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ABSTRACT 
This dissertation presents the research work done for the degree of Doctor of philosophy. 

The research project is on Fracture mechanism of an aluminium cast alloy locally 

reinforced by SiC particles and Al2O3 whiskers under monotonic and cyclic load: 

boundary and whisker orientation effect. 

Metal matrix composites (MMCs) have been widely considered as possible substitute 

of traditional materials (such as metals, plastics, ceramics etc.) for structural 

applications because of their high strength and stiffness, low density, high temperature 

properties and excellent wear resistance. These advantages made this material more and 

more potential and alternative in the engineering application. However, the high 

productive cost, poor ductility and low fracture toughness of MMCs are the major 

barriers for their structural application. 

In this dissertation, fracture mechanisms and corresponding stress distributions in an 

aluminium cast alloy locally reinforced by SiC particles and Al2O3 whiskers, under 

monotonic and cyclic load, are investigated experimentally and numerically. The effect 

of whisker orientation on monotonic and fatigue strength has also been investigated. 

The material is monotonically and cyclically deformed to failure at room temperature. 

The fracture origin and the fracture path are investigated on the fracture surfaces. The 

stress distributions around the boundary between the reinforced part and the 

unreinforced part are calculated based on an inclusion array model considering the 

microscopic inhomogeneous effects. A three-dimensional single whisker unit cell model 

of cylindrical shape whisker in the periodic boundary condition is conducted using 

finite element method (FEM) to describe the overall behavior of the composite 

Chapter 1 is an introduction of the research, which describes the back ground, the 
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motivation, proposed concepts, the objectives and the scopes of this research. In this 

chapter also reviews the past research on the MMC. 

In chapter 2, Materials fabrication and its microstructure, the experimental set up and 

the experimental procedures are discussed. Materials are successfully fabricated by 

squeeze casting method. The polishing surface observations are treated by optical 

microscope and the fracture surface observations are treated by the scanning electron 

microscope (SEM) and energy dispersive X-ray (EDX) analysis. 

In chapter 3, the experimental results are discussed, which describes the fracture 

mechanisms, boundary effect and whisker orientation effect. The fracture origin and 

fracture path are investigated by SEM on the fracture surfaces. The fracture occurs in 

the reinforced part under both monotonic and cyclic loads. SEM analysis of the fracture 

surfaces shows that the fatigue fracture is controlled by the fracture of coarse Al2O3 

whiskers. The static fracture (monotonic loading) shows that the fracture mechanism is 

the combination of reinforcing particle fracture and interfacial debonding between 

reinforcing ceramics and matrix metal. A significant effect of reinforcement orientation 

on the monotonic strength and fatigue strength are observed experimentally and 

numerically. With respect to the stress direction the whisker orientation gives significant 

difference in strength of this material. SEM analysis shows almost all whiskers are 

transversely debonded when whisker direction is perpendicular to the stress direction 

and almost all whiskers are broken when the whisker direction is random to the stress 

direction. 

In chapter 4, a numerical analysis is discussed. The stress distributions around the 

boundary between reinforced part and unreinforced part are calculated based on an 

inclusion array model considering the microscopic inhomogeneous effects. A 
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three-dimensional single whisker unit cell model of cylindrical shape whisker in the 

periodic boundary condition is conducted using FEM to describe the overall behavior of 

the composite. The prediction results based on FEM analysis are found to be in 

reasonable agreement with the experimental observations. 

In chapter 5, the general conclusions and directions for future investigation are given. 
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Chapter 1: Introduction 
 

1.1  Background 

The mechanical components made by traditional materials (e.g. metals, plastics and 

ceramics) do not always give all the properties they require under their service 

conditions. In this way, different industries, such as the automotive and railway ones, 

are looking for low cost methods to improve the final performance of components made 

of steel, cast iron or even conventional aluminum alloys (e.g. for components such as 

automotive pistons, brakes, brake drums, brake discs). In order to obtain more efficient 

product for structural application, it is necessary to improve wear and fatigue behavior, 

weight reduction, high thermal conductivity, low coefficient of thermal expansion of the 

materials. Therefore, metal matrix composites (MMCs) have been widely considered as 

possible substitute which could comply with those characteristics.  

MMCs consist of at least two chemically and physically distinct phases, e.g. a fibrous 

or particulate phase, distributed in a metallic matrix. For three decades, metal matrix 

composite materials have been popular subjects of applied engineering research [1, 2]. 

Recently MMCs have become attractive materials for structural applications such as 

aerospace, automotive industry and wear applications, especially in the frictional area of 

braking systems because of their great advantages and mechanical performance. The 

major advantages of MMCs compared to unreinforced material are as follows: 

 Greater strength 

 Improved stiffness 

 Reduced density (weight) 
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 Improved high temperature properties 

 Controlled thermal expansion coefficient 

 Improved abrasion and wear resistance 

 Improved damping capabilities 

The above advantages made this material (MMCs) more and more attractive and 

alternative in the engineering applications. Despite their great advantages, the high 

productive cost, poor ductility and low fracture toughness of MMCs are the major 

barriers for their structural applications. For minimizing theses limitations, a clear 

understanding of the micromechanisms of damage characteristics of MMCs is necessary 

to design the microstructure of these materials. During past few decades many 

researchers have investigated such kind of research [1-42]. Strength and stiffness are the 

two most important characteristics for structural applications. Fracture properties, such 

as ductility, toughness and fatigue response, are often of primary importance for 

structural applications.  

 

Consideration of type and contribution of reinforcement component MMCs can be 

classified as  

1. Particle reinforced MMCs.  

2. Short fiber/whisker reinforced MMCs  

3. Continuous fiber/whisker reinforced MMCs .  

4. Laminated or layered MMCs.  

 The reinforcement and the matrix system for the MMCs are mainly determined by the 

intended application of the composites. For example, the MMCs used in the frictional 

area e.g. brake rotor, there is needed the high thermal conductivity with improved 



 3 

ductility therefore ceramics and high toughness aluminum should be chosen. By using 

hybrid techniques, the combined application of two or more reinforcements is possible.  

Fabrication step of the composite is an important part to minimize their limitation (high 

cost, low toughness) in the structural applications. Metal matrix composite materials can 

be manufactured by many different techniques [1, 2]. The fabrication techniques divided 

into two categories: (1) solid state includes powder metallurgy and diffusion bonding 

and (2) liquid state includes infiltration, dispersion and spraying. MMCs of commercial 

applications are now produced by the liquid state process because of the following 

advantages over the solid state process; 

 Less expensive 

 Liquid metal is easier to handle than are powders 

 Complex shape can be produced by liquid state process 

Among the various types of the liquid state fabrication techniques, squeeze casting have 

now become one of the most feasible techniques for the production of low cost MMCs 

and complex shape components [2]. Additionally, compared to other casting method e.g. 

gravity or die casting, a wide range of alloy can be cast using squeeze casting. 

Preparation of the whisker/particle preform is an important step in the fabrication of 

MMCs by squeeze casting method. Reinforcement breakage, porosity, inhomogeneous 

reinforcement orientation, bad interfacial bonding in the composites is the barrier to 

obtain adequate strength and mechanical properties of MMCs. 

 

1.2 Application of MMCs 

In the past 15- 20 years, MMCs have emerged as a class of materials capable of 

advanced structural, aerospace, automotive and wear applications. These alternative 
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materials (substitute of conventional materials) provide the specific mechanical 

properties necessary for elevated and ambient temperature applications. Up to now the 

major applications served by the MMCs in the automotive industries include selectively 

or partially reinforced pistons for diesel engine, selectively reinforced cylinder bores in 

Al engine blokes, intake and exhaust valves, driveshafts and propshafts, brake 

components (discs, rotors and calipers) and power module components for hybrid and 

electric cars. The first major MMC application in the commercial automotive market 

was a selectively reinforced piston produced for a diesel engine in 1983[1]. The success 

of this application was followed by the use of selectively reinforced engine cylinder 

bores in 1990. Reduction of overall vehicle weight is important for improving fuel 

economy. Therefore, the application of MMCs for disc brake rotor has been receiving 

considerable world wide attention. A brake rotor weight saving approximately 52% may 

be possible if MMCs can be substituted for the cast iron [5]. The high thermal 

conductivity of aluminum reinforced with SiC provides additional advantages for the 

thermal management of brake system. Metal matrix composites are finding a wide range 

of applications in aerospace. Aeronautical MMC applications have been established in 

the aero structural, aero propulsion, and subsystem categories. Aero structural 

components include ventral fins, fuel access door covers and rotor blade sleeves. Also 

few MMC applications have been established in the space systems. Particulate 

reinforced are in use as recreational products including golf club shafts and heads, 

skating shoes, base ball shafts and bicycle frames. They are also in use as 

microprocessor lids and integrated heat sinks in electronic packaging.   
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1.3 Concept of locally reinforced material 

Due to excellent mechanical performances (higher thermal properties, great strength 

and stiffness) and considerable weight reduction, SiC particulates aluminum based 

MMCs was capable of being used an axle mounted brake discs in automotive industry 

[5]. Despite their great advantages, lower ductility and higher cost is the major 

limitation of this composite. Therefore, there is a critical need to develop and design a 

new idea and concept in this material for structural applications. The use of the combine 

advantages of brittle MMCs and a ductile carrier body can be promising alternative [5]. 

The ductile matrix material (e.g. Al, Mg etc.) partially or locally reinforced by brittle 

particles or whiskers is called locally or partially reinforced material. The application of 

reinforced part of this material to the most important functional area of the mechanical 

component especially which are the frictional surfaces may reduce the cost and improve 

the mechanical performances. For example, in the brake disc application, ductile 

aluminium alloy which has high fracture toughness supports the whole disc and the 

reinforced part by ceramic particles/whiskers is used in the area required (e.g. frictional 

area) (Fig. 1.1 and 1.2). To produce locally or partially reinforced materials squeeze 

casting is the most common and feasible techniques. Some of manufacturing processes 

of locally reinforced (A365 Al alloy locally reinforced by SiC particles) friction ring 

with a ductile carrier body and their mechanical performance have been investigated by 

Zeuner et al. in 1998 [5] where, they found that the friction ring of an Al alloy locally 

reinforced by SiC particles can capable to use as a brake disc application.  
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Fig.1.1 Brake disc structure 
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Fig.1.2 Example illustration of application of locally reinforced material 

 

A locally reinforced material has a boundary between the reinforced part and the 

unreinforced part. The resulting strength of the boundary between locally reinforced and 

unreinforced parts will undoubtedly play an important role in many structural 

applications. The fracture location and the fracture mechanism give critical information 

for the design or placement of the mechanical component having the locally reinforced 

part. Therefore, various experimental and numerical investigations are needed to clarify 

the role of boundary on fracture mechanism of locally reinforced material. By using 

hybridization techniques, the combined application of particles and whiskers to the 

reinforced part in a locally reinforced material may improve the mechanical 

performance for the structural applications. So, the effect of boundary and fracture 

mechanism of hybrid MMCs would be studied for the safety of engineering application. 
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1.4 Literature review 

During the past decades, many investigations have been carried out on the mechanical 

performance of MMCs relating to aspects such as strength, damage, and failure 

mechanism [5-22]. MMCs have high strength and stiffness, low density, high 

temperature properties and excellent wear resistance compared to unreinforced 

materials [1-4]. Despite their excellent mechanical properties, low ductility is the 

limitation for this material. In order to improve ductility of MMCs, it is needed to study 

the factor which resulting the low ductility. In generally, presence of second phase 

brittle reinforcement and their fracture are considered as the main factor of decreasing 

the ductility of MMCs. But the presence of reinforcements is also the main 

strengthening mechanism of MMCs [6]. Many researchers were investigated the effect 

of the reinforcement volume fraction, size and shape and distribution on mechanical 

performance [7, 8]. Particle clustering effect may reduce the ductility of composite [8].   

Increase the volume fraction of reinforcement promotes the higher tensile stress in the 

reinforcement causing higher degree of particle fracture [17]. Reinforcement shape also 

has a strong influence of failure mechanism in the metal matrix composites. In 1991, 

Lorca et al. showed that rounded corner reinforcement increase ductility and delay the 

void growth significantly compared with the sharp corner reinforced metal matrix 

composites [18]. 

 

Many researchers have investigated the monotonic and cyclic fracture behavior and 

the fracture mechanisms of ceramic particulates/aluminium based MMCs [9-25]. Large 

difference in strain carrying capability of elastically deforming reinforcement and 

plastically deforming matrix alloy determines the key mechanism of fracture of MMCs 
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[11-18]. Thus, stress is concentrated near the interface edge between reinforcement and 

matrix or concentrated in the reinforcement, which causes interfacial debonding or 

reinforcement fracture. This reinforcement fracture or interfacial debonding may 

decrease the ductility of MMCs [11]. 

 

Plastic constraint developed in the matrix has strong effect on cyclic and monotonic 

deformation of MMCs. Deformation and failure of MMCs by the nucleation and growth 

of voids and within the ductile matrix were studied by Lorca et al. [17, 18, 20]. They 

demonstrated that due to constrained plastic flow of the matrix between the 

reinforcement particles in the MMCs, hydrostatic stresses develop in the matrix which 

plays an important role in the failure mechanism during monotonic and cyclic 

deformations [17-19]. This hydrostatic stress enhances the nucleation of the voids in the 

matrix alloy. Different constraint levels on the matrix flow may control the local failure 

process (e.g. particle fracture, interfacial debonding and dimple fracture of matrix alloy). 

In the particulate composites the plastic strain and voids around the inclusions spread 

throughout the matrix whereas, in the whisker reinforced composite they are localized 

in the vicinity of the reinforcement [17].  

 

The failure mechanism is greatly influenced by different loading condition (e.g. 

monotonic and cyclic load). Poza et al. demonstrated the difference of fracture 

mechanism of a metal matrix composite under monotonic and cyclic loading condition 

[19]. The tension loaded reinforcements in the matrix are subjected to higher tensile 

stress than those loaded in fatigue results in high degree of reinforcement fracture. 

During the loading and unloading process in the cyclic deformation cyclic hardening is 
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occur due to the accumulation of plastic strain. During the monotonic deformation the 

plastic strain also develop, especially at the interface between reinforcement and matrix, 

but significantly lower than in cyclic deformation [19].   

 

The presence of interfaces is the common feature of MMCs which has an important 

role in mechanical behaviors of these materials such as strength and stiffness. Strong 

interface between matrix and reinforcement, the triaxiality of stress generated during 

tensile deformation causes the void growth within the matrix [20]. The failure of a 

composite often arises at the interface. Therefore the mechanical behavior of interfaces 

has a strong influence on the mechanical properties of composites, including their 

strength and toughness. Good interfacial bonding yields high dislocation density in the 

matrix which increases the strength of MMCs, while low fracture toughness due to 

cracking of the reinforcing particles is given by the good interfacial bonding [21]. 

Moreover, interfacial bonding between reinforcing particles and matrix alloy also tends 

to be a dominating factor in local failure processes and the strengthening of MMCs.  

 

Due to thermal load and external load such as brake force acting on the component, 

the locally reinforced materials are subjected to in-plane load of the reinforced face in 

which the whiskers are distributed randomly and also out-of-plane load which is 

perpendicular to the whisker orientation. The mechanical properties of whisker/ particle 

composites are strongly dependent on their compositions and the volume fraction as 

well as the arrangement of reinforcement such as random orientation and distributions. 

In the whisker/fiber composites, the whisker/fiber orientation with respect to the load is 

very important. Due to the large influence of whisker/fiber orientation on mechanical 
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properties (e.g. fracture behavior and overall strength) many researchers have 

investigated the whisker/fiber composites [26-36]. Some studies have shown that the 

composite strength highly depends on its reinforcement orientation [26-31]. Kang et al. 

Showed that the elastic modulus and fiber axial stress is strongly dependent on the fiber 

orientation angle (α ) [26, 27]. The strength of whisker/particle composites is greatly 

influenced by load transfer from matrix to reinforcement [27]. Whisker-matrix stress 

transfer in whisker/fiber composite have been generally accepted as a predominant 

parameter in controlling the micro-failure modes and the most important influencing 

factor in macroscopic mechanical behavior. The load transfer between whisker and 

matrix in a metal matrix composite (MMC) depends on the properties and conditions of 

the whisker/matrix interfacial region. The interfacial bond has a remarkable effect on 

the stress transfer from matrix to whisker. Good interfacial bonding enhances the stress 

transfer between matrix and fiber which results in increase of overall strength [27]. 

Elastic modulus and axial strength of composites are increased with decreasing the 

orientation angle ( o0=α is parallel to the externally applied stress direction). Other 

literatures show that the stress in whisker parallel to the loading direction ( o0=α ) is 

largest compared with other orientation angle [28, 29]. Trojanova et al. [30] 

demonstrated that the tensile strength is significantly increased in the parallel 

orientation ( o0=α ) of whisker composite compared with the perpendicular orientation 

( o90=α ) of Al2O3 whisker MMC. However Nutt et al. demonstrated that, in the 

whisker reinforced MMCs a hydrostatic stresses develop in the vicinity of the whisker 

ends which lead to debonding the whisker from the matrix and also low ductility and 

premature failure [34-36]. 
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A few investigations have been made recently [37–42] in which the influence of 

hybrid reinforcements such as silicon carbide + graphite, Al2O3 + silicon carbide and 

carbon fiber + alumina on the wear/tribological behavior of aluminum were investigated. 

Moreover, some studies have focused on the hybrid effect on the mechanical properties 

of whisker/particle hybrid metal matrix composites [37-39]. In 2000, wear behavior of 

Al/Al2O3/C hybrid metal matrix composites were investigated by Song et al. [37]. The 

wear resistance was remarkably increased compare with Al/Al2O3 composite due to 

hybrid effect. Other literature shows that wear resistance of hybrid MMCs are higher 

under dry sliding condition but lower under lubricated sliding condition compared with 

the non-hybrid MMCs [38]. An analytical analysis considering tensile strength and 

stiffness enhancement in particle/fiber reinforced aluminum hybrid metal matrix 

composites were investigated by Jung et al. in 2000 [39]. They have demonstrated that 

the strength and stiffness of hybrid composites are much larger than the fiber composite 

due to the cluster structure which increased the bending rigidity and change the fracture 

mechanism.  

 

A locally reinforced material consists of reinforced part and unreinforced part. The 

resulting strength of the boundary between locally reinforced and unreinforced parts 

will undoubtedly play an important role in many structural applications. The fracture 

location and the fracture mechanism give critical information for the design or 

placement of the mechanical component having the locally reinforced part. Under a 

mechanical loading or temperature change, high stresses occur near the interface edge in 

the joint of two homogeneous dissimilar materials due to the mismatch of material 

properties (e.g. thermal and elastic mismatch, plastic flow stress etc.) of the joined 
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components [43-45]. These high stresses (stress singularity) may influence the fracture 

of the joint.  

The stress concentration and its influence on the fracture behavior around the 

boundary of locally reinforced materials is an unsolved problem. The best of our 

knowledge, there is no experimental and numerical investigations of locally of partially 

reinforced materials have been conducted, especially those reinforced by SiC particles 

and Al2O3 whiskers and having a macroscopic boundary between reinforced and 

unreinforced part. Studies of the fracture mechanism, under monotonic and cyclic load, 

of aluminium cast alloy, locally reinforced by SiC particulates and Al2O3 whiskers, are 

rare. We believe that knowledge of monotonic and cyclic fracture behaviors of the 

locally reinforced aluminium alloy would have an essential role for many structural 

applications such as in the brake disc of a high speed railway coach. 

In order to describe the whisker orientation effect on overall strength of composites, a 

large number of experimental and numerical investigations have been carried out 

successfully [26-36]. However, the whisker orientation and the hybrid (reinforced by 

whisker and particle) effect on overall strength in the hybrid composites are still 

unsolved problem. The effect of whisker orientation on the strength of hybrid 

composites (reinforced by whisker and particle) is very complicated due to the presence 

of whiskers and particles. Due to the complicated microstructure, various experimental 

and numerical investigations are needed to be explained to clarify the fracture 

mechanism of the composite. Therefore, in this research, an experimental and numerical 

investigation was carried out to describe the whisker orientation effect on overall 

strength of hybrid composites. 
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1.5 Scope and objectives 

The best knowledge on the research of locally or partially reinforced MMCs is strongly 

required to secure the structural application. The aim of the present research is to clarify 

the effects of the boundary between the reinforced part and the unreinforced part on the 

fracture mechanism, under monotonic and cyclic load, of aluminium cast alloy locally 

reinforced by SiC particles and Al2O3 whiskers. Also the effect of the whisker 

orientation on the monotonic strength and fatigue strength and its effect on fracture 

mechanism of aluminium cast alloy locally reinforced by SiC particles and Al2O3 

whiskers under monotonic and cyclic load are investigated. Fractographic analysis is 

used to explain the failure location and the fracture mechanism. The stress and strain 

distributions predicted by simulations, using a microscopic mechanical model for the 

locally reinforced materials, are compared to the experimental observations. A 

three-dimensional single whisker unit cell model of cylindrical shape whisker in the 

periodic boundary condition is conducted using finite element method (FEM) to 

describe the overall behavior of the composite. 

 

The specifics objectives of the present research are as follows: 

 To investigate the effect of the boundary between the reinforced part and the 

unreinforced part on the fracture mechanism under monotonic and cyclic load. 

 To investigate the effect of monotonic and cyclic load on the fracture mechanism of 

MMCs. 

 To investigate the effect of the whisker orientation on the monotonic strength and 

fatigue strength and on the fracture mechanisms. 

 The stress and strain distributions predicted by simulations, using a microscopic 
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mechanical model for the locally reinforced materials, are discussed with the 

experimental observations. 

 The whisker orientation effects predicted by using a three-dimensional single 

whisker model are compared to the experimental observations. 

 

1.6 Outline of present research 

The research work conducted for this project is completely presented in this dissertation, 

which is organized as follows: 

Chapter 1 is an introduction of the research, which describes the back ground, the 

motivation, proposed concepts, the objectives and the scopes of this research. 

In chapter 2, Materials fabrication and its microstructure, the experimental set up and 

the experimental procedures were discussed. Materials were successfully fabricated by 

squeeze casting method. The polishing surface observations were treated by optical 

microscope. The fracture surface observations of the composites were treated by the 

scanning electron microscope (SEM). The failure mechanisms of the composites were 

investigated by the composition analysis of energy dispersive X-ray (EDX). The 

measured areas of dimple, interfacial debonding and particle/whisker fractures on the 

fracture surface were also examined by area fraction techniques. 

 

In chapter 3, the experimental results were discussed, which describes the fracture 

mechanisms, boundary effect and whisker orientation effect. The fracture path and 

fracture origin were investigated by SEM on the fracture surfaces. With respect to the 

load, the whisker orientation effect was investigated by SEM and EDX analysis. 
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In chapter 4, a numerical analysis was discussed. The stress distribution around the 

boundary between reinforced part and unreinforced part were calculated based on an 

inclusion array model considering the microscopic inhomogeneous effects. A 

three-dimensional single whisker unit cell model of cylindrical shape whisker in the 

periodic boundary condition was conducted using finite element method (FEM) to 

describe the overall behavior of the composite.  

 

In chapter 5, the general conclusions and directions for future investigation were given. 
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Chapter 2: Materials and Experimental 
Procedures 

 

The aim of this chapter is to describe the material fabrication and preparation for the 

bending test and then described the experimental procedures and methodology of this 

research. For minimizing the limitation of MMCs (low ductility and higher cost), in our 

research we introduced the new conception locally reinforced material for structural 

applications especially in the brake disc application. The locally reinforced brake discs 

were fabricated successfully by squeeze casting method. Monotonic and cyclic bending 

tests were conducted by MTS machine with a special bending fixture. The fracture 

surface observations of the composites were made by the SEM. The failure mechanisms 

of the composites were investigated by the composition analysis of EDX. 

  

2.1 Materials fabrication 

Metal matrix composites are generally produced either by liquid metallurgy or powder 

metallurgy techniques [1-3]. In the liquid metallurgy, the reinforcement phase is 

mechanically dispersed in the liquid before solidification of melt. For the production of 

low cost and complex shaped MMCs, squeeze casting technology have now become 

most feasible techniques. In the present work, materials were fabricated by squeeze 

casting method. Commercial aluminum alloy of JIS-AC4CH was used as a based 

material [6]. The chemical composition of the aluminum alloy is given in Table 1. 
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Fig 2.1 Squeeze casting method 

 

Table 1 Chemical compositions of AC4CH alloy (wt. %) 

Si Fe Mg Ti Al 
7.99 0.2 max 0.57 0.07 Bal.

 

Table 2 Volume fraction and mechanical properties 

Parameters Al2O3 SiC AC4CH alloy MMC 

Volume contents (%) 9 21 70 - 

Young’s Modulus (GPa) 380 450 70.0 142 
Poisson’s ratio 0.27 0.20 0.33 0.28 

Yield  strength (MPa) - -    131 166 
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The reinforced phase consisted of 21 volume% SiC particles and 9 volume% Al2O3 

whiskers. The locally reinforced part was fabricated with the squeeze casting method 

shown in Fig. 2.1. Hybrid performs which is made of SiC particles and Al2O3 whiskers 

placed in the die cavity and therefore the molten Al alloy was poured in to the mold. 

Subsequently, 100 MPa pressure was applied on the mixture using a hydraulic press. 

The squeeze casting pressure of 100 MPa is adequate to overcome the resistance against 

flow and to press the melt into all the open pores of the hybrid preform. Volume 

fractions and mechanical properties are listed in Table 2.  

 

2.2 Materials preparation 

The test specimens were cut out from a locally reinforced aluminium disc shown in 

Fig.2.2. The bend specimen size (width, depth and length) is limited by the limited 

MMC layer thickness. To investigate the boundary effect, whisker orientation effect and 

the fracture mechanism, two types of specimens were prepared for the bending test 

shown in Fig 2.2. The longitudinal orientation is normal to or parallel to the boundary 

( θ−r plane in Fig. 2.2) between reinforced part and unreinforced part. The former is 

called as “locally reinforced material )90( o=α ”. The latter is called as “homogeneous 

MMC )90~0( oo=α ”.  

 

2.3 Microstructural features 

The machined surfaces of the specimens were hand polished using progressively finer 

grade (2000 and 3000 grit) of silicon carbide impregnated emery paper and then 

finished with a polishing machine using 1 mμ diamond particles until all scratches and 

surface machining marks were removed. The typical microstructure of locally 
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reinforced material )90( o=α and the homogeneous MMC )90~0( oo=α is shown in Fig 

2.3 which representing the SiC particles and Al2O3 whiskers distribution, boundary 

between reinforced part and unreinforced part and Al2O3 whisker orientation angleα . 

Most of the SiC particles are rectangular-shaped with sharp corners and most of the 

Al2O3 whiskers are roller-shaped as shown in Fig. 2.3(a) and Fig. 2.3 (c). The SiC 

particles have an average length of 23 mμ . The average length of the Al2O3 whiskers is 

33 mμ  and the average diameter is 2 mμ . In the Al alloy side, the Al has an average 

grain size of 48 mμ . 

 Disc 

Unreinforced Al part

Specimen cut out from disc

(reinforced by SiC particles and Al2O3 whiskers)

Reinforced part

z

r

xθ
Reinforced part

Unreinforced 

   Al part
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Locally reinforced material

)90( o
=α

225

2Reinforced part (MMC)

Homogeneous MMC

)90~0(
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=α

Stress direction

α
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Fig 2.2 Specimen cut out from a disc (unit: mm) 
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At frequent intervals a clustering of SiC particles and Al2O3 whiskers were observed in 

the low magnification photograph as shown by the dashed line in Fig.2.3 (b). The 

cluster has an average size of 90 mμ . Fig. 2.3 (d) represent the Al2O3 whisker 

orientation angleα .Generally, the Al2O3 whisker orientation in the disc is random in 

θ−r plane in Fig.2.2. In the “homogeneous MMC” specimen whiskers are oriented 

randomly )90~0( oo=α to the load direction (Fig. 2.3(c)) and in the “locally reinforced 

material” almost all whiskers are perpendicular )90( o=α to the load direction as shown 

in Fig. 2.3(a) and the cross-section shape is almost circle.  

 

 
Fig. 2.3 Optical micrograph of the composite on the tensile side face, 

representing the SiC particle and Al2O3 whisker distribution and Al2O3 whisker 

orientation angle: (a) and (b) Locally reinforced material )90( o=α and (c) 

Homogeneous MMC )90~0( oo=α  (d) Definition of whisker orientation angleα . 
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Fig. 2.4 Optical micrograph of the composite on the tensile side face, representing 

the coarse Al2O3 whiskers which were formed during the materials fabrication. 

d1
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d4d5
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Particle
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Reinforced 

     part

Unreinforced 

       part
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Fig. 2.5 Measurement of inter particle/whisker distance with respect to the 

boundary between reinforced and unreinforced part.  
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Fig. 2.6 Inter particle/whisker distance with respect to the boundary (a) particle to 

particle (b) whisker to whisker (c) particle to whisker 

 

Some coarse Al2O3 whisker which is formed during the fabrication of hybrid 

whisker/particle prefrom is shown in Fig 2.4. When the materials subjected to 

monotonic and cyclic loading, this coarse Al2O3 might have an influence on failure 
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mechanism of the composite such as premature failure (crack initiation in the coarse 

Al2O3 and propagation quickly) the monotonic and cyclic test. Also this can be point out 

that; the coarse Al2O3 whisker does play an important role in mechanical properties.  

To evaluate the density of reinforcement with respect to the boundary, inter 

particle/whisker distance was calculated (Illustration shown in Fig. 2.5) and the results 

shown in Fig. 2.6. From this results, it can be seen that the inter particle/whisker 

distance with respect to the boundary is random. Therefore, the particle/whisker 

dispersed randomly through matrix alloy. 

 

2.4 Experimental setup and procedures 

Symmetric four-point bending tests were performed using special bending fixtures 

equipped with a 980N load cell. An experimental set up is shown in Fig 2.7. The inner 

span was 10 mm and outer span was 20 mm. Load and deflection data were recorded by 

a computer data acquisition system. Monotonic bending tests were conducted with a 

displacement rate of 0.0025 mm s-1. Strength was calculated from the maximum load at 

failure as a nominal bend stress. Schematic illustration of four-point bending test is 

shown in Fig. 2.8. The nominal bending stress was calculated from the following 

equation 

22
6
bh
aP

b =σ  ……………………………………………………………………… (2.1) 

Cyclic fatigue tests were conducted in the load control mode under the load ratio 

R =0.1 at a frequency of 1Hz and 10 Hz. All tests were carried out at room temperature. 

The number of cycles to failure is taken as the fatigue life ( fN ). The tensile surfaces of 

broken specimens were examined with an optical microscope to determine the fracture 
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initiation location. Fracture surfaces were comprehensively examined in a SEM to 

determine the microscopic fracture mode and to characterize the microscopic 

mechanisms governing fracture. The microscopic mechanism refers to the local failure 

processes (fracture of particle or whisker, particle/matrix or whisker/matrix interfacial 

debonding, dimple fracture of matrix alloy). Energy Dispersive X-ray analysis (EDX) 

was used to identify constituents on the fractured surface. Special effort was made to 

take matching photographs from the two halves of the broken specimens to assess the 

relative incidence of particle/whisker cracking and particle/matrix or whisker/matrix 

interfacial debonding. 

 

 

 

Fig. 2.7 Experimental setup 
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Fig. 2.8 Schematic illustration of four-point bending test 

 

Additionally, the measured areas of dimple, interfacial debonding and particle/whisker 

fractures on the fracture surface were also examined. To determine the area fraction of 

particle/whisker fractures and interfacial debonding, we have selected a particular area 2 

mm in width and 0.05 mm in height parallel and adjacent to the tensile surface. 

Therefore, the fraction of the particle and whisker fracture area is defined as the total 

particle and whisker fracture area divided by the total area measured. The area fractions 

of particle/matrix or whisker/matrix interfacial debonding were also measured by the 

same procedure. 
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Chapter 3: Experimental Results 
 

3.1 Introduction 

 The aim of this chapter is to explain and discuss the experimental results in our 

research. The material is monotonically and cyclically deformed to failure at room 

temperature under four-point bending test. SEM observation of the fracture surfaces 

were made to describe the failure mechanism and EDX analysis was used to identify 

constituents on the fractured surfaces. Additionally, the measured areas of dimple, 

interfacial debonding and particle/whisker fractures on the fracture surface were also 

examined. 

In section 3.2 we will present the experimental results of boundary effect on fracture 

mechanism under monotonic load condition. The fracture occurs in the reinforced part 

and the static fracture (monotonic loading) shows that the fracture mechanism is the 

combination of reinforcing particle fracture and interfacial debonding between 

reinforcing ceramics and metal matrix. In section 3.3 we will present the experimental 

results of boundary effect on fracture mechanism under cyclic load condition. Fatigue 

fracture is controlled by the fracture of coarse Al2O3 whisker. The critical location for 

fracture is changed by the external stress level.  In section 3.4 we will present the 

whisker orientation effect on monotonic and fatigue strength. Whisker orientated 

parallel to the bending stress direction gives higher monotonic and fatigue strength in 

the composites. Finally a summery of experimental investigation is given in section 3.5. 
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3.2 Boundary effect on fracture mechanism under monotonic 

loading 

In order to describe the boundary effect on fracture mechanism under monotonic 

loading, the experimental results of locally reinforced material )90( o=α is discussed in 

this section. 

The nominal bending stress and deflection curves measured by the four-point bending 

test of locally reinforced material )90( o=α are shown in Fig.3.1. The curves exhibit the 

nonlinear relation between nominal bending stress and deflection under stress levels 

above 200 MPa. Fracture stresses and minimum distance from the fracture location to 

macroscopic boundary between reinforced part and unreinforced part under monotonic 

loading are given in Table 3. The average value of fracture stress is 298 MPa. All 

specimens are broken in the reinforced part. This is occurred because of high stiffness of 

reinforced part due to existence of reinforcement. Matching surface view of fractured 

specimen under monotonic loading is shown in Fig. 3.2. As indicated in Fig.3.2, 3.3 and 

Table 3, the fracture of locally reinforced samples occurs at the first or second closest 

SiC particle to the unreinforced part in the macroscopic boundary between reinforced 

part (MMC) and unreinforced part (aluminium alloy).  

The matching halves of the sample fractured as a result of monotonic loading, which 

include the surface around the fracture initiation site (maximum tension site), are shown 

in Fig.3.4. Fractured particles/whiskers or debonded particles/whiskers are displayed on 

the fracture surface as well as microscopic dimples of matrix alloy.  
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Fig.3.1 Nominal bending stress versus deflection curves under monotonic loading 

of locally reinforced material )90( o=α . 

 

Table 3 Fracture stresses and minimum distance from the fracture location to 

macroscopic boundary between reinforced part and unreinforced part under 

monotonic loading of locally reinforced material )90( o=α . 

Specimen Fracture stress (MPa) df
 

TP1 318 2 particles (46 mμ ) 
TP2 306 1 particle (23 mμ ) 
TP3 272 1 particle (23 mμ ) 

df minimum distance from boundary to fracture site. 
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In Fig.3.4, the symbols indicated by P denote SiC particles which contain a lot of Si 

(99%) and a small amount of Al (1%) according to EDX analysis. A P-P pair in the 

matching halves, therefore, denotes a SiC particle fracture. The composition indicated 

by M contains a lot of Al (92%) and a small amount of Si (8%) which means the area is 

the Al cast alloy. Therefore, a P-M pair in the matching halves denotes 

SiC-particle/matrix interfacial debonding. The composition of the area indicated by W 

contains only Al (100%) which means the area is Al2O3. A W-M pair in the matching 

halves, therefore, denotes Al2O3-whisker/matrix interfacial debonding and the W-W pair 

in the matching halves denotes a Al2O3 whisker fracture. The area fractions of 

particle/whisker fracture and particle/matrix and whisker/matrix interfacial debonding 

under monotonic and cyclic loading conditions are listed in Table 4. The listed values in 

monotonic case are the average of the results for TP1, 2 and 3. 

 

Table 4 Area fractions of SiC particle and Al2O3 whisker fracture and interface 

debonding between SiC particle-matrix and Al2O3 whisker-matrix under 

monotonic and cyclic loading condition 

Load type 
SiC particle 

F (%)    D (%) 
Al2O3 whisker 

F (%)    D (%) 
Al (matrix) 

area (%) 
Monotonic 10.5     10.1 0.85      9.3 69.25 

Cyclic 1.9      19.0 0.85      8.9 69.35 

F fracture area; D debonding area. 
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Fig.3.2 Matching surface view of fractured specimen )90( o=α under monotonic 

loading, 272=fσ  MPa 

 

Fig.3.3 Matching surface view of fractured specimen )90( o=α under monotonic 

loading, 318=fσ  MPa 
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Figure.3.4 Matching fracture surface of locally reinforced material )90( o=α  under 

monotonic loading, 272=fσ  MPa. 

 

The area fractions of SiC particle fracture and the interfacial debonding of SiC 

particle/matrix and Al2O3 whisker/matrix are almost the same. From these results, it is 

clear that the fracture occurred in the particles as well as the particle/matrix interface 

and Al2O3 whiskers/matrix interface under monotonic loading condition. The local 

effective stress which is acting on the particle mainly controls the fracture characteristic 

of reinforcing particles. At the fracture stress under monotonic loading condition, the 

reinforcing particles and whiskers are deforming elastically within the plastically 
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deforming matrix alloy [1-5]. Thus, large strain mismatch occurs between these two 

materials. For this mismatch strain, a consequent concentration of stresses is generated 

in the particles and whiskers and on the interface between the reinforcing 

particles/whiskers and matrix alloy. These stresses may cause the separation of 

particle/whisker and Al matrix alloy or particle/whisker cracking. 

 

3.3 Boundary effect on fracture mechanism under cyclic 

loading 

In order to describe the boundary effect on fracture mechanism under cyclic loading, 

the experimental results of locally reinforced material )90( o=α is discussed in this 

section. 

The experimental results of fatigue life behavior of the samples of locally reinforced 

material )90( o=α  are shown in Fig.3.5. The horizontal arrow indicates the test that 

was suspended after 710  cycles. Fatigue fracture occurs under the maximum stress 

above one half of the monotonic fracture stress in the reinforced part. The experimental 

results of fatigue life and distance from fatigue fracture location to macroscopic 

boundary are given in Table 5.  

As indicated in Table 5, when the maximum stress is low and the matrix alloy is 

deformed elastically in the reinforced part, (see the results of CTP4～8 in Table 5) the 

minimum distance of fracture location is far ( 06.028.0 ± mm) from the boundary 

between the reinforced and unreinforced parts. In the monotonic bending test, the 

specimens are broken very close to the boundary (i.e., at the first or second particle 

closest to the unreinforced part, see Fig.3.2 and Table 3). In the fatigue test, when the 
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maximum stress is high, the specimens are also broken very close to the macroscopic 

boundary and in the reinforced part (see CTP1～3 in Table 5). This occurs when the 

matrix alloy in the reinforced part is deformed plastically within the elastically 

deformed reinforcement. The difference in the deformation state may be the cause of 

different fracture locations between the monotonic and cyclic loading.  

After cyclic tests, the free surface (tension side) of the broken sample was observed and 

is shown in Fig.3.6 and Fig. 3.8. The cyclic fracture surface around the fatigue crack 

initiation site is shown in Fig.3.7 and Fig. 3.9. Fig.3.6 and Fig.3.7 are the corresponding 

tensile surfaces and fracture surfaces, respectively. Also Fig.3.8 and Fig.3.9 are the 

corresponding tensile surfaces and fracture surfaces, respectively 

 

Table 5 Fatigue life and distance from fatigue fracture location to macroscopic 

boundary of locally reinforced material )90( o=α . 

Specimen maxσ  (MPa) Nf
 df

 

CTP1 261 517  2 particles (46 mμ ) 
CTP2 225 3781 0.11 mm 
CTP3 200 41008.1 ×  0.13 mm 
CTP4 191 4108.1 ×  0.34 mm 
CTP5 156 51073.5 ×  0.23 mm 
CTP6 156 51056.3 ×  0.26 mm 
CTP7 156 51002.2 ×  0.31 mm 
CTP8 156 61030.1 ×  0.35 mm 

df  minimum distance from the boundary to fracture site; 

maxσ   maximum stress;  Nf  number of cycle to failure. 

 



 42 

10
0

10
2

10
4

10
6

10
8

0

100

200

300

400

No. of cycle to failure 

(σ
m

ax

Average strength under monotonic loading

(N f

M
ax

im
u

m
 s

tr
es

s

cycle

Stress ratio,   = 0.1

),

),

R

M
P

a

 

 

Fig. 3.5 Stress versus fatigue life behavior locally reinforced material 

)90( o=α (stress ratio, R =0.1). 

In Fig.3.6, Fig.3.7, Fig.3.8 and Fig.3.9, the areas indicated by W were areas that 

contained a lot of Al (99%) and a small amount of Si (1%) according to EDX analysis. 

Based on the color in the tensile surface image (Fig.3.6) and fracture surface 

morphology (Fig.3.7), a W-W pair in the matching halves can be assigned to an Al2O3 

whisker fracture. The composition of the area indicated by M in Fig.3.6 and Fig.3.7 

contains a lot of Al (92%) and a small amount of Si (8%). Therefore, the fatigue crack 

initiates from a coarse Al2O3 whisker fracture and propagates through the aluminium 

alloy matrix. 
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Fig. 3.6 Matching surface view of fatigue fractured specimen under cyclic loading, 

maximum stress 156max =σ  MPa, 51073.5 ×=fN . 

 

 
 

Fig.3.7 Matching fracture surface after fatigue fracture, maximum 

stress 156max =σ  MPa, 51073.5 ×=fN . 
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Fig. 3.8 Matching surface view of fatigue fractured specimen under cyclic loading, 

maximum stress 156max =σ  MPa, 716=fN . 

 

 

 

 

Fig.3.9 Matching fracture surface after fatigue fracture, maximum 

stress 156max =σ  MPa, 716=fN . 
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The area fractions of SiC-particle/Al2O3-whisker fracture and interfacial debonding are 

measured by the same procedure as in the monotonic case and the average value of the 

results for CTP4 and CTP5 are indicated in Table 4. From Table 4, it can be seen that 

the fracture under the cyclic loading condition is dominated by particle/matrix 

interfacial debonding and whisker/matrix interfacial debonding. The fracture surfaces of 

broken specimens under monotonic and cyclic loading conditions show different 

fracture mechanisms. While the monotonic tests show that the fracture surface is 

dominated by the combination of particle fracture, particle/matrix interfacial debonding 

and whisker/matrix interfacial debonding, fatigue tests show that the fracture surface is 

dominated by particle/matrix interfacial debonding and whisker/matrix interfacial 

debonding. During the loading and unloading process in the cyclic deformation cyclic 

hardening is occur due to the accumulation of plastic strain. During the monotonic 

deformation the plastic strain also develop, especially at the interface between 

reinforcement and matrix is develop, but significantly lower than in cyclic deformation 

[6]. This might be one of the reason that the fatigue fracture dominated by the interfacial 

debonding. 

 

3.4 Whisker orientation effect on monotonic and fatigue 

strength 

In this section, the experimental results of whisker orientation effect on strength under 

monotonic and cyclic load are present. To describe these phenomena, the experimental 

results of both locally reinforced material )90( o=α  and homogeneous MMCs 

)90~0( oo=α are discussed. 
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The nominal bending stress and displacement curves measured by the four-point 

bending test for homogeneous MMC and locally reinforced materials are shown in 

Fig.3.10. As indicate in Table 3 and Table 6 and Fig. 3.10, locally reinforced )90( o=α  

and homogeneous )90~0( oo=α  samples exhibit a significant difference in strength. 

The results of locally reinforced material )90( o=α in Fig. 3.10 are same as the results of 

Fig. 3.1. The average value of fracture stress of locally reinforced material )90( o=α was 

298 MPa are less than the scatter band of the value for homogeneous 

MMC )90~0( oo=α which was 364 MPa. The whisker orientation in the MMC may be 

the cause of low bending strength of the locally reinforced material )90( o=α . Whiskers 

oriented parallel )90( o=α to the bending stress direction give higher monotonic 

strength of homogeneous MMC )90~0( oo=α . The experimental results of fatigue life 

behavior of homogeneous MMC and locally reinforced material are shown in Fig.3.11. 

The horizontal arrows indicate the tests that were suspended after 107 cycles. The results 

of locally reinforced material )90( o=α in Fig. 3.11 are same as the results of Fig. 3.5. 

From Table 5 and Table 7 and Fig. 3.11, it can be seen that the fatigue strength of locally 

reinforced material )90( o=α is lower than the fatigue strength of homogeneous 

MMC )90~0( oo=α . The whisker orientation in the MMC may be the cause of low 

fatigue strength of locally reinforced material )90( o=α . Whiskers randomly oriented 

relative to the bending stress direction cause longer fatigue life of homogeneous 

MMC )90~0( oo=α .  
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Fig.3.10 Nominal bending stress versus deflection curves under monotonic loading. 

 

Table 6 Fracture stresses under monotonic loading of homogeneous 

MMC )90~0( oo=α . 

Specimen Fracture stress (MPa) 
HTP1 394 
HTP2 359 
HTP3 337 
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Fig.3.11 Stress versus fatigue life behavior (stress ratio, R=0.1), the plots on Nf =0 

show average strength under monotonic load. 

 

Table 7 Fatigue life of homogeneous MMC )90~0( oo=α . 

Specimen maxσ  (MPa) Nf
 

HCTP1 292 1200 
HCTP2 261 12060 
HCTP3 225 41024.5 ×  
HCTP4 191 41067.6 ×  
HCTP5 191 5106.5 ×  
HCTP6 156 7101×  

maxσ   maximum stress;  Nf  number of cycle to failure 
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To clarify the fracture mechanism, fracture surfaces were examined in SEM and the 

characteristics of the fracture surface were described as follows: The characteristic 

fracture surface of locally reinforced material under cyclic loading condition 

)90( o=α is shown in Fig. 3.12 (a) and monotonic loading condition is shown in Fig. 

3.13 (a). There were many transversely debonding whiskers parallel to the fracture 

surface. The broken whiskers in the fracture surface were scarce. The whiskers 

pulled-out could not be seen in the fracture surface.  

Area fractions of SiC particle and Al2O3 whisker fracture and interface debonding 

between SiC particle-matrix and Al2O3 whisker-matrix of locally reinforced 

material )90( o=α  and homogeneous MMC )90~0( oo=α  under cyclic and 

monotonic loading conditions are shown in Table 8 and Table 9. The results of locally 

reinforced material )90( o=α  in Table 8 and Table 9 are the same as the results of Table 

4. As listed in Table 8 and Table 9, large area fractions of interfacial debonding of Al2O3 

whisker/matrix are observed in locally reinforced materials and the area fractions of 

Al2O3 whisker fracture are negligible under monotonic and cyclic loading condition. 

From the above observation it is pointed out that when whisker direction is 

perpendicular )90( o=α  to the stress direction, almost all whiskers are transversely 

debonded, that means the lower strength and shorter fatigue life of locally reinforced 

material )90( o=α is corresponding to the interface debonding between whisker-matrix 

interfaces. 
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(a) Locally reinforced material )90( o=α    (b) Homogeneous MMC )90~0( oo=α  

        

Fig 3.12 Comparison of two types of fracture surface (a) locally reinforced 

material )90( o=α [CTP5] (b) Homogeneous MMC )90~0( oo=α [HCTP4], under 

cyclic loading condition (Observed locations are near the tensile side) 

 

 

(a) Locally reinforced material )90( o=α    (b) Homogeneous MMC )90~0( oo=α  

 

Fig 3.13 Comparison of two types of fracture surface (a) locally reinforced 

material )90( o=α [TP1](b) Homogeneous MMC )90~0( oo=α [HTP1], under 

monotonic loading condition (Observed locations are near the tensile side) 
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The characteristic fracture surface of homogeneous MMC )90~0( oo=α  under 

monotonic loading condition is shown in Fig. 3.12 (b) and under cyclic loading 

condition is shown in Fig 3.13 (b). There were many dimples and broken whiskers in 

the fracture surface. The transversely debonding whiskers parallel to the fracture surface 

are scarce. The whiskers pulled-out could not be seen in the fracture surface.  

As listed in Table 8 and Table 9, large area fractions of Al2O3 whisker fracture are 

observed and the area fractions of interfacial debonding of Al2O3 whisker/matrix are 

negligible. This means whisker-matrix interface is strong enough to avoid whisker pull 

out in this whisker orientation. Load is transferred from matrix to the whisker and 

whisker fractures dominate the fracture mechanism. This is one of the reasons why the 

monotonic strength and fatigue strength of homogeneous MMC is higher than that of 

locally reinforced material. As indicated in Table 8 and Table 9, the area fractions of SiC 

particle fracture and the interfacial debonding of SiC particle/matrix are almost the same 

for the both materials. 

Table 8 Area fractions of SiC particle and Al2O3 whisker fracture and interface 

debonding between SiC particle-matrix and Al2O3 whisker-matrix under cyclic 

loading conditions 

Material 
SiC particle 

F a (%)  D b (%)
Al2O3 whisker 

F a (%)  D b (%) 

Al 
(matrix) 
area (%) 

Homogeneous 
MMC )90~0( oo=α  

 
1.9     20.6 11     0.1 69.0 

Locally reinforced 
material )90( o=α  

 
1.9     19.0 0.85    8.9 69.35 

a F fracture area, b D debonding area 
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Table 9 Area fractions of SiC particle and Al2O3 whisker fracture and interface 

debonding between SiC particle-matrix and Al2O3 whisker-matrix under 

monotonic loading conditions 

Material 
SiC particle 

F a (%)  D b (%)
Al2O3 whisker 

F a (%)  D b (%) 

Al 
(matrix) 
area (%) 

Homogeneous 
MMC )90~0( oo=α  

  
2.9     19.6 9.8     0.8 66.9 

Locally reinforced 
material )90( o=α  
 

10.5     10.1 0.85     9.3 69.25 

a F fracture area, b D debonding area 

 

In order to characterize the fracture initiation, fracture surfaces were examined in SEM 

and EDX and the characteristics of the fracture initiation were described as follows: The 

cyclic fracture surface of homogeneous MMC )90~0( oo=α  (specimen HCTP4 in 

Table 5) around the fatigue crack initiation site is shown in Fig.3.14. In Fig.3.14, the 

areas indicated by W were areas that contained a lot of Al (99%) and a small amount of 

Si (1%) according to EDX analysis. Therefore, a W-W pair in the matching halves can 

be assigned to a Al2O3 whisker fracture. The composition of the area indicated by M in 

Fig. 3.14 contains a lot of Al (92%) and a small amount of Si (8%). Therefore, the 

fatigue crack initiates from a coarse Al2O3 whisker fracture and propagates through the 

aluminium alloy matrix. As shown in Fig. 3.7 and Fig.3.9, in the locally reinforced 

material )90( o=α the fatigue crack also initiates from a coarse Al2O3 whisker fracture 

and propagates through the aluminium alloy matrix. Thus, the fatigue crack initiation 

process is independent on the whisker orientation such that a coarse Al2O3 whisker 
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fracture is the origin and the crack propagates through the aluminium alloy matrix. 

 

 

 
 

Fig.3.14 Matching fatigue fracture surface of homogeneous MMC )90~0( oo=α  

after fatigue fracture 191max =σ MPa, fN  = 41067.6 ×  

 

3.5 Summery 

In this chapter the experimental results were presented, which include the the 

monotonic and cyclic fracture behavior, boundary effect between reinforced and 

unreinforced part, and whisker orientation effect on overall strength of an aluminium 

cast alloy, locally reinforced by SiC particles and Al2O3 whiskers. The research was 

concentrated on the fracture mechanism and fracture location of locally reinforced 

material fractured and whisker orientation effect on strength under monotonic and 
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cyclic loads. The following results are the key findings: 

1. The fracture occurs in the reinforced part under both monotonic and cyclic loads. 

2. The stress-deflection curves under monotonic load exhibit the nonlinear relation 

under stress levels above 200 MPa.  

3. Under cyclic load, the fracture is dominated by interfacial debonding of 

particle-matrix and whisker-matrix interfaces, whereas, under monotonic load, the 

fracture is dominated by both particle fracture and particle/whisker-matrix 

interfacial debonding. During the loading and unloading process in the cyclic 

deformation cyclic hardening is occur due to the accumulation of plastic strain. 

During the monotonic deformation the plastic strain also develop, especially at the 

interface between reinforcement and matrix is develop, but significantly lower than 

in cyclic deformation [6]. This might be one of the reason that the fatigue fracture 

dominated by the interfacial debonding. 

4. Under cyclic loading when the maximum stress is low and the matrix alloy is 

deformed elastically in the reinforced part, the minimum distance of fracture 

location is far ( 06.028.0 ± mm) from the boundary between the reinforced and 

unreinforced parts. In the monotonic bending test, the specimens are broken very 

close to the boundary (i.e, at the first or second particle closest to the unreinforced 

part). In the fatigue test, when the maximum stress is high, the specimens are also 

broken very close to the macroscopic boundary and in the reinforced part. This 

occurs when the matrix alloy in the reinforced part is deformed plastically within the 

elastically deformed reinforcement. The difference in the deformation state may be 

the cause of different fracture locations between the monotonic and cyclic loading.  

5. From the fracture surface analysis (SEM and EDX), fatigue crack initiates from a 
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coarse Al2O3 whisker fracture and propagates through the aluminium alloy matrix. 

Under monotonic loading, coarse Al2O3 whisker was not found in crack initiation 

site. 

6. The monotonic and fatigue strength of locally reinforced material )90( o=α is lower 

than the strength of homogeneous MMC )90~0( oo=α . Whisker orientation effect 

gives lower monotonic and fatigue strength of locally reinforced material )90( o=α . 

Whiskers randomly oriented relative to the bending stress direction cause higher 

strength and longer fatigue life of homogeneous MMC )90~0( oo=α .  

7. There were many transversely debonding whiskers parallel to the fracture surface on 

the characteristic fracture surface of locally reinforced material )90( o=α . Broken 

whiskers were scarce and whiskers pulled-out could not be seen. The fracture 

surface is dominated by interfacial debonding of Al2O3 whisker/matrix according to 

the area fraction results. The transversely debonded whisker gives the lower strength 

and shorter fatigue life of locally reinforced material )90( o=α which is 

corresponding to the interface debonding between whisker-matrix interfaces. 

8. There were many dimples and broken whiskers in the fracture surface of 

homogeneous MMC )90~0( oo=α . Debonding whiskers are scarce and whiskers 

pulled-out could not be seen in the fracture surface. Whisker fractures dominate the 

fracture mechanism and give the higher strength and longer fatigue life of 

homogeneous MMC )90~0( oo=α . This is one of the reasons why the monotonic 

strength and fatigue strength of homogeneous MMC is higher than that of locally 

reinforced material. 
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Chapter 4: Numerical Study of Fracture 
Mechanism, Boundary Effect and 

Whisker Orientation Effect 
 

4.1 Introduction 

To understand and characterize mechanical properties and performance of metal matrix 

composite such as mechanisms of strengthening and of microscopic damage and failure, 

many researchers have made use of the computational and analytical method in the past 

many years [1-15]. To investigate the monotonic and cyclic deformation behavior of 

MMCs, a large number of finite element analyses have been carried out by using unit 

cell modeling approach [1-4]. Some of the studies concerned with the effect of particle 

size, shaped and distribution on mechanical performance of MMCs by using multi 

particle unit cell model [5]. Cubic shaped inclusions in a 3D unit cell model were used 

for describing the particle distribution effect in MMCs [6-8]. The influence of the aspect 

of particle shape, size and distribution on ductility of SiC particulate MMC has been 

successfully predicted by using periodic 3D unit cell concept [6]. All of the above works 

were concentrated on failure mechanism and particle size and distribution effect on 

mechanical performance of MMCs. Some numerical studies have shown that a 

significant level of hydrostatic stresses develop in the composite matrix due to 

constrained plastic flow [5-7]. Different level of plastic flow control the basic failure 

mechanism of metal matrix composites such as matrix void nucleation, growth and 

coalescence, reinforcement fracture and interface debonding between matrix and 
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reinforcement.  

By using finite element method a great deal of research has addressed the 

fiber/whisker orientation effect on elastic properties and overall strength of the 

composites, especially for the randomly oriented fiber composite [11-15]. These 

numerical results have shown that the strength of the composite is strongly influenced 

by the distribution of the reinforcement. The strength of MMCs is greatly influenced by 

stress transfer between short fiber/whisker and the matrix alloy. These phenomena have 

already been investigated by 3D finite element studies [13, 15]. The whisker direction 

and interfacial bond has a remarkable effect on stress transfer between matrix and 

reinforcement. Good interfacial bonding enhances the stress transfer between matrix 

and reinforcement which results increase of the overall strength of composites [13].  

 

The aim of this chapter is to investigate the stress distribution around the boundary 

between reinforced and unreinforced part based on 2-D inclusion array model 

considering the microscopic inhomogeneous effects. It is evident that the adopted 

2-dimensional model cannot capture the precise 3-dimensional characteristics of the real 

material quantitatively. However by using 2-D periodic cell models with realistic 

microstructural arrangements within the cell, many researchers have successfully 

predicted the key of failure mechanism (particle fracture, debonding and matrix void 

nucleation) of composites [1-5]. There is only limited study on 3-D inclusion model 

which were used for describing the reinforcement effect on strength, ductility and 

fracture mechanism in MMCs [6-8]. The failure mechanisms have been predicted 

successfully by 2D studies [3, 4]. Those are qualitatively same as 3D studies [6, 7] 

which show stress distribution developed around and within hard particles in plastically 
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deforming matrix. The stress causes particle fracture or interfacial debonding. The best 

of our knowledge, there is no numerical investigations have been conducted to evaluate 

the boundary problem between reinforced and unreinforced part in the composite. To 

evaluate the boundary effect between reinforced and unreinforced part in the MMCs 

unit cell and periodic boundary condition is not a suitable method. In this analysis a real 

microstructure in the reinforced part is modeled by many 2D unit cells ( 1220×  unit 

cell) and each unit cell includes one circular reinforcement material surrounded by the 

matrix alloy. The calculation size of a 3D ideal array of circular inclusions which 

consists large number of unit cell is very large and almost impossible to carry. Thus, in 

this research using an elastic-plastic 2D finite element method (FEM), the effect of 

boundary between reinforced and unreinforced part on stress distribution are 

investigated. With this model we successfully predicted the stress distribution at the 

maximum tension site (maximum stress at particle or interface) and strain amplitude 

qualitatively.  

 This chapter also concerned with the study of whisker orientation effect on strength in 

the composite. To details understanding the reinforcement orientation effect in the 

composite precise 3-dimensional characteristics is necessary. It is evident that, only 3D 

model can show the reinforcement orientation effect in the composite rather than 2D 

model [12]. Therefore, the whisker orientation effect on overall strength in the 

composite based on 3D single whisker unit cell model was presented in this current 

research. However, the whisker orientation and the hybrid (reinforced by whisker and 

particle) effect on overall strength are still unsolved problem in the hybrid composites. 

Therefore, to describe the hybrid effect of the composites, a three-dimensional hybrid 

(particle and whisker) unit cell model is also conducted in this work. 
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4.2 Numerical model 

To contribute to a better understanding of the stress distribution near the macroscopic 

boundary between the reinforced part and unreinforced part, a two-dimensional 

modeling was conducted using the finite element method (FEM). Finite element 

calculations were carried out under the plane strain condition. Fig. 4.1(a) shows a 

schematic illustration of a macroscopic model and Fig 4.1(b) shows finite element mesh 

used in this model. Eight node isoparametric element of size mm μμ 1125 ×  was used 

around the boundary in this model. The reinforced part (MMC) and unreinforced part 

(Al alloy) are assumed to be homogeneous in the macroscopic model.  The boundary 

between MMC and Al alloy is set at y=0. Elastic properties used in this model are listed 

in Table 10. To evaluate the elastic constant, yield strength and hardening behavior of 

MMC, we used an infinite periodic circular inclusion array model is shown in Fig. 4.2 

[2]. The yield strength and hardening properties of Al alloy and MMC predicted by the 

infinite periodic circular inclusion array model are listed in Table 11. We use a 

sub-modeling concept to consider the effect of microscopic inhomogeneity on the stress 

field around the boundary between the reinforced part and unreinforced part. We refer to 

this model as the “inclusion array model”. The schematic illustration of this inclusion 

array model is shown in Fig.4.3 (a). Finite element mesh used in this inclusion array 

model is shown in Fig. 4.3 (b). Eight node isoparametric element of 

size mm μμ 6.43.2 × and three node fixed distortion element were used in this model.  

To evaluate the stress concentration in and around the reinforced particles and whiskers, 

a real microstructure in the reinforced part is modeled by an ideal array of circular 

inclusions. 
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Table 10 mechanical properties of materials 

Parameters Al2O3 SiC AC4CH alloy MMC 

Young’s Modulus (GPa) 380 450 70.0 142 

Poisson’s ratio 0.27 0.20 0.33 0.28 

Yield  strength (MPa) - - 131 166 

 

The reinforced part consists of many unit cells and each unit cell includes one circular 

reinforcement material surrounded by the matrix alloy (Fig.4.3). The matrix alloy in the 

reinforced part is of the same composition as the alloy in the unreinforced part. The 

inclusion array model boundaries 
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LyLhx  in Fig.4.3 are derived by displacement fields of the 

macroscopic model results. The nonlinear stress-strain relation of AC4CH aluminium 

alloy was obtained from the reference [2]. The boundary between the inclusion array 

part and the unreinforced Al part is set at y=0. The model adopted assumes that the 

circular inclusions only deform elastically while the matrix deforms elastically or 

elasto-plastically depending on the local effective stress level. Geometry of the 

numerical model is listed in Table 12. 
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Table 11 Flow stresses predicted by the model 

Plastic strain ( pε ) 
Unreinforced  part 

Flow stress )( fσ , MPa 

Reinforced  part 

Flow stress )( fσ , MPa 

0.00 131 166 
0.0025 133 185 
0.005 137 210 
0.0075 139 219 
0.001 142 231 
0.0015 148 249 
0.0017 150 256 
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Fig.4.1 Global model of homogeneous materials joint (a) model illustration (b) 

finite-element mesh. 
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Fig. 4.2 Infinite periodic unit cell model 

 

Table 12 Geometry of numerical model (unit: mm) 

Model L, Ls h, hs a d 2r 2b 

Global model 

Inclusion array 

20.0 

1.48 

2.0 

0.444

5.0 

- 

7.0 

- 

- 

0.023

- 

0.037 
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Fig. 4.3 Inclusion array model (a) model illustration (b) finite-element mesh. 
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 As for the fatigue analysis, the predicted results of a loading and an unloading process 

are discussed. The illustration of loading and unloading system during fatigue analysis 

is shown in Fig. 4.4. The unloading process is calculated considering the history of the 

loading process as an initial condition. The difference in total strain between the 

maximum load state and the fully unloaded state gives the strain amplitude ( yεΔ ) 

during the cyclic loading. The strain values are taken from the maximum tension side 

near the free surface and in the matrix.  

Time 

σ 
[M

P
a]

0

Maximum load state

Fully unloaded state

Strain amplitude: 

σ m
ax

εy max -εy min Δεy = 

 
Fig. 4.4 Illustration of loading and unloading process during fatigue analysis 

 

To characterize the whisker orientation effect, a three-dimensional single whisker 

unit cell model of brick shape whisker in the periodic boundary condition is developed 

using finite element method (FEM) to describe the overall behavior of the composite.  

A schematic illustration and finite-element mesh of the model is shown in Fig. 4.5. 

20-nodes quadratic brick element was used in this model. In this model the whisker and 

the particle are embedded in a matrix in three-dimensional packing arrangement. For 

this model, we assume that the whisker is perfect cylinder of length l  and diameter d. 
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Size determination of the model was made by following formulae: wVLHld =22 /  

where wV  is the whisker volume fraction, L  is the longitudinal whisker spacing and 

H is the transverse whisker spacing. Whisker volume fraction is modeled as real 

microstructure of 30 vol. % reinforcement in an Al alloy matrix. The whisker 

orientation is represented by the angle α between whisker’s long axis and loading 

direction. To avoid complicated morphology we assumed all reinforcement to be 

whisker. This assumption may give overestimation of effect of whisker orientation on 

the stress distribution. Because of the symmetry of the cell, only 1/8 of one unit cell is 

treated in this analysis. The boundary condition formulation is identical to that in Llorca 

et al. [3] and Christman et al. [4]. The boundary conditions are as follows: 

uz =0,   0== zxzy ττ   on z = 0                                        (4.1) 

ux =0 ,  0== xyxz ττ   on x= 0                                         (4.2) 

uy=0 ,  0== xyyz ττ   on y= 0                                         (4.3) 

uz = aveε L/2, 0
2/

0

2/

0

=∫ ∫
=

=

=

=

dxdy
Hx

x

Hy

y
xzτ ,  

0
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0
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y
zyτ  on z= L/2                                      (4.4) 

uy = Uy ,  0== xyyz ττ , 0
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0
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dxdz
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yzτ  on  y= H/2    (4.5) 

ux = Ux , 0== xyxz ττ , 0
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0
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=
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dydz
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z
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y
xzτ , 0
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0
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0
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=
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z
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y
xyτ  on  x= H/2     (4.6) 

Where aveε is the macroscopic strain, Uy and Ux are constant which are determined such 

that the shear component of traction is free. 
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Model-1 

Fig.4.5 3-D single whisker model representing the whisker reinforced Al alloy (a) and 

(b) schematic illustration of the periodic fiber arrangement (c) finite-element mesh. 

To characterize the whisker orientation effect on distributions of stress in a hybrid 

MMC (reinforced by Al2O3 whisker and SiC particle), a three-dimensional unit cell 

model including a whisker and particles in under the periodic boundary condition is 

developed using finite element method (FEM) to describe the overall behavior of the 

hybrid composite.  A schematic illustration and finite-element mesh of the model is 

shown in Fig. 4.6 and Fig. 4.7 (Model-2, Model-3, and Model-4). 20-nodes quadratic 

brick element was used in this model. 

We assume that the whisker is brick shape of length l  and rectangular cross section 

of length d and the particle is cubic shape of length b respectively. The model-1 include 

only whisker. In model-2 a particle is located on the side of the whisker. For the 

model-3 shown in Fig. 4.6 the particle is located on the top side of the whisker end. For 

the model-4 shown in Fig. 4.7, the particles are located around the whisker. In all cases 
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only 1/8 of one unit cell is treated because of the symmetry of the cell. For all model 

reinforcement volume fractions is modeled as real microstructure of 9 vol. % Al2O3 

whisker and 21 vol. % SiC particles in an Al alloy matrix for hybrid MMC and 30 

Vol.% Al2O3 whisker for whisker reinforced MMC. Size determination of the model 

was made by following formulae: wVLHld =22 / (for whisker) and pVLHb =23 / (for 

particle), where wV  is whisker volume fraction, pV  is particle volume fraction, L  is 

longitudinal whisker spacing and H is the transverse whisker spacing. A chart of model 

illustration and mesh is shown in Table 13. 
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Model-2 

 

Model-3 

Fig.4.6 3-D hybrid  model  representing the whisker/ particle reinforced Al alloy 

(a) schematic illustration of the periodic whisker and particle arrangement (b) 1/8 model 

analyzed based on symmetry and (c) finite element mesh (9 Vol.% Alumina whisker and 

21 Vol.% SiC particle) (Model-2, Model-3). 
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Model-4 

 

Fig.4.7 3-D hybrid  model  representing the whisker/ particle reinforced Al alloy 

(a) schematic illustration of the periodic whisker and particle arrangement (b) 1/8 model 

analyzed based on symmetry and (c) finite element mesh (9 Vol.% Alumina whisker and 

21 Vol.% SiC particle) (Model-4, Model-5). 
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Table13: Model chart 

Model Model illustration Model mesh 

Model-1 

 

 

 

 

Model-2 

 

 

 

 

Model-3 

  

 

Model-4 
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4.3. Prediction of stress distributions and fracture mechanism 

 In this section, the stress distribution around the boundary between reinforced part 

and the unreinforced part are predicted based on a 2D inclusion array model. The 

critical fracture location changed by the external stress level which controls the local 

stress distribution obtained by the FEM prediction.  

 The stress distribution along y direction perpendicular to the macroscopic boundary 

predicted by global model of homogeneous material joint is shown in Fig. 4.8. From 

this result, it can be seen that the stress is concentrated around the edge of MMC and Al 

alloy boundary and in the MMC side which reflects a stress singularity for the interface 

edge of homogeneous materials joint.   
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Fig. 4.8 Stress distribution along y direction of global model of homogeneous joint 
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From the inclusion array model analysis, the stress distribution along y direction 

perpendicular to the macroscopic boundary under 300 MPa nominal bending stress 

condition is shown in Fig 4.9 (a). The predicted stress distributions are along the 

inclusion array near the free surface (maximum tension side along the line A-A in 

Fig.4.9). The results show that the high stress is developed at the interface between 

matrix and inclusion. Large strain mismatch and plastic constraint between hard particle 

(SiC) and ductile matrix (Al) are causes the high stress in the interface. In low external 

stress level (under nominal bending stress is one of fatigue test 156 MPa), the stress 

distributions also shows that the high stress developed in the matrix between two 

inclusions (Fig 4.9(b)). As shown in Fig. 4.10, stress in the matrix between two 

inclusions perpendicular to the stress direction (along the line B-B in Fig. 4.10) gives 

lower stress compare to the other stress distributions. 
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Fig. 4.9 Stress distributions along y direction of inclusion array model under 

nominal bending stress (a) 300 MPa (b) 156 MPa 
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Fig. 4.10 Stress distributions along y direction of inclusion array model under 

nominal bending stress 300 MPa 
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To understand the fracture mechanism, we observe the two dimensional stress 

distributions at the first array of inclusions from the free surface on the tension side. 

Fig.4.11 (a) shows the distribution under 300 MPa nominal bending stress condition 

which corresponds to the nominal stress when the specimen breaks under monotonic 

loading and Fig.4.12 (a) shows the distribution under the nominal bending stress of 156 

MPa which is one of the fatigue tests. Fig.4.11 (b) and Fig.4.12 (b) shows the 

distribution of the local maximum stress in the each inclusion (square symbol) and the 

stress on the each interface between particle and matrix (circular symbol).  

From Fig.4.11 it can be seen that the peak stress develops in the first inclusion from 

the macroscopic boundary between the reinforced part and the unreinforced part (square 

symbol). The peak stress caused by the difference in mechanical properties (e.g. plastic 

constraint) of the inclusion and matrix leads to the particle fracture because the tensile 

stress is acting at the inclusion edge (345 MPa) in the high external stress case (Fig. 

4.11 (a)). In the experimental observation under the monotonic loading condition, the 

fracture occurred at the first particle closest to the unreinforced part in the macroscopic 

boundary. The numerical result, which shows that the peak stress develops in the first 

inclusion from the macroscopic boundary, is consistent with the fracture location that 

was experimentally observed. On the other hand, as shown in Fig.4.12, under low 

nominal bending stress (156 MPa), the peak stress develops at the interface between 

inclusion and matrix (circle symbol) rather than in the inclusion. The maximum tensile 

stress (197 MPa) acting on the interface also agrees with the fractographic results, 

thereby, providing further verification of interfacial debonding between the reinforcing 

materials and the matrix alloy. 
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Fig. 4.11 Stress distributions along y direction of inclusion array model under 

nominal bending stress 300 MPa 
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(a) Two dimensional distribution of yσ  
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Fig. 4.12 Stress distributions along y direction of inclusion array model under 

nominal bending stress 156 MPa 
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Distributions of total strain, yε in the matrix along the normal to the boundary at the 

maximum load state and the fully unloaded state for nominal bending stress of 156 MPa 

are shown in Fig.4.13.  
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Fig. 4.13 Distributions of total strain in matrix along normal to the boundary of 

inclusion array model under cyclic loading at maximum stress 156 MPa. 

 

The predicted strain amplitude ( yεΔ ) is much higher in the reinforced side compared 

to the unreinforced side. In the fatigue test, the specimen fractured in the reinforced part 

away from the interface. The simulation supports the experimental observation that the 
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fatigue fracture occurred in the reinforced part. Although the monotonic loading also 

passes the maximum stress the single monotonic load does not give the unstable failure. 

Equivalent plastic strain distribution along y direction of inclusion array model under 

nominal bending stress is shown in Fig. 4.14. From this figure it can be seen that high 

plastic strain developed in the matrix between two inclusions. Under low nominal 

bending stresses (156 MPa), no equivalent plastic strain exists as shown in Fig. 4.15.  
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Fig. 4.14 Equivalent plastic strain distribution along y direction of inclusion array 

model under nominal bending stress 300 MPa 
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Fig. 4.15 Equivalent plastic strain distribution along y direction of inclusion array 

model under nominal bending stress 156 MPa 
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4.4. Prediction of whisker orientation effect on strength  

In this section, the stress distributions are predicted based on a 3D single whisker 

unit cell model to describe the overall behavior of the composite. These prediction 

results are found to be in reasonable agreement with the experimental observations. 

 

Based on the 3-D single whisker composite and hybrid composite model (model-1, 

model-2, model-3, model-3) unit cell model shown in Fig. 4.5, 4.6 and 4,7, the stress 

distribution and magnitude of zzσ along z direction of single whisker composite 

(Model-1) and hybrid composite (Model-2-4) shown in Fig. 4.16. From these results it 

can be seen that in all cases the high stress developed in the whisker which causes 

whisker fracture. The stress distribution in the whisker of hybrid composite is 

comparatively higher than whisker reinforced composite. This makes the strength of the 

particle/whisker reinforced hybrid composite lower in the whisker orientation o0=α ,. 

 

Figure 4.17 shows the comparison results of stress distribution and magnitude of yyσ  

along z direction of single whisker composite and hybrid composite. From these results 

it can be seen that in all cases the high stress developed at the interface between matrix 

and whisker end which causes whisker debonding. The stress distribution at the 

interface edge of hybrid composite is comparatively lower than whisker reinforced 

composite. This causes the higher strength of hybrid composite in the whisker 

orientation °= 90α .  
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(a) Distribution of whisker stresses 

 
(b) Two dimensional distribution of zσ  

Fig.4.16 compares the stress distribution and magnitude of zzσ along z direction of 

whisker composite and hybrid composite 
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    (a) Distribution of interface stresses 

 
(b) Two dimensional distribution of rσ  

Fig.4.17 compares the stress distribution and magnitude of yyσ along z direction of 

whisker composite and hybrid composite 
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Fig.4.18 Predicted stress calculated from different nominal stress 

To discuss the hybrid effect on the dependence of strength on whisker orientation, we 

predict the nominal stress at whisker fracture ( o0=α ) and interface fracture (interface 

between whisker and matrix) as shown in Fig. 4.18. The calculated stresses in the 

whisker and on the interface are plotted. Lines of assumed whisker strength and 

interface strength are also plotted. 

The nominal stress at the cross point between the predicted stress line and the strength 

line gives an estimated strength of the composite under the whisker orientation. From 

this figure it can be seen that hybrid composite gives higher whisker stress (Model-2, 3, 

and 4) than the one in whisker composite (Model-1). That’s mean the strength of hybrid 

composite ( o0=α ) is lower than in only whisker composite. It also can be seen that, the 

interface stress )90( o=α  of hybrid composite is lower which means the strength is 
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higher. On the other hand for the whisker composite strength is higher when o0=α and 

strength is lower when o90=α . The strength difference for perpendicular 

loading )90( o=α and parallel loading condition ( o0=α ) of hybrid composite is small 

compared with that of whisker composite. That’s mean whisker orientation effect on 

hybrid composite is lower than the whisker composite. This results gives a good 

agreement with others study (Trojanava et. al.[16]). 
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4.5. Summery 

 In this chapter, the stress distribution around the boundary between reinforced and 

unreinforced part based on inclusion array model were presented by using the finite 

element method. Moreover, the prediction of whisker orientation effect based on a 

three-dimensional single whisker unit cell model is conducted by using the finite 

element method. The following results are noteworthy: 

1. The numerical results based on inclusion array model, which shows the peak stress 

develops in the first inclusion from the macroscopic boundary between the 

reinforced part and the unreinforced part under high nominal bending stress (300 

MPa), is consistent with the fracture location that was experimentally observed. On 

the other hand, under low nominal bending stress (156 MPa), the peak stress 

develops at the interface between inclusion and matrix rather than in the inclusion 

that also agrees with the fractographic results of fatigue farcture, thereby, providing 

further verification of interfacial debonding between the reinforcing materials and 

the matrix alloy. 

2. The predicted strain amplitude ( yεΔ ) is much higher in the reinforced side 

compared to the unreinforced side, supports the experimental observation that the 

fatigue fracture occurred in the reinforced part. 

3. The prediction results based on the 3-D single whisker unit cell model is found to be 

in reasonable agreement with experimental observations which shows with respect 

to the loading direction all perpendicular oriented whiskers are debonded and 

parallel orientated whisker are broken. 

4. Whisker orientation effect on hybrid composite is lower than the whisker composite. 
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This results gives a good agreement with others study (Trojanava et. al.[16]). 
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Chapter 5: Conclusions  
 

5.1. General conclusions 

The monotonic and cyclic fracture behavior of an aluminium cast alloy, locally 

reinforced by SiC particles and Al2O3 whiskers, were investigated experimentally and 

numerically.  The research was concentrated on the fracture mechanism and fracture 

location of locally reinforced material fractured under monotonic and cyclic loads. The 

effect of whisker orientation on monotonic and fatigue strength of an aluminium cast 

alloy reinforced by SiC particles and Al2O3 whiskers were also investigated 

experimentally and numerically. The key findings are as follows: 

1. The fracture occurs in the reinforced part under both monotonic and cyclic loads. The 

stress-deflection curves under monotonic load exhibit the nonlinear relation under 

stress levels above 200 MPa. Fatigue fracture occurs under the maximum stress 

above one half of the monotonic fracture stress. 

2. Under cyclic load, the fracture is dominated by interfacial debonding of 

particle-matrix and whisker-matrix interfaces, whereas, under monotonic load, the 

fracture is dominated by both particle fracture and particle/whisker-matrix interfacial 

debonding.  

3. Under cyclic loading when the maximum stress is low and the matrix alloy is 

deformed elastically in the reinforced part, the minimum distance of fracture location 

is far ( 06.028.0 ± mm) from the boundary between the reinforced and unreinforced 

parts. In the monotonic bending test, the specimens are broken very close to the 

boundary (i.e., at the first or second particle closest to the unreinforced part). In the 
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fatigue test, when the maximum stress is high, the specimens are also broken very 

close to the macroscopic boundary and in the reinforced part. This occurs when the 

matrix alloy in the reinforced part is deformed plastically within the elastically 

deformed reinforcement. The difference in the deformation state may be the cause of 

different fracture locations between the monotonic and cyclic loading.  

4. From the fracture surface analysis (SEM and EDX), fatigue crack initiates from a 

coarse Al2O3 whisker fracture and propagates through the aluminium alloy matrix. 

Under monotonic loading, coarse Al2O3 whisker was not found in crack initiation 

site. 

5. The monotonic and fatigue strength of locally reinforced material )90( o=α is lower 

than the strength of homogeneous MMC )90~0( oo=α . Whisker orientation effect 

gives lower monotonic and fatigue strength of locally reinforced material )90( o=α . 

Whiskers randomly oriented relative to the bending stress direction cause higher 

strength and longer fatigue life of homogeneous MMC )90~0( oo=α .  

6. There were many transversely debonding whiskers parallel to the fracture surface on 

the characteristic fracture surface of locally reinforced material )90( o=α . Broken 

whiskers were scarce and whiskers pulled-out could not be seen. The fracture 

surface is dominated by interfacial debonding of Al2O3 whisker/matrix according to 

the area fraction results. The transversely debonded whisker gives the lower strength 

and shorter fatigue life of locally reinforced material )90( o=α which is 

corresponding to the interface debonding between whisker-matrix interfaces. 

7. There were many dimples and broken whiskers in the fracture surface of 

homogeneous MMC )90~0( oo=α . Debonding whiskers are scarce and whiskers 

pulled-out could not be seen in the fracture surface. Whisker fractures dominate the 
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fracture mechanism and gives higher strength. The transversely debonded whisker 

gives the higher strength and longer fatigue life of homogeneous 

MMC )90~0( oo=α . This is one of the reasons why the monotonic strength and 

fatigue strength of homogeneous MMC is higher than that of locally reinforced 

material. 

8. The numerical results based on inclusion array model, which shows the peak stress 

develops in the first inclusion from the macroscopic boundary between the 

reinforced part and the unreinforced part under high nominal bending stress (300 

MPa), is consistent with the fracture location that was experimentally observed. On 

the other hand, under low nominal bending stress (156 MPa), the peak stress 

develops at the interface between inclusion and matrix rather than in the inclusion 

that also agrees with the fractographic results of fatigue farcture, thereby, providing 

further verification of interfacial debonding between the reinforcing materials and 

the matrix alloy. 

9. The predicted strain amplitude ( yεΔ ) is much higher in the reinforced side 

compared to the unreinforced side, supports the experimental observation that the 

fatigue fracture occurred in the reinforced part. 

10. The prediction results based on the 3-D single whisker unit cell model is found to be 

in reasonable agreement with experimental observations which shows with respect 

to the loading direction all perpendicular oriented whiskers are debonded and 

parallel orientated whisker are broken. 

11. Whisker orientation effect on hybrid composite is lower than the whisker composite. 

This results gives a good agreement with others study (Trojanava et. al. [Chpter1, Ref. 

30]). 
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APPEDIX 
AppendixⅠ 

As shown in Fig.A1-1and Fig. A1-2, after bending test crack has been found in or 

around the coarse Al2O3 whisker which is formed during the fabrication of hybrid 

whisker/particle prefrom. This coarse Al2O3 might have an influence of crack initiation 

and propagation during the bending test.  

 

Fig. A1-1 Microscopic photograph of locally reinforced material ( o90=α ) 

representing the coarse Al2O3 whisker (a) Before test (b) After test 

 

 

Fig. A1-2 Microscopic photograph of locally reinforced material ( o90=α ) 

representing the coarse Al2O3 whisker (a) Before test (b) After test 
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AppendixⅡ 

Fracture path of locally reinforced material( o90=α )and homogeneous 

MMC )90~0( oo=α  are shown in Fig.A2-1 and Fig. A2-2. Broken particles/whiskers 

or debonded particle/whisker are displayed on the fracture face as well as coarse 

whisker fracture.  

 

Fig.A2-1 Fracture path of locally reinforced material ( o90=α ) under monotonic 

loading. 

 

 
 

Fig.A2-2 Fracture path of homogeneous MMC )90~0( oo=α under monotonic 

loading. 
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AppendixⅢ 

To evaluate the boundary location effect on monotonic and fatigue strength of locally 

reinforced material ( o90=α ), we observed two types of sample are shown in Fig. A3-1 

(boundary location at the center between reinforced and unreinforced part) and Fig A3-2 

(boundary location not at the center).  

5 5

Unreinforced part 

Boundary

Reinforced part

1

1

 

Fig.A3-1 Sample configuration of locally reinforced material ( o90=α ) (boundary 

location at the center between reinforced and unreinforced part) (unit: mm) 

 

8.5 16.5

Unreinforced part 

Boundary
Reinforced part

2

2

 

Fig. A3-2Sample configuration of locally reinforced material ( o90=α ) (boundary 

location not at the center between reinforced and unreinforced part) (unit: mm) 

 

Both samples (boundary at the center and not at the center) exhibit the same average 

nominal bending stress is shown in Fig. A3-3. These results confirm that there is no 

effect of boundary location between reinforced part and unreinforced part on the 

strength of locally reinforced material ( o90=α ).  

Comparison of stress verses fatigue life behavior of locally reinforced material 
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( o90=α ) under both boundary locations are shown in Fig. A3-4. From this Fig. it can 

be seen that the fatigue life with respect to the maximum stress are almost same for the 

both boundary location (boundary at the center and boundary not at the center) samples. 

From this result it is point out that there is no effect of boundary location on the fatigue 

strength of locally reinforced material ( o90=α ). 
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Fig. A3-3 Nominal bending stress versus deflection curves under monotonic 

loading (boundary location effect on strength) 
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Fig.A3-4 Stress versus fatigue life behavior (stress ratio, R=0.1) (boundary location 

effect on fatigue strength) 

 

The cyclic fracture surface of homogeneous MMC )90~0( oo=α (Specimen HCTP5 

in Table 5) around the fatigue crack initiation site is shown in Fig.A3-5. According to 

the EDX analysis, the fatigue crack initiation process is independent on the whisker 

orientation such that a coarse Al2O3 whisker fracture is the origin and the crack 

propagates through the aluminium alloy matrix as shown in Fig. 3.12. 
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Fig. A3-5 Matching fatigue fracture surface of homogeneous MMC )90~0( oo=α  

after fatigue fracture 191max =σ MPa, fN  = 5106.5 ×  

 

AppendixⅣ 

In the global homogeneous material joint model we evaluate average elastic constants 

from the results of homogeneous by distributed inclusion array model shown in 

Fig.A4-1. Subjected forced uniform displacement at the model edge y = Ly. For the 

plane strain condition we get the following equation. 
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Where xσ , yσ xε  and yε  are average values of stress and strain components of the 

inclusion array model. From the above equation we get the results which are shown in 

Table A4-1. 

Table A4-1 Elastic constant predicted by inclusion array model 

Radius of inclusion (mm) Young’s modulus E (GPa) Poisson’s ratio ν  

0.0115 168 0.244 

0.015 253 0.20 
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Fig. A4-1 Inclusion array model illustration to evaluate average elastic constant for 

homogeneous material joint model 
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Fig. A4-2 Stress distribution along y direction of inclusion array model  

 

By using the elastic constant in Table A4-1, the stress distribution along y direction of 

inclusion array model is shown in Fig. A4-1. High stress is developed in the MMC side 

near the interface. However, large inclusion size means high volume fraction of 

inclusion shows low stresses in the MMC side compare with low volume fraction 

inclusion results. Low strain which reflects high average Young's modulus for the higher 

volume fraction causes the low stress near the interface of the high volume fraction of 

inclusion results. 
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AppendixⅤ 

 

 

 

Fig. A5-1 Schematic description of moiré interferometry 

 

Displacement fields around the boundary reinforced part and unrenforced part of locally 

reinforced material ( o90=α ) were measured by means of high-sensitivity moiré 

interferometry [1]. Schematic description of moiré interferometry is shown in Fig. A5-1. 

Laser moiré interferometry consists of He-Ne laser (wave length 663 nm) and gratings 

(2 dimensional, 1200 lines/mm). While four pint bending load was applied on the 

specimen (the inner span 14 mm, the outer span 20 mm) the moiré fringe at mid region 

of the inner span was measured. The measured plan was in the tensile side.  

 The apparent displacement, )(iNu j
i , can be measured from the fringe order, N, 
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f
NiNu j

i =)( ,……………………………………………………… (7) 

where )(iNu j
i  is the displacement in i  direction, zoryi = , Ni  is the coordinate i  

of the Nth  fringe, ]/1[2400 mmf = , corsj = . )(iNus
i is the apparent 

displacement in deformed state and )(iNuc
i  is the apparent displacement in 

undeformed state. Therefore, the true displacement components )(iNui  can be 

calculated as the change due to the deformation, 

)()()( iNuiNuiNu c
i

s
ii −= …………………………………………..(8) 
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Fig. A5-2 Comparison results of experimental (moiré interferometry) and 

numerical displacement fields 
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The displacement fields around the boundary between reinforced and unreinforced part 

measured by moiré interferometry technique and numerical analysis is shown in 

Fig.A5-2. From this figure it can be seen that, the numerical results is in good 

agreement with the experimental results. In both cases, the high displacement gradient 

is developed in the MMC side that supports the experimental observation that the 

monotonic and fatigue fracture occurred in the reinforced part. 

 

AppendixⅥ 

Mesh size effect of inclusion array model was checked using a calculation on coarse and 

fine meshing system. The results show (Fig. A6-1) the stress distribution along y 

direction obtained from two meshes are the same.  
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Fig. A6-1 Stress distribution along y direction of inclusion array model for two 

meshing system 
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Fig. A6-2 Stress distribution around the boundary of homogeneous material joint 

model and inclusion array model under nominal bending stress (a) 300 MPa (b) 

156 MPa 

 

 We use a sub-modeling concept and the inclusion array model boundaries (Fig. 4.2 in 

chapter 4) are derived by displacement fields of the macroscopic homogeneous material 

joint (Fig. 4.1 in chapter 4) model results. The stress distribution around the boundary of 

homogeneous material joint model and inclusion array model are shown in Fig. A6-2. 

The result shows high stress is developed in the MMC side. Under nominal bending 

stress 300 MPa, stress in the MMC side is less severe of inclusion array model than the 

one in the homogeneous material joint. However, under low external stress (156 MPa), 

the homogeneous materials joint model gives fairly same stress in the MMC side 
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compare to the inclusion array model. This is occurred due to different deformation 

state of matrix alloy. Under high external stress (300 MPa), SiC particle are deforming 

elastically within a plastically deforming matrix alloy [2]. Thus, large strain mismatch 

between matrix and inclusion gives the lower stress in the inclusion array model. SiC 

particle and matrix alloy both are elastically deforming when low external stress (156 

MPa) was applied. 

 

Appendix ⅥI 

To characterize the whisker orientation effect, a three-dimensional single whisker 

unit cell model of cylindrical shape whisker in the periodic boundary condition is 

developed using finite element method (FEM) to describe the overall behavior of the 

composite.  A schematic illustration and finite-element mesh of the model is shown in 

Fig. A7-1. 20-nodes quadratic brick element was used in this model. In this model the 

whisker is embedded in a matrix in three-dimensional packing arrangement. For this 

model, we assume that the whisker is perfect cylinder of length l  and diameter d. Size 

determination of the model was made by following formulae: wVLHld =)4/( 22π  where 

wV  is the whisker volume fraction, L  is the longitudinal whisker spacing and H is 

the transverse whisker spacing. Whisker volume fraction is modeled as real 

microstructure of 30 vol. % reinforcement in an Al alloy matrix. The whisker 

orientation is represented by the angle α between whisker’s long axis and loading 

direction. To avoid complicated morphology we assumed all reinforcement to be 

whisker. This assumption may give overestimation of effect of whisker orientation on 

the stress distribution. Because of the symmetry of the cell, only 1/8 of one unit cell is 
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treated in this analysis. The boundary condition formulation is identical to that in 

Llorca et al. [3] and Christman et al. [4]. The boundary conditions are as follows: 

uz =0,   0== zxzy ττ   on z = 0                                       (A7-1) 

ux =0 ,  0== xyxz ττ   on x= 0                                        (A7-2) 

uy=0 ,  0== xyyz ττ   on y= 0                                       (A7-.3) 

uz = aveε L/2, 0
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Where aveε is the macroscopic strain, Uy and Ux are constant which are determined such 

that the shear component of traction is free. 
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Fig. A7-1 3-D single whisker model representing the whisker reinforced Al alloy 

(a) schematic illustration of the periodic fiber arrangement (b) 1/8 model analyzed 

based on symmetry and (c) finite-element mesh. 
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To characterize the whisker orientation effect of hybrid MMC (reinforced by Al2O3 

whisker and SiC particle), a three-dimensional single whisker and particle unit cell 

model of cylindrical shape whisker in the periodic boundary condition is developed 

using finite element method (FEM) to describe the overall behavior of the composite.  

A schematic illustration and finite-element mesh of the model is shown in Fig. A7-2. 

20-nodes quadratic brick element was used in this model. In this model the whisker and 

particle is embedded in a matrix in three-dimensional packing arrangement. For this 

model, we assume that the whisker is perfect cylinder of length l  and diameter d and 

the particle is also perfect cylinder of length b and diameter is same as whisker (d). 

Size determination of the model was made by following 

formulae: rVLHdbl =+ )4/()( 22π  where rV  is the reinforcement volume fraction, L  

is the longitudinal whisker spacing and H is the transverse whisker spacing. 

Reinforcement volume fraction is modeled as real microstructure of 30 vol. % 

reinforcement in an Al alloy matrix. The whisker orientation is represented by the angle 

α between whisker’s long axis and loading direction. Because of the symmetry of the 

cell, only 1/8 of one unit cell is treated in this analysis.  

The boundary condition formulation is identical to that in Llorca et al. [3] and 

Christman et al. [4]. The boundary conditions are given in equation A7-1～A7-6. 
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Fig.A7-2 3-D single whisker model representing the hybrid whisker/ particle 

reinforced Al alloy (a) schematic illustration of the periodic fiber and particle 

arrangement (b) 1/8 model analyzed based on symmetry and (c) finite-element 

mesh. 
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Based on the 3-D single whisker unit cell model shown in Fig. A7-1, stress 

distribution along z direction for longitudinal loading ( o0=α , parallel to the whisker 

direction) is shown in Fig.A7-3. From this result it can be seen that the high stress is 

developed in the whisker compared with the stress in the matrix. From the experimental 

results we found that with respect to the loading direction all parallel oriented whiskers 

are broken. For longitudinal loading, the prediction results based on the 3-D single 

whisker unit cell model is found to be in reasonable agreement with experimental 

observations. 

Stress distribution along z direction transverse loading ( o90=α , perpendicular to the 

whisker direction) is shown in Fig. A7-4. From this result it can be seen that the high 

stress is developed at the edge of interface between whisker and matrix. In the 

experimental results we find that with respect to the loading direction all perpendicular 

oriented whiskers are debonded. For transverse loading, the prediction results based on 

the 3-D single whisker unit cell model is also found to be in reasonable agreement with 

experimental observations. 
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Fig.A7-3 Stress distribution along z direction for longitudinal loading (parallel to 

the stress direction). 
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Fig.A7-4 Stress distribution along z direction for transverse loading (perpendicular 

to the stress direction). 
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Based on the 3-D single whisker/particle hybrid unit cell model shown in Fig. A7-2, 

stress distribution along z direction for longitudinal loading ( o0=α , parallel to the 

whisker direction) is shown in Fig.A7-5. From this result it can be seen that the high 

stress is developed in the whisker compared with the stress in the matrix and particle. 

Existence of a series particle to a whisker does not give large change in the maximum 

stress. From the experimental results we found that with respect to the loading direction 

all parallel oriented whiskers are broken. For longitudinal loading, the prediction results 

based on the 3-D single whisker/particle hybrid unit cell model is found to be in 

reasonable agreement with experimental observations. 

Stress distribution along z direction transverse loading ( o90=α , perpendicular to the 

whisker direction) is shown in Fig. A7-6. From this result it can be seen that the high 

stress is developed at the edge of particle/ whisker and particle/matrix interface. In the 

experimental results we find that with respect to the loading direction all perpendicular 

oriented whiskers are debonded. Also the fracture surfaces were dominated by the 

particle debonding as well as particle fracture. For transverse loading, the prediction 

results based on the 3-D single whisker/particle hybrid unit cell model is also found to 

be in reasonable agreement with experimental observations. 

From the results of stress distribution along z direction transverse loading ( o90=α , 

perpendicular to the whisker direction) in FigA7-7, it can be seen that due to the hybrid 

effect, the high stress is developed in the particle. This stress causes the particle fracture. 
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Fig.A7-5 Stress distribution along z direction for longitudinal loading (parallel to 

the stress direction). 



 115 

0 0.01 0.02 0.03
0

200

400

600
Whisker

Matrix Particle
Matrix

z    [mm]

(σ
r

[M
P

a]
)

θ=
90

y = 0.013 mm

external stress 300 MPa

x=0 mm

α =90
ο

 

 

 

Fig.A7-6 Stress distribution along z direction for transverse loading (perpendicular 

to the stress direction). 
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Fig.A7-7 Stress distribution along z direction for transverse loading (perpendicular 

to the stress direction). 
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