating rate are fixed throughout all phases of the experiment. 

The samples’ cross sections are prepared via grinding and polishing to be used for scanning 

electron microscopy.  

4.1.2 Microstructure and Mechanical Characterization 

 

i) Scanning Electron Microscopy 

The microstructure and the overall constituent distribution of the reinforced composites are 

examined using a scanning electron microscope. Jeol JSM-6460LV scanning electron 

microscope equipped with energy-dispersive spectrometry (EDS) is used to observe the 

microstructures of the prepared composite samples. The samples are well grinded and 

polished to maximize quality of the capturing images. To obtain high quality 

microstructure images the surface of the samples is coated with a gold film to provide 

improved light penetration. This thin gold film is applied using a vacuum evaporation 

process. EDS scan technique is used to perform qualitative analysis of the microstructure 

as well as perform mapping to see the effectiveness of the dispersion process.  
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Figure 4.4 - Jeol JSM-6460LV scanning electron microscope equipped with energy-dispersive spectrometry 
(EDS). 

 

X-ray diffraction analysis is used for phase characterization using the Rigaku desktop x-

ray diffractometer model “Miniflex II” with copper radiation and a wavelength of 1.5418 

angstroms. The XRD analysis range was selected from 20o to 100o based on results for 

similar materials found in literature.  

 

Figure 4.5 - Rigaku desktop x-ray diffractometer model “Miniflex II”. 
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Raman spectroscopy results were acquired using a DXR2 Raman microscope. A 532-nm 

wavelength laser line is used as the excitation wavelength and the laser power used was 

2.5 mW. The limits of spectra were selected from 100 to 3000 cm-1 at 25oC based on 

previous related work [23].  

 

Figure 4.6 - A DXR2 Raman microscope. 

 

ii) Microhardness and Determination of Elastic Modulus and Fracture Toughness 

The micro hardness along with the associated properties such as modulus of elasticity & 

fracture toughness are measured using a Micro Hardness Tester supplied by Buehler 

instruments. A diamond indentor in the shape of a pyramid which is normal to the surface 

of the sample is driven down into the sample by applying an increasing load to a present 

value after which the load is gradually decreased until the material is back in its relaxed 

state. The indentation hardness is therefore defined as the mean contact pressure applied 

by the indenter onto the sample. 
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Figure 4.7 - Micro Hardness Tester supplied by Buehler instruments. 

 

The microhardness value is supplied by the equipment itself after test completion while the 

diagonal and crack lengths of the indent are measured using the scope provided with the 

instrument. The modulus of elasticity and fracture toughness applying the data acquired 

using the equations as found within literature [84–89].  

 

iii) Density 

Density of the designed composite greatly depends on the constituents and the relative 

proportion of both matrix and inclusions. It is a key factor in the determination of the 

overall porosity of the manufactured material. The theoretical density of the of the matrix 

and reinforcement constituents can easily be determined composite in terms of the density 

and volume fraction via the rule of mixtures. 

𝜌௧௛ = (𝜌௠ ∗ 𝑣௠) + (𝜌௜௡௖ ∗ 𝑣௜௡௖)                                                4.1 
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Where 𝜌 and 𝑣 represent the density and volume fraction and where 𝑓 and 𝑚 are used to 

denote inclusion and matrix respectively. The experimental density is determined 

experimentally through the use of the Archimedes principle. This approach requires the 

determination of the mass of the composite material in both air and water. 

With the determination of the theoretical and experimental densities, the percentage 

porosity of the composite can be calculated using Eqn. (4.2). 

%𝑃 = ቀ
ఘ೟೓ିఘ೐ೣ೛

ఘ೟೓
ቁ ∗ 100                                                 4.2 

  

4.1.3 Thermal Characterization 

 

i) Thermal Conductivity 

C-Therm TCI Thermal Conductivity Analyzer as seen in the figure below is used to 

measure the thermal conductivity of various materials ranging from polymers, metals, 

rubbers and ceramics at room temperature at any given form of state, solid or liquid. This 

thermal conductivity equipment operates based on the modified transient plane source 

(MTPS) technique that uses a one-sided interfacial heat reflectance sensor that applies a 

momentary constant heat source to samples. The thermal conductivity of the designed 

composite samples is measured at room temperature. A set current is applied to the 

equipment’s heating element which results in the rise of the interfacial temperature 

between the sensor and material. This fluctuation of temperature causes a change of voltage 

in the sensor element. The rise in voltage is used to quantify the thermal effusivity and 

thermal conductivity of the sample. These properties are proportional to the rate of increase 

in the sensor’s voltage. 
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Figure 4.8 - C-Therm TCI Thermal Conductivity Analyzer. 

 

ii) Coefficient of Thermal Expansion 

Coefficient of thermal expansion of a material can be defined as the strain induced in the 

material due to a per unit rise of temperature. The coefficient of thermal expansion (CTE) 

of the developed composites is measured using a Mettler Toledo Thermal mechanical 

analyzer (TMA/SDTA 1 LF/1100). A thermal mechanical analyzer is used to measure the 

changes in dimensions of the sample due to variation of temperature. TMA is used to 

evaluate the coefficient of thermal expansion of the material as well as softening, 

crystallization and solid-solid transitions. 

 

Figure 4.9 - Mettler Toledo Thermal mechanical analyzer (TMA/SDTA 1 LF/1100). 
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4.2 Microstructure & Mechanical Characterization 

 

Properties of the composite depend on various parameters. These parameters include the 

interaction between the matrix and the inclusion, the dispersion of the inclusions into the 

matrix and the final resulting microstructure. Therefore, after manufacturing of the 

composite samples, various tests have been conducted to characterize the material which 

will allow us to know if the material has been sintered properly. Characterization of 

samples is done using three techniques; SEM (Scanning Electron Microscopy), XRD (X-

ray Diffraction) and Raman Spectroscopy.  

 

4.2.1 SEM Analysis 

The prepared composites were analyzed under the scanning electron microscope to observe 

the microstructure and the dispersion of inclusions. Initially, the pure alumina sample is 

viewed through the SEM at the cross section of the sample.  

 

 

 

 

 

 

 

 

 

 

Figure 4.10 - SEM image of a pure alumina sample. 
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Due to the defined sintering parameters used in SPS there is some visible pores which leads 

to presence of porosity which is quantified in the density section. Furthermore, the small 

particle size alumina selected may also be attributed to presence of porosity in the pure 

alumina sample. As seen in the figure below, the inclusions of SiC and cBN have been 

embedded into the alumina matrix.  

 

 

a) b) 

c) 

Element Weight% Atomic% 

B K 33.08 37.23 

C K 34.67 35.13 

N K 29.79 25.88 

O K 2.09 1.59 

Al K 0.21 0.10 

Si K 0.16 0.07 

Totals 100.00 100.00 

 

Figure 4.11 - a) SEM image of an Al2O3-30%SiC-20%cBN at 400x magnification. b) SEM image of an Al2O3-30%SiC-
20%cBN at 1000x magnification with each constituent specified. c) EDS analysis highlighting the presence of elements 

within the composite material (performed at 400x). 
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Figure 4.11 displays the microstructure of Al203-30cBN-20SiC composite at different 

magnifications. The filler materials (shown in black color) of cubic boron nitride and 

silicon carbide have been fully embedded into the white alumina matrix. The presence of 

small pores is attributed to the holding time used in the sintering process as well as the 

brittle nature of the composite which may have led to removal of material during 

preparation of sample. EDS analysis shows the presence of each element within the 

composite to confirm the composite composition. 

To further confirm the presence of the desired elements, EDS mapping is done for Figure 

4.11 with 1000x magnification to highlight the location of elements within the frame. As 

shown, it is found that the fillers have dispersed well within the alumina matrix which 

means there is more homogeneity in properties of the material. 
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Figure 4.12 - EDS mapping performed at 1000x highlighting the presence and location of each element within the 
Al2O3-30%SiC-20%cBN composite material. 
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Furthermore, the SEM results for the remaining samples (Alumina-20%SiC-30%cBN) are 

shown next.  

Element Weight% Atomic% 

        

B K 40.08 48.62 

C K 10.52 11.49 

N K 23.42 21.92 

O K 16.28 13.35 

Al K 5.32 2.58 

Si K 4.38 2.04 

   

Totals 100.00  

 

a) b) 

c) 

Figure 4.13 - a) SEM image of an Al2O3-20%SiC-30%cBN at 400x magnification. b) SEM image of an 
Al2O3-20%SiC-30%cBN at 1000x magnification with each constituent specified. c) EDS analysis 

highlighting the presence of elements within the composite material (performed at 400x). 
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4.2.2 X-ray Diffraction Analysis 

 

To further characterize the prepared composite, XRD analysis is performed on all prepared 

samples. Figure 4.14 show the diffractograms obtained for pure alumina and two prepared 

Al2O3-SiC-cBN hybrid samples.  

 

 

Figure 4.14 - X-ray diffraction analysis/comparison of the three samples a) Pure Al2O3, b) Al2O3-30%SiC-
20%cBN, c) Al2O3-20%SiC-30%Cbn (with 42μm avg. particle size). 
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The obtained peaks at certain diffraction angles are compared with the values for Al2O3, 

SiC and cBN. As shown in the figure, a peak of hBN is formed as cBN content is increased. 

This is attributed to the sintering process; due to the presence of large SiC particles present 

within the mixture there are areas of thermomechanical stresses present within the 

microstructure at high temperature. These stresses are therefore transforming a small 

amount of cBN phase to hBN. This phenomenon is also presented in the work of Irshad 

and co-authors in which they have reported phase transformation due to larger particle size 

of the base matrix. The occurring phase transformation is taken into consideration and the 

variation in modelling results is attributed to this factor. 

 

4.2.3 Raman Spectroscopy Analysis 

 

Our findings from XRD analysis showed how a certain amount of cBN has phase 

transformed to hBN during the sintering process. To validate these results, we have 

conducted Raman tests to confirm whether this phenomenon is actually taking place or a 

different reaction between fillers has occurred. The presence of peaks at 800 & 990 cm-1 

are those that are attributed to the SiC phase. Broad peak initiating at approximately 1367 

cm-1 highlights the presence of cBN that phase within the material. The broad nature of the 

peak has led to the understanding that only a small amount of phase transformation has 

occurred. Therefore, it is concluded that the Raman results validate the phenomenon 

captured within the XRD analysis.  
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Figure 4.15 - Raman spectroscopy results of manufactured Al2O3-30%SiC-20%cBN. 

 

4.2.3 Density & Porosity Determination 

 

Design of a composite material is greatly influenced by its density which depends on the 

relative proportions of the matrix and inclusions embedded into the system. The effective 

density has a direct relation with porosity present within the material which can have an 

effect on the effective properties of the composite. Table shows the theoretical and 

measured density values of the developed materials. It can be seen that the experimental 

and theoretical density have a slight variation with each other which is attributed to the 

slight porosity present within the samples. This porosity present may be due to the sintering 

parameters that were selected for the SPS process. This porosity % is considered to be 

within the acceptable range and will not cause great variation between numerical and 

experimental results. 
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Table 4.2 - Measured & theoretical density of samples along with associated porosity. 

Matrix Filler Type/Vol% 

Measured 
Density 

(g/cm
3
) 

Theoretical Density 

(g/cm
3
) 

Porosity 
% 

Alumina 

None 3.879 ± 0.457 3.96 2.05% 

30% SiC-20% 
cBN 

3.194 ± 0.325 3.318 3.73% 

20% SiC-30% 
cBN 

3.104 ± 0.723 3.207 3.21% 

 

 

4.2.4 Micro Hardness, Modulus of Elasticity and Fracture Toughness 

 

Hardness is a key property when going through the process of characterizing a composite 

material. This indicates the ability of a material to withstand local deformation when a 

fixed load is applied. In this work, the microhardness of the samples has been measured at 

300g and 500g loadings. Testing has been conducted multiple times at different areas on 

the face of the prepared composite samples and microhardness along with standard 

deviation are reported. Results are tabulated below. The results highlight an improvement 

in hardness because of the introduction of the inclusions into the base matrix system.  
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Table 4.3 - Hardness test results and the associated elastic modulus, fracture toughness values. 

Matrix 
Filler 

Type/% 

Vickers Micro 
Hardness (GPa) 

Elastic 
Modulus 

(GPa) 

Fracture 
Toughness K

IC
 

(MPa.m
1/2

) 

At 300g 

Average Average 

Average 
Standard 
Deviation 

Alumina 

None 19.12 1.502 146.987 3.96 

30% SiC-
20% cBN 

21.44 1.274 189.376 4.42 

20% SiC-
30% cBN 

22.97 2.563 174.11 4.21 

 

An improvement in elastic modulus and fracture toughness is observed in the alumina-

30%SiC-20%cBN composite as is expected based on the numerical simulations performed. 

However, there is a decreased elastic modulus and fracture toughness noticed in the 

alumina-20%SiC-30%cBN. This is attributed to the increased content of cBN reinforced 

into the composite. It is observed that after a certain limit of cBN inclusion percentage 

there is a drop noticed in the structural properties of the composite material. Variations 

between the numerical results and experimental data are attributed to the porosity present 

within the developed composites. The sintering parameters that the numerical models are 

not able to incorporate. Also, the numerical model assumes the shape of inclusions to be 
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perfectly spherical along with perfect distribution of the inclusions embedded into the 

matrix which may be a reason for the small variation in results. The comparative ratios 

between the effective composite and the matrix material are shown in the figures below: 

 

Figure 4.17 - K1ceff/K1cmat ratios between effective and matrix fracture toughness values (Experimental & 
Numerical). 

 

Figure 4.16 - Eeff/Emat ratios between effective and matrix elastic modulus values (Experimental & Numerical). 
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4.3 Thermal Characterization 

 

4.3.1 Effective Thermal Conductivity 

 

The effective thermal conductivity of the developed composites has been measured. The 

sintered pure alumina was measured and the numerical simulation results were recalibrated 

based on the sample reading.  

The CTI thermal conductivity analyzer has been used to measure the thermal conductivity 

values of the developed composite materials and pure alumina. The table below presents 

the thermal conductivity results; as expected the enhanced inclusions have provided a 

considerable increase to the effective thermal conductivity of the composites. It is observed 

that increasing SiC content within the matrix provides a greater improvement in thermal 

conductivity in comparison to increasing the cBN content.  

Table 4.4 - Thermal conductivity values of samples determined experimentally and computationally. 

Sample 

# 
%Al

2
O

3
 %SiC %cBN 

Experimental 

K (W/m-K) 

Standard 
Deviation % 

Computational 

K (W/m-K) 

1 100 0 0 25.68 0.71 25.68 

2 50 30 20 36.86 1.08 40.95 

3 50 20 30 32.79 1.71 37.45 

 

Variations between the numerical and experimental values can be attributed to certain 

assumptions and factors that are involved in the design process. For example, the numerical 

models assume inclusions to be perfectly spherical shapes while that is not the case in a 
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real-life scenario. It also assumes equivalent particle sizes to be perfectly distributed within 

the alumina matrix while in reality, powders are supplied by average particle size. 

Furthermore, the thermal interfacial resistance between the matrix and the inclusions has 

been acquired from literature. The thermal interfacial resistance depends on the 

characteristics of the interface and can fluctuate for the same material due to change in 

various parameters. All of these factors may be resulting in the variation in results however 

these variations are considered to be in an acceptable range. 

 

Figure 4.18 - Keff/Kmat ratio of effective and matrix thermal conductivity of samples (Experimental & 
Numerical). 

 

4.3.2 Coefficient of Thermal Expansion (CTE) 

 

The CTE is a key property when considering the design of cutting tool inserts. An enhanced 

CTE can greatly improve the thermal shock resistance of a material and therefore one of 

the objectives of this work was to decrease the CTE of the designed composite to reduce 

expansion of the material when exposed to high temperatures. The Mettler Toledo Thermal 
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Mechanical Analyzer has been used to evaluate the effective coefficient of thermal 

expansion values of the developed samples i.e. sintered composites and pure alumina. 

Table presents the results of the conducted CTE tests of all samples. It can be seen that the 

CTE values of the inclusions has reduced the effective CTE of the composites.  

Table 4.5 - Effective CTE values of samples determined experimentally and computationally. 

 

 

The figure below shows the improvement in CTE in both experimental and predicted cases 

in comparison to the base matrix alumina. 

 

Figure 4.19 - αeff/αmat ratio of effective and matrix CTE of samples (Experimental & Numerical). 

Matrix Filler Type/% 
Effective CTE (10

-6

/K) 

Experimental Computational 

Alumina 

None 7.06 7.06 

30% SiC-20% cBN 5.41 6.19 

20% SiC-30% cBN 5.21 6.10 
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4.4 Summary of Results 

The overall compiled results of properties determination are presented in the table below: 

Table 4.6 - Comparison of Computational Results and Experimental Results of alumina-SiC-cBN hybrid 
composite design with respect to the selected alumina matrix. 

 Pure 

Alumina 

Alumina-30%SiC-20%cBN Alumina-20%SiC-30%cBN 

(Matrix) Predicted Experimental Predicted Experimental 

Effective 

Thermal 

Conductivity 

(Keff) (W/m-K) 

25.7 40.95 36.86 37.45 32.79 

Keff/Kmat 1 1.59 1.43 1.46 1.28 

Effective CTE 

(αeff)(10-6/K) 
7.06 5.83 5.41 6.18 5.21 

αeff/αmat 1 0.83 0.77 0.88 0.74 

Effective Elastic 

Modulus 

(Eeff)(MPa) 

147 233.77 189.38 231.64 174.11 

Eeff/Emat 1 1.59 1.29 1.58 1.18 

Effective KIC 

(Mpa.m1/2) 
3.96 4.81 4.42 4.75 4.41 

KICeff/KICmat 1 1.22 1.12 1.20 1.06 
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4.5 Summary of Chapter 

 

In this chapter, the following has been discussed: 

 Types of matrix and inclusion materials used in the development of material. 

 Details of composite sample development techniques, characterization methods 

and experimental property measurements of material (mechanical and thermal). 

 Results of material characterization, mechanical and thermal property measurement 

tests performed on the developed composite samples. 

 Comparative analysis as a means of validation of the property estimation results 

obtained from the numerical modelling done in the material design phase. 

The following chapter will present the description of the coupled thermal-structural 

performance evaluation of the designed composite material as a cutting tool insert in a 

simulated cutting process through the aid of finite element modelling. The results obtained 

from the analysis for the composite material will be compared with various benchmark 

materials. 
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CHAPTER 5 

PERFORMANCE EVALUATION OF THE PROPOSED 

CUTTING TOOL INSERT 

5.1 Introduction 

 

This chapter discusses the performance evaluation of the proposed ceramic based 

composite material when considered for the application of cutting tool inserts. The newly 

proposed alumina-based composite material is analyzed and compared with its fellow 

cutting tool insert competitors, such as standalone alumina and ZTA (zirconia toughened 

alumina) inserts. The new composite material possesses enhanced thermal and structural 

properties in accordance to cutting tool insert design while also possessing the economic 

and environmental benefits of alumina. 

The performance evaluation of the composite cutting tool inserts when considered for the 

turning of a high-strength steel will be done through a coupled thermal-structural analysis. 

This study will be done with the aid of FEM (finite element modelling) as the problem was 

idealized as a 3-dimensional steady-state thermal-structural finite element model. A 

steady-state thermal stress analysis will allow the simulation of the heat flux being 

generated at the cutting edge due to frictional forces occurring during machining and the 

flow of heat within the insert. This flow of heat into the system results in increased 

temperature and greater stress gradients throughout the body. Uneven temperatures within 
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the cutting edge and the rest of the body will cause sticking of chip to the face of the insert 

and result in poorer chip quality [90,91]. In addition, a high CTE can result in greater 

deformation of the insert which can lead in thermal shock failure due to the fluctuation of 

temperature.  

5.2 Mathematical Models 

 

The mathematical models used in the fully coupled thermal-structural stress performance 

analysis is presented in this chapter. 

For the thermal part of the analysis, the basic energy will be utilized to determine the 

temperature field as shown in Eq. (5.1): 

𝐶௣𝑢. ∇𝑇 = ∇(𝑘∇𝑇) + 𝑄                                                            5.1 

Where 𝐶௣ is the heat capacity, 𝑘 is the thermal conductivity of the constituents present 

within the system, ∇𝑇 and 𝑄 are the temperature difference and the heat source within the 

system. Thermal insulation is governed by equation (5.2) which will not allow the flow of 

heat in any given direction.  

−𝑛(−𝑘∇𝑇) = 0                                                             5.2 

Here, 𝑛 is a unit vector which is normal to the boundary. To simulate the process of dry 

cutting, the body i.e. the cutting insert will be defined with a convective heat transfer of air 

to simulate a portion the heat generated to escape from the body. The general heat flux into 

and out of the body is defined by the following equation: 

−𝑛(−𝑘∇𝑇) = ℎ௖(𝑇௖ − 𝑇)                                                            5.3 
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Where ℎ௖ is the convective heat transfer coefficient and 𝑇௖ is the temperature of the 

surrounding environment respectively. 𝑇 is defined as the initial temperature at any given 

point on the surface of the boundary. 

Regarding the steady-state structural analysis, the stress-strain constitutive behavior is 

defined by: 

−∇u ∗ 𝜎 = 𝐹 ∗ 𝑣                                                             5.4 

𝜎௬ − 𝜎଴ = 𝑐: (𝜀 − 𝜀଴ − 𝜀்௛ − 𝜀௣)                                                           5.5 

In these equations, 𝜎 is the Cauchy stress, 𝐹 ∗ 𝑣 is the body load, 𝜀 is the total strain value, 

𝜀்௛ is the strain generated due to the thermal loading and 𝜀௣ is the effective plastic strain 

generated. 𝜎௬ is the yield stress of the material, ∇u is the displacement gradient and 𝑐 is 

the elastic stiffness matrix. The mathematical relationships for the strains are given by: 

𝜀 =
ଵ

ଶ
[(∇𝑢)் + ∇𝑢]                                                             5.6 

𝜀்௛ = 𝛼(𝑇 − 𝑇௥௘௙)                                                             5.7 

𝜀௣ =  λ
ௗொ

ௗఙ
                                                              5.8 

Considering the time-dependent structural analysis, the stress-strain constitutive behavior 

will become the following: 

𝜌
ௗమ௨

ௗ௧మ
− ∇𝜎 = 𝐹𝑣                                                             5.9 

𝜎 = 𝐽ିଵ𝐹𝑆𝐹்                                                            5.10 
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Where S is the second Piola-Kirchoff stress and the remaining variables are defined as, 

𝐹 = (1 + ∇𝑢)                                                            5.11 

𝐽 = det (𝐹)                                                            5.12 

𝑆 − 𝑆଴ = 𝑐: (𝜀 − 𝜀଴ − 𝜀்௛ − 𝜀௣)                                                         5.13 

𝜀 =
ଵ

ଶ
[(∇𝑢)் + ∇𝑢 + ∇𝑢(∇𝑢)்                                                         5.14 

To remove the possibility of rigid-body motion, the area where the insert is fitted onto the 

tool arm is considered to be constrained in all directions. Therefore, a roller support 

boundary condition is applied on the boundary in focus as shown in the equation below. 

𝑛. 𝑢 = 0                                                            5.15 

The equations are summarized by the following, 

[𝑓 ௛௘௥௠௔௟] = [𝐾ଵ][𝑡]                                                           5.16 

[𝑓] = [𝐾ଶ][𝑑] − [𝑓 ி]                                                          5.17 

Where 𝑓 ௛௘௥௠  is defined as the thermal load which may be applied as a heat source, heat 

flux or conduction or convection of heat. 𝐾ଵ is function matrix of the effective thermal 

conductivity of the material and geometry dimensions. 𝑡 is the temperature distribution 

matrix which contains the unknown variables. 𝑓 ி is defined as the thermal force and is a 

function of the temperature distribution 𝑡, CTE and the effective elastic modulus of the 

composite. 𝑓 is the applied nodal forces which will be varied based on the cutting tool 

machining experimental data extracted from literature. 𝐾ଶ is a matrix defined as a function 



93 
 

of the elastic modulus of the composite and geometry dimensions; 𝑑 is the nodal 

displacement matrix which is also an unknown. 

5.3 Coupled Thermal-Structural Analysis 

 

The coupled thermal and structural analysis of the composite cutting tool insert has been 

evaluated using FEM. Excellent thermal performance of a cutting insert will lead to an 

improvement of the tool life of the insert due to better resistance to thermal shock which 

can be associated to better flow of temperature through the insert. In addition, the stresses 

generated due to the combined effect of the heat flux and mechanical loading on the cutting 

edge will be analyzed. The simulated cutting process will provide the critical stress zone 

as a function of time and the total von Mises stresses can help identify if the material is 

suitable for the designated cutting process. It is important to avoid a large difference in 

temperature to avoid the sticking of chip formation onto the insert. As the chip forms and 

moves away from the edge, it is possible for it to stick onto the cooler face therefore a 

greater difference in temperature will increase the likelihood of chip sticking to occur. 

Greater temperature gradients will also lead to greater probability of thermal shock 

occurrence. Therefore, it is vital to understand the temperature and stress distribution 

within the cutting tool insert and compare the composite performance with the benchmark 

material.  

 

 



94 
 

5.4 Finite Element Modelling 

5.4.1 Geometry Model 

 

The selected mathematical models have been selected for the coupled thermal-structural 

stress analysis and have been implemented through the use of COMSOL Multiphysics. The 

3D geometrical model (generated using SOLIDWORKS) for the cutting tool insert, as 

shown in the figure below, is a standard sized triangular shaped insert with three cutting 

edges and fitted onto the tool holder in the middle [92].  

 

The triangular insert is dimensioned 20 mm with a 60-degree angle on each edge and a 

height of 5 mm. The fitting hole to attach the insert to the tool holder is a varying diameter 

design as is standard for an industry-level cutting tool insert with a diameter of 6.35 mm 

Figure 5.1 - Geometry model of the cutting tool insert developed using SOLIDWORKS. 
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for a depth of 0.24 mm on top level and a diameter 4.76 mm for the remaining depth. The 

cutting edge has a length of 0.240 mm with an angle on the flank face of 3 degrees. 

5.4.2 Material Model 

 

The material properties used for the ceramic based composite material model have obtained 

for the experimental material characterization and testing described in the previous chapter. 

The selected ceramic based composite consists of an alumina matrix with 30% silicon 

carbide and 20% cubic boron nitride inclusions. The benchmark material which was 

selected as pure alumina was also developed in this work and the determined properties 

have been used for comparative analysis. In addition, ZTA (zirconia toughened alumina) 

material properties will also be considered for comparison when analyzing the designed 

composite material. ZTA material properties have been determined from previously 

published literature and insert manufacturer catalogues [93]. These properties are 

summarized in table 5.1 located below. 

5.4.3 Boundary Conditions 

 

Initially, the cutting tool insert will be constrained in all directions at the area where the 

insert is attached to the tool holder i.e. the hole. With the cutting tool insert in place, a 

varying heat flux (as shown in figure) as a function of time that has been extracted from 

literature is applied to the cutting edge surface for a period of 120 seconds with the 

following conditions: Cutting speed Vc = 142 m/min (900 rpm), feed rate f = 0.14 mm/rot, 

and cutting depth ap=1.0 mm [94]. 
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Figure 5.2 - Heat transfer loading applied onto cutting edge as a function of time. [94] 

 

To simulate real-life dry cutting heat transfer cutting conditions, free and natural 

convective heat transfer has been applied to the entire body of the model with a heat transfer 

coefficient of air, which is 10 W/m2-K, to simulate the heat moving from the body of the 

insert into the surrounding air at room temperature (298 K).  

 

Figure 5.3 - Description of the additional boundary conditions applied onto the insert. 
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In addition to the thermal loadings, a cutting tool insert is also subjected to mechanical 

loadings during a cutting process. Therefore, forces developed on the cutting edge during 

the turning process of a high-strength material have been obtained from experimental 

literature data for a competitor insert [95]. These forces are divided into its three 

components in its respective direction i.e. cutting force, radial force and frictional force. 

Table 5.1 - Material properties used to define the material model. 

Material 

Elastic 

Modulus 

(GPa) 

Poisson’s 

Ratio 

Tensile 

Strength 

(MPa) 

Thermal 

Conductivity 

(W/m2-K) 

CTE 

(1/K) 

Fracture 

Toughness 

KIC (MPa-

m1/2) 

Alumina 147 0.22 665 25 7.06 4.0 

ZTA 350 0.23 - 20 8.3 5 

Proposed 

Composite 

Material 

189.4 0.21 - 36.86 5.41 4.42 

 

5.4.5 Meshing 

 

Meshing has been performed using tetrahedral shaped elements on the finite element model 

with 6500 elements initially. After the mesh convergence test the number of elements has 

been increased to 25996 elements. The mesh has been resized to finer elements at the 

critical zone which the cutting edge area and also where the zones where greater stresses 
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were generated over time. Mesh convergence tests have been performed using the von 

Mises stress distribution and the temperature profile of the of the finite element model. The 

mesh convergence was finalized when both the von Mises stress distribution and 

temperature profile became constant with respect to the size of mesh. The study has been 

performed at the minimum amount of elements required to keep the results constant in 

order to optimize the computational time of the coupled thermal structural analysis. 

 

Figure 5.4 - Meshing of the cutting tool insert geometry. 
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Figure 5.5 - Mesh convergence analysis for von-Mises stress and temperature. 

 

5.5 Results and Discussion 

 

Results have been obtained when the heat flux has been applied onto the cutting edge and 

the stresses distribution and temperature profile are observed as a function of time for each 

case. The duration of the dry cutting process was taken as 120 seconds with the results 

being recorded at every 0.1 second interval for better analysis. In addition, the surrounding 

temperature has been maintained at 25oC with the application of a convective heat transfer 

coefficient to allow heat to escape into the surrounding from the body therefore simulating 

dry cutting conditions. Three cases will be presented with each being comparatively 

analyzed in terms of temperature profile and stresses distribution. 
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5.5.1 Alumina Insert 

 

The first case is that of standard standalone alumina; which is considered for use as a 

cutting tool insert due its good structural properties and chemical inertness. Results have 

been obtained as a function of time as the heat flux and the mechanical pressure loading is 

applied.  

The heat flux begins to heat up the cutting edge and temperature increases rapidly and 

begins spreading around the edge. The heat entering through the cutting edge induces 

thermal stresses onto the insert. As shown in figure 5.6 the temperature starts increasing in 

the cutting edge as time increases. This is attributed to the frictional forces acting on the 

edge due to contact between workpiece and cutting edge. These frictional forces lead to the 

increase in temperature in cutting edge which spreads away from the edge as time goes on. 

The temperature is maximum at approximately 40 seconds; this is expected due to the heat 

flux boundary condition. 
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Figure 5.6 - Temperature profile of the cutting edge during the cutting process. 

 

Figure 5.7 shows the temperature distribution of the cutting tool insert as a function of the 

distance away from cutting edge moving to the bolt fitting area at time of maximum 

temperature. It is observed that there is a temperature gradient between the cutting edge 

and the rest of the insert body. This gradient can cause mismatch in thermal expansion 

within the body which can result in failure from thermal shock.  
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Figure 5.7 - Temperature profile as a function of distance moving away from the cutting edge towards the 
center. 

 

In addition to temperature profile, it is important to monitor the von-Mises stresses 

generated within the insert during the cutting process. The von-Mises stress distribution 

can provide a clear indication of where the insert will be susceptible to failure. 
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Figure 5.8 - Von-Mises stress distribution at the cutting edge of the tool insert during the cutting process. 

 

The stresses being generated during the cutting process are due to a combination of both 

the thermal and mechanical loading. The region susceptible to failure varies over time as 

after approximately 60 seconds the critical region becomes the fitting area which is 

constrained in all directions. The CTE has a great effect on the stress distribution because 

a higher CTE will result in greater deformation of the body which will generate greater 

stresses.  
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Figure 5.9 - Temperature profile of the alumina insert at different times during simulated cutting process 
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Figure 5.11 - Von-Mises stress distribution of the alumina insert at different times during the simulated cutting 
process. 
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5.5.2 ZTA Insert 

 

The second case analyzes the performance of zirconia-toughened alumina (ZTA) insert 

under similar loadings. ZTA inserts are considered for as cutting tools due to their enhanced 

fracture toughness which is attributed to the phase transformation of zirconia at high 

temperature which restricts elongation of crack formations. Results are presented as a 

function of time during the application of heat flux and mechanical pressure.  

 

Figure 5.11 - Temperature profile of the cutting edge of ZTA insert during cutting process. 

 

Figure 5.11 above shows the temperature profile of the cutting edge as a function of time. 

The temperature is at its maximum when heat flux is highest. It is observed that the 

temperature of ZTA insert is higher compared to the alumina insert at the cutting edge. The 

temperature gradient observed as temperature is recorded away from the cutting edge is 
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found to be larger as compared to alumina. This is attributed to the poor thermal 

conductivity of ZTA because of poor thermal properties of the reinforced zirconia. This 

temperature gradient can lead to sticking of chip formation on tool face which can lead to 

permanent damage on the insert.  

 

Figure 5.12 - Temperature profile as a function of distance moving from cutting edge towards the center of the 
ZTA insert. 

 

Analysis of the von-Mises stress distribution at the cutting edge as a function of time show 

that there are greater stresses being generated as compared to the alumina insert. This is 

attributed to the relatively low elastic modulus of the reinforced zirconia present in the 

ZTA insert which is causing greater stresses being generated within the insert.  
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Figure 5.13 - Von-Mises stress distribution at the cutting edge of ZTA insert as a function of time. 

 

The von-Mises stress distribution of the insert shows that critical stresses shift from edge 

to the fitting area over time which is due to the constraints applied. The critical stresses are 

relatively higher as compared to the alumina insert which is assumed to be due to the poor 

effective CTE of the ZTA insert which is allowing greater deformation due to the thermal 

loading and susceptible to thermal shock loading. 
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Figure 5.14 - Temperature profile of ZTA insert at different times during simulated cutting process. 
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Figure 5.15 - Von-Mises stress distribution of ZTA insert at different times during simulated cutting process. 
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5.5.3 Designed Ceramic Composite Insert 

 

The third and final case is analyzing the designed ceramic composite material considered 

for cutting tool insert in comparison with the previous cases. The proposed composite 

material is a Al2O3-30%SiC-20%cBN with enhanced thermal and structural properties. 

Results are presented with the analysis of temperature profile and stress distributions as a 

function of time during a simulated cutting process.  

 

Figure 5.16 - Temperature profile at the cutting edge of the proposed insert as a function of time. 

 

Figure 5.16 above shows the temperature profile of the insert cutting edge during the 

cutting process of a high strength profile steel. It is observed that the temperature at the 

point of highest heat flux is found to be much less as compared to the two previous cases 

of alumina and ZTA inserts. This is attributed to the superior thermal conductivity of the 
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designed composite which is allowing the temperature to quickly flow away from the 

cutting edge.  

This phenomenon is further validated in the figure which shows the temperature profile as 

a function of distance moving away from the cutting edge. The temperature gradient of the 

designed composite material is less compared to the previous cases. 

 

Figure 5.17 - Temperature profile as a function of distance from cutting edge to the center of proposed insert. 

 

Next, the von-Mises stresses generated within the proposed cutting tool will be analyzed. 

It is important to monitor the stresses generated on the cutting edge as reduced stresses can 

lead to fewer chances of failure of the insert and improve the tool life of the cutting tool 

insert.  
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The von-Mises stress distribution of the Al2O3-SiC-cBN composite insert during the 

cutting process is shown below. At the cutting edge, it is found that there are considerably 

less stresses imposed on the designed insert when compared to the alumina and ZTA 

inserts. This is due to the enhanced elastic modulus of the composite along with the 

decreased CTE which is reducing the amount of deformation caused by the loadings 

imposed during the cutting process. 

 

Figure 5.18 - Von-Mises stress distribution at the cutting edge of proposed insert during the cutting process. 
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Figure 5.19 - Temperature profile of proposed insert at different times during simulated cutting process. 
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Figure 5.20 - Von-Mises stress distribution of the proposed insert at different times of simulated cutting process 
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5.6 Model Validation 

 

The developed model has been implemented on the work done previously by KISKU on 

the investigation of the temperature profile of a coated and uncoated cemented carbide 

insert due to the heat flux introduced during the cutting process [96]. The same material 

model and boundary conditions have been used and the corresponding results are in good 

agreement with the reported results in reviewed work. 

5.7 Summary of Chapter 

 

This chapter has discussed the following: 

 The performance designed and developed Al2O3-SiC-cBN composite when 

considering for use as cutting tool inserts is evaluated. 

 FEM is considered to model the thermal performance of the composite when 

subjected to a cutting process of predetermined cutting speed, feed rate and depth 

of cut. 

 As a means of comparison, alumina and ZTA inserts’ performance is evaluated 

along with the designed composite. 

 The thermal performance of the Al2O3-SiC-cBN composite is found to be better 

compared to the two other cases. 

 Structural performance is also found to have been improved due to the presence of 

comparatively reduced stresses on the cutting edge of the designed composite. 
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CHAPTER 6 

CONCLUSIONS & RECOMMENDATIONS 

6.1 Conclusions 

 

An innovative ceramic composite material for cutting tool insert applications is introduced 

through this work. The proposed material will possess enhanced thermal conductivity, 

elastic modulus, fracture toughness and lower CTE while retaining the environmental and 

economic advantages of alumina to improve the performance of cutting tool inserts 

considered for high speed machining. 

Material design has been carried out using a computational approach through the aid of 

numerical models used in predicting the effective target properties of particulate 

composites as a function of inclusion volume fraction and particle size. Best matrix and 

inclusion material candidates are selected based on application and optimal combinations 

are determined through simulations. The material was designed as a hybrid alumina matrix 

composite with silicon carbide and cubic boron nitride inclusions to perform as an 

enhanced and cost-effective cutting tool insert. 

Spark plasma sintering (SPS) was used to develop three material samples for material 

design validation, two alumina based composites (with 30% silicon carbide, 20% cubic 

boron nitride and 20% silicon carbide, 30% cubic boron nitride 40μm particle size 

inclusions, respectively) and one pure alumina (0.15μm matrix particle size). From 
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material testing, the developed composites were found to have improved thermal 

conductivity, elastic modulus, fracture toughness and lower CTE when compared with pure 

alumina with minimal porosity present. SEM scans showed the silicon carbide and cubic 

boron nitride inclusions to be fully dispersed into the alumina matrix. XRD patterns of the 

samples were observed and an additional peak was identified. The identified additional 

peak was associated with a phase transformation of cBN to hBN during the sintering 

process. The cause of transformation was hypothesized to be due to the presence of thermo-

mechanical stresses present during the SPS process because of the additional silicon 

carbide inclusions within the matrix. For confirmation purposes, Raman spectroscopy was 

performed and it was observed that there was small transformation of cBN therefore 

confirming the XRD findings. This transformation is taken into account and the numerical 

simulations are recalibrated. 

Lastly, performance evaluation is carried out to assess the capabilities of the composite 

material during a high-speed machining process in comparison to alumina and ZTA. Finite 

element method (FEM) is considered for the performance evaluation to assess the thermal-

structural performance of the selected composite in a simulated cutting process. Normal 

working conditions were simulated where the temperature profile and localized stresses 

were analyzed as a function of time. The newly proposed Al2O3-SiC-cBN composite 

material demonstrated more robust performance than alumina and ZTA due to the 

enhanced thermal and structural target properties. The temperature and stress analysis of 

the composite cutting tool insert highlighted greater thermal shock resistance and structural 

integrity of the composite material which reduces the risk of critical failure and enhances 

tool life. 
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6.2 Recommendations 

 

Another critical area to focus in the design of cutting tools is to analyze the wear 

performance of the material. Therefore, a thorough tribological analysis is needed to assess 

the wear properties of the designed composite and identifying the types of wear failure 

which may occur during machining operations. Custom-made dies for spark plasma 

sintering can allow for manufacturing of cutting tool insert shaped samples which can allow 

carrying out of experimental performance testing using standard lathe machines as well as 

environmental impact studies. 

Process optimization of spark plasma sintering may be performed to fine-tune the sintering 

parameters to reduce the percentage of unnecessary porosity present within the composite 

and stop the minimal phase transformation of the cBN inclusion. In addition, the fracture 

toughness model considered in this work is able to handle quantification of different modes 

of fracture failure. Therefore, an experimental study of determining the fracture failure 

modes of the composite may be undertaken to add another dimension to the existing work. 

With the numerical models validated through means of experimental work, additional 

particulate composite combinations may be considered. Other matrix and inclusion 

candidates can be selected and their effect on the performance of the composite can be 

investigated for the selected application. 
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