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Abstract 

Manufacturing aluminium matrix composites with a uniform distribution of the 

nanoparticles using liquid fabrication methods is a rigorous task, attributed to the 

high propensity of these nanoparticles to agglomerate.  

A novel method was proposed in this study for the first time to diminish the 

agglomeration propensity of SiC nanoparticles using graphene encapsulation process 

(Chapters 3 and 4). This method was invented based upon two different processing 

routes, encompassing ball milling and solvo-thermal assisted methods (Chapter 5) to 

wrap graphene sheets around SiC nanoparticles. As-received and graphene 

encapsulated SiC nanoparticles were then incorporated into A357 aluminium alloy 

using semi-solid stir-casting method under high purity (99.999%) argon gas.  

To delineate the mechanism by which graphene encapsulating method diminishes 

the agglomeration of SiC nanoparticles during the liquid processing, a novel 

theoretical approach based on the van der Waals-Casimir interaction free energy 

(Chapter 6) was implemented to show the unprecedented capacity of graphene sheets 

in manipulating the Hamaker constant of SiC nanoparticles. This manipulated 

Hamaker constant, in turn, stimulates deagglomeration and engulfment of these 

particles within solidifying matrix.  

Intensive attention has been given to microscopical investigation of the 

microstructure using high resolution transmission electron microscopy (HR-TEM) 

and field emission scanning electron microscopy (FE-SEM), revealing that graphene 

sheets were dispersed within aluminium matrix with two different architectures, 

encompassing onion-like graphene shells encapsulating SiC nanoparticles and disk-

shaped graphene nanosheets.  

Additionally, a novel solidification model was suggested (Chapter 4) to show 

how graphene sheets can affect the distribution of SiC nanoparticles to be dispersed 

uniformly within grains rather than agglomerated at grain boundaries, deteriorating 

the tensile properties of the produced composites. This model takes into account the 

alteration of the solidification mechanism of SiC nanoparticles from pushing to 

engulfment. This nanostructure manipulation brought about 350% and 258% 

augmentation in yield strength and elongation, respectively, compared to that of 

unreinforced aluminum alloy. 



  

iii 

 

To differentiate the actual capacity of the invented graphene encapsulation 

method on the mechanical and microstructural properties of the produced composites 

from other conventional manufacturing routes, such as semi-solid and squeeze 

casting, different fabrication routes including stir casting (Chapter 4), pressure 

assisted stir-casting (Chapters 5), semi-solid powder forming process (Chapter 6) and 

thixoforming (Chapter 7) were employed. Achieved results have demonstrated that 

the graphene encapsulating method has a significant effect on enhancing the 

mechanical properties of the composites produced using these manufacturing 

processes. 

To delineate the mechanism by which graphene sheets participate in strengthening 

of the aluminium matrix composites, a new strengthening analytical model was 

devised (Chapter 7), making use of Orowan, thermal-activated dislocation, fiber pull-

out, shear lag and geometrically necessary strengthening mechanisms. The devised 

strengthening model has shown the significant effect of thermally activated 

dislocation strengthening mechanism in fortifying the aluminium matrix, ascribed to 

the exceptional negative thermal expansion coefficient of graphene sheets.  
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1 Chapter 1 Introduction 

1.1 Background 

Metal matrix composites (MMCs), fortified with continuous ceramic fibers, 

demonstrate high mechanical properties and specific elastic modulus compared to 

unreinforced metals/alloys [1-4]. The problems restricting the usage of these 

composites are related to the high price of fortifying fibers and manufacturing 

processes. MMCs reinforced with nanoparticles, however, are isotropic, easier to 

produce with lower price compared to those fabricated by the continuous fiber-

reinforced composites. The metallic matrices confer high elongation and toughness 

accompanied by high modulus and strength of the nanoparticles for manufacturing 

MMCs with superior tensile strength and elongation. The challenging task, 

however, is uniform distribution of nanoparticles within the metallic matrices 

during fabrication process [3, 5, 6]. This related to the high propensity of these 

particles for agglomeration, diminishing acquiring the superior ductility.  

Studies implemented on the MMCs have shown that distribution of 

nanoparticles can significantly affect mechanical properties of these composites 

[7-12]. This is attributed to the higher possibility of cracks to propagate through 

agglomerated nanoparticles settled preferentially at the grain boundaries rather 

than being engulfed within grain interiors. To this end, different manufacturing 

routes have been invented to tackle this problem using powder metallurgy [13-15], 

semis-solid casting [11, 16-18], stir casting [19], ultrasonic-assisted casting [20], 

flake powder metallurgy and semi-solid powder processing [21, 22]. The invented 

fabrication routes, however, have not been highly successful in providing uniform 

distribution of nanoparticles within the solidified matrix, thereby restricting 

achievement of enhanced tensile properties for the produced composites. The 

reason can be ascribed to the absence of any in-depth study to consider some 

critical aspects of incorporation of nanoparticles within advancing solid/liquid 

interface such as thermophysical properties of particles and matrix [23], wettability 

of particles [24, 25] and most importantly intrinsic characteristic of nanoparticles 

such Hamaker constant [26].   
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This study, therefore, combines novel synthesis and fabrication routes, making 

use of detailed atomic-scale characterizations and quantitative investigations to 

capture the effect of graphene sheets on manipulating the microstructural 

characteristics of aluminium based composites reinforced with SiC nanoparticles, 

thereby conferring superior tensile properties to these composites. Although there 

are some studies that used graphene sheets as reinforcements in metal matrix 

composites in recent years [21, 27-29], the effect of graphene on manipulating the 

intrinsic characteristics of the nanoparticles to tailor the mechanical and physical 

properties of the metal matrix composites is far from being known. This study, 

therefore, aims at exploiting the unprecedented characteristic of graphene sheets 

on manipulating the intrinsic properties of SiC nanoparticles to enhance the 

engulfment of these particles within the aluminium matrix during solidification to 

render significant enhancement in tensile properties of the aluminium metal 

matrix composites. 

1.2 Scope of the Thesis and its Objectives 

The goal of this study is to investigate the effect of adding graphene sheets as 

reinforcement on the microstructure and mechanical properties of aluminium 

based composites reinforced with SiC nanoparticles. A principal objective is to 

establish a basic understanding of the effect of the graphene sheets on the 

solidification behaviour of aluminium phase containing SiC nanoparticle, 

encapsulated by graphene sheets, resulted in micro/nano structural changes in the 

solidified matrix, thereby affecting the mechanical and physical properties of the 

produced composites.  

We have utilized a novel graphene encapsulating technique to encapsulate SiC 

nanoparticles, combined with detailed electron microscopy investigation to have a 

science-based insight into the mechanism behind the graphene encapsulation 

technique and the evolution of micro/nano structure in the produced composites. 

Additionally, the interface between nano-size reinforcing blocks, i.e. SiC 

nanoparticles encapsulated by graphene sheets, and the aluminium matrix, and the 

fracture surfaces of the fabricated composites were investigated by FE-SEM and 

TEM. In particular, the fundamentals related to the solidification behaviour of the 
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SiC nanoparticles, encapsulated by graphene sheets, when they encounter with the 

advancing solid/liquid interface at the nanoscale regime were investigated. These 

mechanisms have not been investigated so far, neither in composites fabricated by 

powder preform nor those produced from raw entities. Strengthening mechanisms 

of graphene sheets were also studied to make a bridge between nanostructural 

evolutions brought about due to incorporation of the graphene sheets within the 

aluminium matrix and the enhanced tensile properties of the produced composites. 

Different fabrication routes including the stir-casting, pressure assisted casting 

in the semi-solid state, semi-solid powder forming and the thixoforming processes 

were used in this study for manufacturing aluminium based composites reinforced 

with SiC nanoparticles encapsulated by graphene sheets. To delineate the effect of 

graphene encapsulation on the microstructural and mechanical properties of the 

produced composites, two different types of the SiC nanoparticles including as-

received and graphene encapsulated ones were used as reinforcements. The 

graphene encapsulation of SiC nanoparticles was not limited only to the proposed 

ball milling process, but it was also investigated using a new solvothermal process 

invented in this study. 

1.3 Overview of the Thesis  

This chapter has represented a brief background of metal matrix composites as 

well as a brief discussion regarding the subject areas and objectives which are 

going to be covered in this thesis. An overview of the individual chapters of the 

thesis is also given below. 

Chapter 2 presents the literature review of metal matrix composites in general 

and aluminium matrix composites reinforced with nanoparticles in particular. A 

brief introduction to metal matrix composites encompassing the definition, 

classification, manufacturing processes and properties has been presented, 

targeting mainly the processing routes and mechanical properties of metal matrix 

composites reinforced with nanoparticles and graphene sheets.  

Chapter 3 explains the initial results of manufacturing aluminium matrix 

composites reinforced with SiC nanoparticles using invented graphene 

encapsulating method. These encompass the fabrication of the composite samples, 
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preparation of samples for microstructural and mechanical characterizations with 

emphasis on demonstrating the effect of graphene sheets on alleviating the 

agglomeration of SiC nanoparticles. This chapter has presented some basic 

theories and principles to explain the mechanisms by which graphene 

encapsulation process can disperse SiC nanoparticles uniformly through the 

solidified aluminium matrix.   

Chapter 4 aims at expounding the initiative mechanisms presented in Chapter 3 

for the uniform distribution of SiC nanoparticles based on a new solidification 

model invented in this study. This solidification model demonstrates the effect of 

graphene sheets on manipulating the thermal conductivity of SiC nanoparticles to 

enhance the propensity of these nanoparticles for engulfment within grain 

boundaries rather than agglomerating at grain boundaries. This chapter also 

ascertains the true potential of graphene sheets in enhancing the tensile properties 

of the produced composites from other conventional processing routes. 

Chapter 5 introduces a new process for graphene encapsulation of SiC 

nanoparticles by means of solvo-thermal assisted approach to alleviate the 

inhomogeneity seen in the number of graphene sheets coating SiC nanoparticles to 

enhance the engulfment propensity of these nanoparticles within aluminium matrix 

in the subsequent stir-casting process.   

Chapter 6 suggests a new theoretical approach about the effect of graphene 

sheets on manipulating the Hamaker constant of SiC nanoparticles, prompting the 

engulfment of these particles within advancing solid/liquid interface. 

Chapter 7 presents a new strengthening mechanism devised in this study, 

encompassing the effective strengthening mechanisms coming to practice due to 

incorporation of graphene sheets within aluminium matrix. The micro/nano 

structure of the produced composites was investigated using a high resolution 

TEM to clarify in-details the effect of graphene sheets on producing the thermal-

activated dislocations. 

At the last part of this thesis (Chapter 8), the results achieved in this study are 

summarized and the main conclusions are reviewed. Additionally, some 

suggestions for future studies were presented to delineate some stages that can be 
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elaborated more to expand the investigation into other critical areas in fabrication 

of advanced aluminium metal matrix composites. 
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2 Chapter 2 Literature Review 

2.1 Metal Matrix Composites (MMCs)  

Metal-matrix composites (MMCs) are a hybrid material in which rigid ceramic 

reinforcements are embedded in a ductile metal alloy matrix [4]. They tailor the 

best properties of two different materials, such as ductility and toughness of the 

metallic matrix and the high modulus and strength of ceramic reinforcements. 

Their first application can be traced back to the late 1960s, with the development 

of a steel-wire reinforced copper alloy [30]. The aerospace industry was the first 

one to apply the technology of composite materials to spacecraft components. 

Advanced materials with high mechanical properties are crucial when the working 

environment is extreme and critical, which is predominant in space missions. It 

should be considered that the International Space Station will experience about 

175,000 thermal cycles ranging from +125 °C to -125 °C as it travels in and out of 

the Earth’s shadow. The usage of the aluminium matrix composites (AMCs) were 

specifically expanded for aerospace and defence applications [4]. AMCs 

reinforced with continuous boron fiber were utilized in the Space Shuttle Orbiter 

as the frame; it has also been reported that other applications such as landing gear 

drag link results in 45% reduction in the total weight. The AMCs reinforced with 

graphite was also used as a main part of the antenna boom in the Hubble Space 

Telescope with total length of the 3.6 m, providing the demanded stiffness to 

sustain the position of the antenna during space missions. 

The application of the MMC has been developed extensively in the last 10 

years, attributed to the promising mechanical and physical properties of these 

composites. Fig. 2-1 represents the world usage of MMCs [31]. It has been 

reported that the usage rate of the MMCs is around 5.9% and it is predicted that 

the total consumption of these composites can enhance from 5500 tons related to 

the 2012 to 8200 tons in 2019. This enhancement in the usage of the MMCs in 

industries results in inventing the advanced and novel manufacturing processes at a 

low cost and with high efficiency. It is anticipated that there are more 

developments in production of the MMCs, but the lack in the stability and 

reproducibility of the process, and insufficient economic productivity still 

endanger the production of the advanced MMC for high-tech industries [32]. One 
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of the most promising features in manufacturing the metal matrix composites is 

exploiting the advantage of the constituent materials including matrix and 

reinforcement [15] to meet the specific demands needed for advance applications 

such as aerospace, automobile and electronic industries. A composite can be 

defined as a material made from several constituents intimately bonded together. 

Aluminium is considered as the most common matrix for manufacturing the 

MMCs, attributed to the low density, precipitation strengthening, good corrosion 

resistance, and high thermal and electrical conductivity [20]. There are different 

ceramic particles that can be used as reinforcements in AMCs including TiB2, 

B4C, TiC, WC, BN, ZrO2, but the most common ceramic reinforcements utilized 

are SiC or Al2O3 [33]. AMCs reinforced with ceramic particles represent enhanced 

tensile properties over conventional monolithic materials, such as higher strength, 

stiffness, and weight savings [34, 35]. 

 

Fig. 2-1: The usage trend of MMC [31]. 

Despite this enhanced tensile properties of the AMCs reinforced with ceramic 

particles, these composites suffer significantly from diminished tensile ductility 

and fracture toughness compared to the unreinforced alloys [19], imparting 

significant limitation in structural applications. 
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2.2 MMCs reinforced with nanoparticles  

MMCs reinforced with nanoparticles can be considered as promising alternative 

to prevail over the limitations of MMCs reinforced with micron-sized particles 

[36]. The manufacturing of the MMCs reinforced with nanoparticles, however, is a 

challenging task, attributed to the difficulties in dispersing a uniform distribution 

of the nanoparticles within aluminium matrix [37]. 

In 2004, the American Ceramic Society explained Nanotechnology as “The 

creation, processing, characterization, and utilization of materials, devices, and 

systems with dimensions on the order of 0.1-100 nm, exhibiting novel and 

significantly enhanced physical, chemical, and biological properties, functions, 

phenomena, and processes due to their nanoscale size’’. 

The mechanical, electrical, thermal, optical, electrochemical and catalytic 

properties of the nanocomposite will differ markedly from that of the component 

materials. It has been reported [33] that certain size effects govern the property of 

these materials. 

There is a significant tendency to replace the nanoparticles with other 

discontinuous reinforcing nanofiller such as nano-fibers, nano-wires or nano-

platelets. The most important nanoparticles used in the composites as 

reinforcement are SiC, TiC, WC, TaC, TiB2, AlN, and Al2O3 [33]. MMCs 

reinforced with nanoparticles have different promising properties as follows. 

The significant and unique change of the fracture mode from inter-granular 

fracture related to the monolithic metal to trans-granular fracture mode applicable 

for nanocomposites  

• Enhanced tensile properties  

• Increased fracture toughness  

• Profound enhancement in creep, thermal shock, and wear resistance  

• High stability of structure at high temperatures.  

It has been shown that adding SiC particles to the aluminium matrix can enhance 

the dimensional stability based on the size of the reinforcement. There is a 

significant diminution in temperature sensitivity of aluminium reinforced with 

micro/nano sized SiC particles, but the effect of adding SiC nanoparticles are more 

predominant than the micron ones [4]. 
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It has been also reported by Ren and Chan [38] that the wear resistance of the 

7075 aluminium matrix composites (AMCs) reinforced with SiC nanoparticles can 

be enhanced significantly compared to the ones reinforced with micron-sized SiC 

particles. Additionally, the loading content of the reinforcement needed to enhance 

the mechanical properties of the MMCs reinforced with nanoparticles are 

significantly lower than the one needed for micron-sized particles. For instance, it 

has been reported that adding small percentage (1 vol. %) of Si3N4 (10 nm) into 

the aluminium matrix can enhance the tensile strength to the values significantly 

higher than the ones achieved after incorporation of micron-sized SiC particles 

(3.5 μm) with 15 vol. % loading content, resulted in enhancing the yield strength 

of the nanocomposites compared to the microcomposites [39]. 

It has been approved that there is a threshold size (“critical size”) below that the 

mechanical, electrical, thermal, optical, electrochemical and catalytic properties of 

the nanocomposite can be improved significantly [33]. It should be noted that the 

mechanism by which these nanoparticles can augment these properties remains a 

matter of debate among researchers.  

Previous studies have shown that incorporation of nanoparticles within the 

metallic matrices can bring about a significant enhancement in mechanical 

properties [40-42] compared to those produced using micron-sized particles, 

attributed to the strengthening resulted from dispersion of these particles at 

different load content. For instance, it has been reported that reducing the size of 

the reinforcement to the nanometric scale can result in augmentation of the elastic 

modulus, and yield strength of the produced composites [43]. 

The mechanical properties of composites can be affected principally by the 

nature of bonding between the nanoreinforcemnt and the surrounding matrix. It 

has been generally accepted that the reduction of the size of grains and the 

reinforcements can enhance the mechanical properties such as strength and 

hardness due to increasing the effective barriers inhibiting the movement of 

dislocation through the matrix [44]. This strategy, however, has some drawbacks 

related to the diminution of the ductility and deteriorating high creep rate 

associated with the reduction of the grain size. It has also been approved that the 

mechanical properties of nanocrystalline materials are not very authentic. This is 
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ascribed to the enhancement of the porosity content of these materials due to 

insertion of the microvoids associated with incorporation of nanoparticles within 

the matrix [45]. This enhancement in the porosity of the nanodispersed aluminium 

casting alloys has also been reported by Mahallawi et al.[11].  

Different studies have demonstrated that the mechanical characteristics of 

nanocomposites are significantly related to the uniform distribution of 

nanoparticulates, properties of the nanosized powders, volume fraction of the 

nanoparticulates within the matrix, as shown in Fig. 2-2, and at the grain 

boundaries [32].  

Uniform distribution of the nanoparticles within metallic matrices, however, is a 

challenging task in solid and liquid processing routes. This is related to the high 

propensity of these particles to the agglomeration and other interactive 

phenomena, i.e. as electro-repulsion [42, 46], especially at high volume fractions. 

This, in turn, diminishes the mechanical properties including fracture toughness 

and the elastic modulus. 

 

Fig. 2-2: Normalized fracture toughness with respect to volume fraction variation 
for various nano- size particles [47]. 
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2.3 Aluminium matrix composites (AMCs) reinforced with nanoparticles 

Particulate-reinforced nanocomposites have been extensively employed in the 

automotive industry for their capability to withstand high temperature and pressure 

conditions [14, 33, 37, 48, 49]. Several manufacturing methods have been used to 

fabricate them. Nonhomogeneous particle dispersion and a poor interface bonding 

are the main drawbacks of conventional techniques [3, 50, 51]. Reinforcing 

aluminium matrix with submicron/nano particles confers profound improvement in 

mechanical and physical properties on AMCs [11, 19, 52]. Different studies have 

been concentrated on the manufacturing processes and mechanical properties of 

AMCs reinforced with nanoparticles such as SiC or Al2O3 [53, 54]. 

Tahamtan et al. [55] have utilized mechanical stir mixing to manufacture A206 

nanocomposite reinforced with 5 vol.% Al2O3p. It has been shown that the contact 

angle between aluminium and Al2O3 is around 100º, bringing about a severe 

agglomeration for Al2O3 nanoparticles [56].  

This poor wetting characteristic of Al2O3 nanoparticles stimulates clustering of 

these particles and their floating on the liquid metal surface [57]. To enhance the 

wettability of alumina nanoparticles (100 nm), these particles were ball-milled 

with Mg and Al powders accompanied by cold pressing into disc specimens. Ball-

milled discs were introduced into molten A206 alloy for forming nanocomposite. 

This augments the wettability of ball-milled alumina with molten metal 

significantly, leading to better distribution of nanoparticles in the melt [17]. It was 

also reported by Mazahery et al. [9] that ball milling of Al2O3 nanoparticles (50 

nm) with aluminium particles (16 μm) before incorporation within liquid A356 can 

reduce the agglomeration of these particles.  

It has been reported recently [58] that A356 aluminium based nanocomposites 

can be manufactured using Al2O3 nanoparticles by both stir casting and 

compocasting processes. It has been shown that the Al2O3 nanoparticles can have a 

profound effect for nucleation of aluminium phase, leading to manufacturing 

nanocomposites with nano-sized grains. The result has also corroborated that 

compocasting can enhance wettability of particles and liquid aluminium, resulted 

in refining the grain structure of the produced composites. Compocasting process 

also brings lower porosity content compared with composites produced using stir-
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casting method. The uniform distribution of nanoparticles in A356 aluminium 

based composites, produced using compocasting, was also confirmed by El-

Mahallawi et al. [11]. 

2.4 AMCs reinforced with graphene sheets 

The growing demand for utilizing aluminium in automotive and aerospace 

applications has made AMCs as an important material to be used in the structural 

applications. As mentioned in Section 2.3, the mechanical properties of the AMCs 

can be significantly improved due to implementation of the nanoparticles within 

the aluminium matrix. Based on this, carbon nanotubes (CNTs) have demonstrated 

a great promise as reinforcement in AMCs as a conventional material to study in 

metal carbon composites [22]. Following this, graphene has received significant 

attention recently as a novel reinforcement in composites [27, 28], attributed to 

high mechanical properties, Young’s modulus, electrical and thermal conductivity 

of graphene sheets [59]. Although most studied have focused on improving the 

mechanical properties of the polymer matrixes [60], there are few studies 

considering utilization of graphene sheets in metal matrixes [29, 61]. This is 

ascribed to the difficulties in uniform distribution of graphene sheets within metal 

matrices and potential chemical reactions at the interface of graphene sheets and 

aluminium [28], deteriorating the mechanical, thermal and electrical properties of 

the produced composites. Based on this, some studies have shown the profound 

effect of graphene sheets in improving the mechanical properties [61], while other 

researches have represented diminished tensile properties as a result of graphene 

incorporation [27]. These differences are attributed to the quality of dispersion, 

manufacturing process, and chemical reactions at the interface of graphene sheets 

and aluminium matrix. 

Utilizing graphene sheets in improving the mechanical properties of the metal 

matrix composites produced by different manufacturing processes requires 

generating a homogeneous dispersion of the graphene sheets within the metal 

matrix. It has been shown that the powder metallurgy routes can be an appropriate 

route for uniform dispersion of nanoparticles [62, 63]. For example, Wang et al. 

[61] has suggested powder metallurgy route accomplished using flake metallurgy 
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as an effective route to disperse graphene sheets within aluminium matrix. This is 

resulted in enhancing the tensile properties of aluminium based composites. The 

invented fabrication route, however, was not highly successful in imparting 

enhanced tensile properties to the produced composites, attributed to the 

nonuniform distribution of the graphene sheets within the matrix. 

Regarding chemical reactions at the interface of graphene sheets and aluminium 

matrix, Bastwros et al. [21] has claimed that the enhancement in the tensile 

properties of the Al6061 aluminium alloy can be related to the formation of 

graphene sheets or aluminium carbide within the matrix. 

2.5 Uniform distribution of nanoparticles in MMCs 

One of the key challenges in manufacturing MMCs is the uniform distribution of 

nanoparticles in the matrix of the MMCs. It has been established before that the 

mechanical characteristics of AMCs are mainly related to the distribution of 

nanoparticles. In fact, nonuniform dispersion of particles, i.e. agglomeration, can 

significantly deteriorate mechanical properties and especially the ductility and 

fracture toughness [64]. The main problem encountered in MMCs processing is 

the agglomeration of the nanoparticles during liquid holding or during casting. 

This is attributed to the density differences between the nano particles and the 

matrix alloy melt. The dispersion of nanoparticles can be affected by several stages 

during liquid processing including (a) dispersion in the liquid due to mixing, (b) 

distribution in the liquid after mixing, but before solidification, and (c) 

redispersing as a result of solidification [65]. 

The mechanical mixer utilized during liquid stirring, the liquid temperature, and 

the type, amount and nature of the nanoparticles are some of the main parameters. 

These parameters should be considered when analysing the agglomeration of 

nanoparticles in manufacturing processes. This is especially important in 

mechanical mixing methods for dispersion of nanoparticles in the liquid. It has 

also been approved that the uniform distribution of the nanoparticles in a matrix is 

also affected by pouring rate, pouring temperature and gating systems [65].  

 The AMCs can be manufactured by different production methods including 

liquid processing (such as stir casting) and solid-phase processing (such as powder 
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metallurgy), which are discussed in details in the next section. It has been 

approved that liquid processing has some important advantages such as better 

matrix-particle bonding, ability to tailor the matrix structure, simplicity, low cost 

of processing and nearer net shape [66, 67] in comparison with solid state 

processes such as powder metallurgy [68]. The liquid state manufacturing routes, 

however, suffer from two main problems including diminished wettability of 

nanoparticles in most liquids, and secondly the nanoparticles are more susceptible 

to sink or float based on their density. This restricts the achievement of the 

uniform distribution of these particles within the matrix. This, in contrast, is not 

the case in the solid state processes such as powder metallurgy [69], representing 

the significant effect of manufacturing method on the distribution of nanoparticles.  

From solidification stand point, particle pushing during solidification can also 

result in the agglomeration of the particles in the intergranular and interdendritic 

areas of the matrix [70]. For example, when the matrix alloy follows the dendritic 

solidification, the dendritic regions in the solidifying matrix will have a significant 

effect on the particle dispersion after solidification [23]. It has also been found that 

adding inoculating agents can manipulate the solidification mechanism of Ali-Si 

alloys to promote the fine grained microstructure. This facilitates uniform 

dispersion of nanoparticles within the intergranular sections of the dendritic 

structure [65]. This, in turn, can also improve the dispersion of eutectic, the 

intermetallic and the shrinkage porosity produced in the last freezing zones of the 

solidified matrix. 

During manufacturing of the cast AMCs, it has been realized that generation of 

the dendritic structures can promote agglomeration of particles. Developing fine 

dendrite or regular globular primary phase during solidification, however, can 

significantly stimulate the engulfment of particles within the solidifying matrix 

[65]. This demonstrates the importance of novel manufacturing routes to develop 

formation of the fine grains. This is resulted in diminishing the heterogeneity of 

the reinforcement dispersion in the solidified matrix to enhance the tensile 

properties of the AMCs. 
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2.6 Engulfment or pushing of particles during solidification 

The interaction between the particles and the interface is of interest. This is 

related to its significance on different systems such as determining particle 

distribution in MMCs reinforced with ceramic particles, growth of monotectics 

[71], formation of segregated inclusions during casting [72] and emulsion of 

organic cell suspensions in ice in cryobiology [73]. 

In particular as mentioned in the last section, dispersion of particles in MMCs is 

one of the important microstructural aspects of the MMCs. This affects the 

mechanical and physical properties of the MMCs produced by liquid processing 

such as stir casting process and solid state processing such as powder metallurgy.  

In general, the particles can be uniformly dispersed within solidifying matrix, 

rendering improved mechanical properties, or agglomerated along grain 

boundaries. As a result, it causes to diminish mechanical properties especially 

ductility [64]. This is, therefore, vital to determine the parameters that can 

stimulate the uniform dispersion of particles, i.e. engulfment, within advancing 

solid/liquid interface or pushing them to the interdendritic regions, i.e. 

agglomeration, during solidification.  Different studies, therefore, have been 

concentrated on investigating the interactions between solid/liquid interfaces 

during solidification [74-76].  

It has been proved by the kinetic models that engulfment or pushing of particles 

can be determined by the critical velocity of the interface [70]. In fact, if the 

velocity of advancing solid/liquid interface is bigger than the critical velocity, the 

particles can be engulfed within the matrix. On the other hand, if the velocity of 

advancing solid/liquid interface is lower than the critical velocity, the particles will 

be pushed away from moving interface. This results in their agglomeration at grain 

boundaries. 

Thermodynamic models [77] suggest calculation of the thermodynamic free 

energy change during engulfment of the particle by the advancing solid/liquid 

interface when the interface velocities are very small. Thermophysical models [78-

80] consider the ratio between thermal conductivity of the particles and liquid as 

an important factor to determine the engulfment or pushing of the particles from 

advancing solid/liquid interface. According to these models, the interface has this 
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propensity to have convex shape when it approaches to the particles with a thermal 

conductivity lower than the melt, prompting pushing or agglomeration of them at 

grain boundaries [81]. Particles with thermal conductivity higher than the liquid, 

however, stimulate the concave shape in the advancing solid/liquid interface, 

resulting in capturing or engulfment of these particles within advancing 

solid/liquid interface.  

2.7 Graphene/nanoparticles interactions: A road map to manufacture 
composites with exceptional properties  

The implementation of nanoparticles in manufacturing nanocomposites with 

enhanced mechanical properties has been established fully before [52, 82]. The 

exceptional characteristics of graphene can bring about new frontiers in exploiting 

the extraordinary properties of nanoparticles. This can be realised by synergistic 

effects of graphene and nanoparticles on different composites such as metal, 

ceramic and polymer based composites. 

It has been reported that different nanoparticles of metals, metal oxides and 

semiconducting materials have been decorated on 2-D structure of graphene [83, 

84], resulting in superior properties in the produced composite. 

It should be also noted that the nanoparticles are directly deposited on the 

graphene sheets by considering this fact that no molecular bonds are required to 

connect the nanoparticles and the graphene. This is diminishing the detrimental 

effect of these particles on the host graphene substrate. This, therefore, results in 

providing an appropriate room for deposition of nanoparticles on the graphene 

sheets to render novel functionalities not only to the graphene sheets but also to the 

deposited nanoparticles for different applications such as catalytic [85], energy 

storage, photo catalytic, sensor, and optoelectronics applications [59]. 

As shown in Fig. 2-3, the deposition of nanoparticles, such as TiO2, on the 

surface of reduced-graphene oxide (RGO) sheets can be considered as a practical 

approach to produce composites with synergic properties of nanoparticles and 

graphene sheets.  

The TEM picture shown in Fig. 2-3 represents formation of the composite by 

combination of similar stacked RGO sheets associated with a higher density of 

TiO2 on the RGO sheets. This picture shows the anchoring capacity of reduced-
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graphene oxide in deagglomeration of TiO2 nanoparticles.  Investigation of the 

lattice spacing extracted from the TiO2/ RGO demonstrated in Fig. 2-3B revealed 

periodicities of 2.12 Å (Fig. 2-3C) and 2.35 Å (Fig. 2-3D) from different locations 

on the composite [85].  

 

Fig. 2-3: TEM images of the experimental work conducted for production of TiO2/ 
RGO composite with synergic effects of metal oxides and RGO [85]. 

In this case, this approach aims at using mixed properties of graphene and metal 

oxides as active materials to enhance the ability to store the electrochemical 

energy, and to diminish or even eliminate the present technical challenges. These 

challenges generally are generated in each separate component of graphene and 

metal oxides as active materials to manufacture the electrodes. In fact, the 

graphene sheets in the produced composite facilitate chemical functionality and 

compatibility for distributing the metal oxides uniformly within the composite. 

The metal oxide component, on the other hand, produces high capacity to store the 

electrochemical energy based on its structure, size and crystallinity.  
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This unique functionality of graphene sheets in diminishing the agglomeration 

of metal oxides, however, has not been reported to be used for alleviating the 

agglomeration of nanoparticles in metal matrix composites so far. Additionally, as 

mentioned in Section 2.6, nanoparticles with higher thermal conductivity than the 

liquid matrix have higher propensity to be engulfed within advancing solid/liquid 

aluminium rather than being agglomerated at grain boundaries.  

As mentioned in Sections 2-2 and 2-5, uniform distribution of nanoparticles 

during manufacturing process of MMCs is a challenging task [5, 7, 20, 29, 36, 37, 

50, 53, 54, 74, 86-94], restricting widespread applications of these composites. On 

the other hand, according to the literature review conducted in Sections 2-4 to 2-7, 

it has been revealed that production of composites with possible interactions of 

nanoparticles and graphene sheets can be an excellent strategy for enhancing the 

propensity of these particles to be engulfed within advancing solid/liquid 

aluminium. Our studies, however, have shown that there is no research on 

exploiting the superior thermal conductivity of graphene sheets for improving the 

uniform distribution of nanoparticles by augmenting the tendency of them for 

engulfment in MMCs.  

2.8 Manufacturing processes of AMCs 

As shown in Fig. 2-4, there are different manufacturing routes for production of 

aluminium matrix composites including: (1) solid state; (2) liquid state and (3) 

deposition processes [95]. Solid-state processes can be used when the high 

mechanical properties needed for AMCs, ascribed to diminishing the segregation 

effects and products formed as a result of brittle reaction which are common in the 

parts manufactured using liquid state process [35]. The liquid state processing 

methods are considered due to the lower processing price and flexibility in 

handling and the ability to manufacture different shapes using the conventional 

casting methods. 

These methods, however, are suffering from rigorous adjustments needed to 

control the processing parameters and formation of undesirable chemical products 

at the interface between aluminium and reinforcing materials [35].   
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Fig. 2-4: Manufacturing processes of the metal matrix composites [96]. 

The deposition processes for production of MMCs, however, demonstrate ultra-

fine grain size and diminished segregation for the matrix. The disadvantages 

related to these methods can be classified as high processing cost and limitation in 

manufacturing the complex parts. 

Based on the aforementioned classification for manufacturing processes of the 

AMCs reinforced with nanoparticles, different producing routes have been 

introduced encompassing the ultrasonic assisted casting [20], nano-sintering, 

powder metallurgy [97], high energy ball milling [98], friction stir process [29] 

where agglomeration of the reinforcing nanoparticles can bring about significant 

changes in microstructure of produced composites such as enhancing the grain 

growth and porosity. This can significantly deteriorate the mechanical properties. 
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Based on this, it is a challenging task to diminish the agglomeration of 

nanoparticles to retain the augmented mechanical properties during fabrication 

process [3, 65, 86], necessitating further investigation to control the 

microstructures under various processing conditions. Table 2-1 shows the 

advantages and limitations associated with different processing routes used for 

fabrication of metal matrix composites [91]. Mechanical alloying (MA) invented 

in 1970s is considered as a processing route for uniform dispersion of reinforcing 

particulates within another material called matrix. Since then, different studies 

have been done to use  the  MA  method  for  preparing  numerous  advanced  

engineering  materials including amorphous alloys [99], structured metal nitrides 

[100], and metal hydrides and metal carbides [101]. Ball milling process, however, 

has demonstrated a good capability in producing metal matrix composites such as 

Al/SiC composite with a good distribution of SiC nanoparticulates in the 

aluminium matrix [102].  

 Kang and Chang [36] has used the MA process for producing the aluminium 

composite reinforced with micron/nano-sized SiC particles using different load 

contents of SiC particles varied between 0 to 7%. They have shown that by using 

SiC nanoparticles as reinforcement, the maximum tensile yield strength (175MPa) 

can be achieved at loading content close to 4%, while the tensile elongation 

diminishes from 25% to 7% related to the composites reinforced with 7% volume 

fraction of these nanoparticles (Fig. 2-5(b)). They came to this conclusion that the 

maximum enhancement in tensile properties can be achieved at loading content of 

SiC nanoparticles close to 4%, related to the strengthening effect of SiC 

nanoparticles in enhancing the dislocation density, as shown in Fig. 2-6(a), but 

increasing the loading content more than this threshold value can result in 

deterioration of the tensile properties attributed to the agglomeration of these 

particles at grain boundaries, as shown in Fig. 2-6(b).  

Compared with MA, liquid based processing, encompassing the stirring of 

ceramic particles into melts, can be considered as a promising manufacturing route 

in manufacturing metal matrix composites. 
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Table 2-1: Advantages and limitations of different manufacturing processes for 
aluminium matrix composites [91]. 
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Fig. 2-5 (a) TEM image of the aluminium based composite reinforced with 4 vol. 
% Al2O3 nanoparticles, and (b) mechanical properties of the produced composites 

based on the different SiC loading contents [36]. 

 

 

  

 

 

 

 

 

 

Fig. 2-6: (a) TEM images representing the distribution of the Al2O3 nanoparticles 
and dislocation structure for the loading content of around 2% after tensile test, 
and (b) TEM picture of aluminium based composites reinforced with 5% vol. 

Al2O3 nanoparticles representing the agglomeration of particulates on the grain 
boundary [36]. 

This is of interest due to some beneficial effects including perfect bonding 

between the matrix and particle, simple controlling the matrix structure, simplicity, 

low processing cost for production of different materials at various processing 

conditions compared to other processing routes [9]. 

a b

a b
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It has been shown that the liquid based fabrication methods can be used for 

production of the aluminium matrix composites reinforced with SiC particles. 

However, the large discrepancy between the thermal expansion coefficients of SiC 

particles and the aluminium matrix associated with poor wettability between liquid 

aluminium, and these particles are key challenges in production of these 

composites [101].  

These problems can be escalated due to the formation of detrimental products as 

a result of undesirable reaction between SiC particles and liquid aluminium in the 

form of brittle aluminium carbide phases (Al4C3) [25]. Schultz et al. [103] has 

demonstrated the implementation of reactive wetting associated with stir mixing to 

distribute the nanoparticles within liquid metal for Al–Cu–Mg composites 

reinforced with nanoalumina particles and were produced using gravity and 

squeeze casting. Achieved results have shown that the utilization of reactive 

wetting for Al2O3 nanoparticles as reinforcement for Al–Cu–Mg alloys 

accompanied by stir mixing can significantly enhance the hardness of gravity cast 

specimens. This is happening if the reaction between the reinforcement and the 

matrix can be in the on-going or completed status at the time of solidification. It 

has been suggested that a small amount of clustering can bring about particle 

engulfment and Orowan strengthening, but enhancing the formation of clusters can 

result in particle pushing and grain refinement strengthening that can be explained 

based on the Hall–Petch relation.  

It has been demonstrated by TEM analysis (Fig. 2-7) that squeeze cast sample 

represents the formation of isolated particles within the grains rather than at grain 

boundaries. This represents that the higher solidification rate of squeeze casting 

can result in particle pushing, thereby stimulating engulfment of larger particles 

compared to the gravity cast samples [103]. As shown in Fig. 2-7(b), the 

segregated intermetallic phase, which is rich in copper with small amounts of Ni, 

Fe and Al, is more susceptible to be segregated at grain boundaries rather than 

grain interiors. This study has approved that the squeeze casting process can be 

considered as a reliable process to stimulate the engulfment of nanoparticles within 

solidifying matrix, but this study has not reported any fundamental relationship 

http://www.sciencedirect.com/science/article/pii/S0921509311010021
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between the effects of squeeze casting process and the nanoparticles engulfment 

during solidification. 

 

             

 

 

 

 

 

 

 

 

Fig. 2-7: TEM pictures representing (a) the squeeze cast Al–Mg composites 
reinforced with 5 wt. %Mg–2.5 wt%Al2O3np after 5 min stirring, and (b) 

intermetallic phase solidified at triple juncture point of (a) [103]. 

AMCs reinforced with nanoparticles also suffer from the agglomeration of 

nanoparticles which is the common problem associated with manufacturing 

process especially liquid based methods such as stir casting [74]. Hashmi et al. 

[74] have shown that this is related to the large surface-to-volume ratio and low 

wettability of nanoparticles in most liquid metals, preventing these nanoparticles to 

be dispersed uniformly during most liquid state process such as stir casting [20, 

104].   

Different approaches have been utilized to disperse nanoparticles into aluminium 

matrix using liquid based methods. For instance, ultrasonic technique was 

implemented for dispersion of nanoparticles such as Al2O3 nanoparticulates [105], 

hybrid SiC and B4C [106]. It has been reported [93] that casting process using 

ultrasonic waves has this ability to produce some cavitation in the liquid metals, 

thereby effectively dispersing SiC nanoparticles into magnesium and A356 

aluminium alloy to produce high performance metal matrix composites.  

a b
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Fig. 2-8: Tensile properties of A356 aluminium alloy reinforced with SiC 
nanoparticles [93]. 

As shown in Fig. 2-8, Yang et al. [93] have shown that the low volume fraction of 

SiC nanoparticles (2%) can be dispersed uniformly within aluminium matrix, 

resulting in improving the tensile yield strength of the produced composite by 

about 50%. The achieved mechanical properties outperform those obtained from 

those composites produced using the same fraction of micron-sized SiC particles. 

The ultrasonic fabrication method, however, is not applicable when large-volume 
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AMCs, fortified with nanoparticles, are needed due to high possibility of particle 

clustering. 

Semi-solid processes (SSP) has been demonstrated as an effective manufacturing 

route in manufacturing AMCs reinforced with micron-sized ceramic particles 

[107, 108], and can also be considered as a promising manufacturing route to 

distribute nanoparticles within solidified aluminium matrix. This is attributed to 

the supporting role of matrix solid particles in confinement of nanoparticles during 

semi-solid processes [109, 110].  

Most researches have focused on investigating the mechanical properties of the 

AMCs produced using semi-solid processing reinforced mainly with micro-sized 

particles [111, 112]. The AMCs fortified with nanoparticles, however, are 

receiving more attention as alternative composites used in different industries such 

as automobile, aerospace and electronics, attributed to the enhanced mechanical 

properties of these composites.  

Jiang et al. [113] have demonstrated the effectiveness of the rheocasting process 

on enhancing the mechanical properties of the 7075 aluminium alloy reinforced 

with SiC nanoparticles (0.5-1%) composites. It has been shown that the tensile 

yield strength and ultimate strength of composite produced by rheoforming 

process were enhanced compared with those produced using extrusion and the 

rheoforming process. It has been demonstrated that by increasing the stirring time 

from 5 min to 20 min, the tensile properties of the produced composites were 

enhanced attributed to the reduced grain size generated after this, as shown in Fig. 

2-9.  

It was also reported by Jiang et al. [113] that the pressure applied during 

rheocasting process can significantly enhance the mechanical properties of the 

produced composites, attributed to the diminished porosity due to the application 

of the pressure and also strengthening stemmed from dislocations. Additionally, 

mechanical properties have been enhanced due to the increase of the SiC 

nanoparticles loading content from 0.5% to 1%, but it has been reported that 

further enhancement of the loading content of SiC nanoparticles diminishes the 

tensile properties. 
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Fig. 2-9: Micrograph of the rheoformed 7075 AMCs reinforced with SiC 
nanoparticles after stirring times of (a) 5 min and (b) 10 min [113]. 

Despite the growing demand for AMCs, there are few studies on manufacturing 

AMCs reinforced with nanoparticles using semi-solid processing in the literatures. 

This is, therefore, essential to implement more studies to develop the existing 

manufacturing routes to produce less expensive but high performance AMCs 

reinforced with nanoparticles for different applications. 

2.9 Strengthening mechanisms of MMCs reinforced with nanoparticles 

The high mechanical properties of MMCs reinforced with nanoparticles are 

attributed to the several strengthening mechanisms contributing in enhancing the 

tensile strength. These mechanisms include load transfer effect, Hall-Petch 

strengthening, Orowan strengthening, thermally activated dislocation generated 

due to the considerable difference between coefficient of thermal expansion (CTE) 

and elastic modulus (EM) mismatch between the particles and the matrix leading 

to generating the geometrically necessary dislocations (GNDs) [36, 114]. 

2.9.1.1 Load Transfer Effect 

It has been approved that the loads transfer from the matrix material, i.e. ductile 

component, to the reinforcements, i.e. hard and rigid component, can contribute in 

strengthening of the based material. A modified Shear Lag model proposed by 

Nardone and Prewo [115] is usually utilized to anticipate the effect of load bearing 

in strengthening ascribed to the load transfer from particulate to the matrix phase 

[116]: 

a) b) 
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∆σl = ϑpσm �
(l+t)A
4l

�         (2-1) 

where  ϑp is the volume fraction of the particles, σm is the yield strength of the 

unreinforced matrix, l and t are the size of the particulate parallel and 

perpendicular to the loading direction, respectively. Eq. (2-1) can be replaced with 

the following equation for particulate reinforcements. 

∆σl = 1
2
ϑpσm          (2-2)  

2.9.1.2 Hall-Petch Strengthening 

It was reported that the grain size can exert a strong influence on the tensile 

strength of the materials, attributed to the effect of grain boundaries on blocking 

the movement of dislocation trough the materials. This is ascribed to existence of 

the grains with the different orientation and considerable disorder aspect of these 

regions compared to other sections of the material, inhibiting the movement of 

dislocations in determined slip planes [117]. It has been shown that incorporation 

of nanoparticles within the metal matrices can significantly stimulate drop in the 

grain size of the matrix during milling process [53]. It has also demonstrated that 

the change of the reinforcement content in the Al–SiC nanocomposite powders is 

found to have significant influence on the crystallite size of the matrix after 

planetary milling [118]. 

The strength can be related to the average grain size using Eq. (2-3). 

∆σH−P = Ky
√d

          (2-2) 

where Ky stands for the strengthening coefficient attributed to the characteristic 

constant of each material. It has been asserted that the nanoparticles have a strong 

efficacy in controlling the grain growth of the AMMCs during fabrication process 

due to significant interplay of them with grain boundaries as pinning points, 

thereby harnessing the grain growth effectively.  

It has been clarified that the enhancing the ϑp  (volume fraction) and the 

diminishing the dp (particle diameter) can result in manifestation of the finer 

structure, as theoretically modeled by the Zener equation [119]: 

dm = 4αdp
3ϑp

          (2-3) 
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where α is a proportional constant. 

2.9.1.3 Orowan Strengthening 

The main concept of the Orowan strengthening is defined as a stress that must be 

imposed to force a dislocation to by-pass an obstacle, i.e. particulate, which can 

also be considered as the resistance of distributed particles in the matrix to the 

passing of dislocations. When there are micron-sized particulates and therefore the 

inter-particle spacing is large, the Orowan effect does not have a strong 

contribution in strengthening [120]. In contrast, the Orowan strengthening plays an 

important role when there are significant amount of the well-dispersed 

nanoparticles within the matrix of composite [121, 122]. This, in turn, enhances 

the resistance to the creep and thermal stability even when the loading content of 

nanoparticles are small (vol.<1%), attributed to the bowing needed for dislocations 

to bypass the nanoparticles that can be asserted by the TEM observation, 

disclosing the strong dislocation bowing and tangling around the distributed 

particles [116, 123]. Chen at al. [116] have shown profound effect of nanoparticles 

in strengthening the metal matrices based on difference in the coefficients of 

thermal expansion between 

the matrix and reinforcing particles and more importantly the Orowan 

strengthening mechanism. They have demonstrated that the relative contribution of 

Orowan strengthening effect increases with decreasing size of nanoparticles. 

The Orowan effect can be defined by the following expression [117]: 

∆σOrowan = 0.13bG

dp( �12ϑp
3

−1)
ln (dp

2b
)       (2-4) 

where b is the Burger’s vector, and G is the matrix shear modulus, ϑp is the 

volume fraction percentage of the particulate and dP is the particulate diameter. 

2.9.1.4 Thermally-activated Dislocation Strengthening 

The mismatch in coefficient of thermal expansion (CTE) between the particles 

and the metal matrix surrounding the particles can result in generation of 

thermally-activated dislocation during cooling of the composites to accommodate 

the stresses produced due to this mismatch in CTE. The density of thermally-
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activated dislocation produced due to CTE mismatch can be calculated using the 

following expression [119]:   

ρCTE = AΔαΔTϑp
bdp(1−ϑp)

          (2-5) 

where A is a geometric constant, Δα is the difference in CTE, and ΔT is the 

difference between test and processing or heat treatment temperatures, b is the 

burger vector of the matrix and ϑp is the volume fraction percentage of the 

particulate. The Taylor equation [124] can be used to calculate the strengthening 

brought about due to thermally-activated dislocation as follows:  

∆σCTE = √3βGb�ρCTE        (2-6)  

where β is a constant, G is the shear modulus of the matrix, b is the value of burger 

vector of the matrix. 

2.9.1.5 Geometrically Necessary Dislocations Strengthening 

The mismatch between the elastic modulus (EM) of the particles and the 

surrounding matrix can generate the geometrically necessary dislocations during 

deformation process to accommodate the mismatch stresses. The density of GNDs 

can be calculated using Eq. (2-7), where ε is the strain generated during 

deformation [124].  

ρEM = 6ϑp
πdp

3 ε          (2-7) 

The strengthening generated due to the formation of GNDs can be calculated using 

Eq. (2-8).  

∆σGNDs = √3βGb�ρGNDs        (2-8) 
The final strength of the produced composite (σc) as a result of aforementioned 

strengthening mechanisms can be calculated by summing the noted strengthening 

values to the single strengthening effects, Δσi, added to the principal yield strength 

of the unreinforced matrix (σm), as follows: 

σc = σm + ∑ ∆σii          (2-9) 

  There are different approaches to estimate the resulted strength from above 

mentioned strengthening contributors considering the superposition of the noted 

strengthening [116, 125]. A simple method (Eq. (2-10)) [125] represents 
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estimation of the final tensile properties of the composite by summing the root of 

the squares related to the each strengthening contributors, as: 

σc = σm + �∑ ∆σii
2        (2-10) 

Zhang and Chen [116, 126] have proposed another common approach 

considering the Orowan strengthening mechanism, thermally-activated dislocation 

strengthening, and load-bearing effect: 

σc = �1 + 0.5ϑp� (σm + A + B + AB
σm

)     (2-11) 

where A represents the CTE mismatch, and B is the coefficient demonstrates the 

Orowan effect: 

A = 1.25Gb�
12ϑp∆α∆T
bdp(1−ϑp)

       (2-12) 

B =  0.13Gb

dp �( 1
2ϑp

)1/3−1�
 ln dP

2b
       (2-13) 

Few studies can be found in the literature that principally investigated the 

strengthening mechanisms of metal matrix composites reinforced with graphene 

sheets to generate the general strengthening model. This shortage does not provide 

a comprehensive assessment and comparison of the suggested models, resulted in 

simple presentation of the results without any in-depth investigation of the results. 

It has been reported by Gupta et al. [127] that the limited formation of aluminium 

carbide (Al4C3) at the interface of reinforcement and matrix can play an important 

role in strengthening the matrix. Ci et al. [128] have also shown that the presence 

of small amount of carbide at the interface of the CNT and matrix can improve the 

interfacial bonding. Accordingly, due to the high possibility for formation of Al4C3 

at the interface of graphene sheets and aluminium matrix, the effect of formation 

of Al4C3 in strengthening the aluminium matrix in this PhD thesis needs also to be 

considered carefully.   

 Fig. 2-10 [129] represents the efficacy of all strengthening contributors and the 

produced strengthening calculated based on Eq. (2-11) related to adding a 2 wt.% 

Al2O3 into the aluminium matrix manufactured at 400 °C, indicating the proposed 

strengthening model is consistent with experimental data. As shown in Fig. 2-10, 

thermally-activated dislocation and Orowan strengthening mechanisms are 

prevalent compared to other strengthening mechanisms, especially for 
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nanoparticles with size lower than 50 nm. As the loading content of nanoparticles 

reinforcing the MMCs is limited to the small percentage to diminish the 

determinate effect of these reinforcements on the electrical and thermal 

conductivity, very small contribution from load transfer is expected. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-10: Effect of different strengthening mechanisms and final strengthening 
enhancement produced by adding 2 wt.% Al2O3 into the aluminium matrix [129]. 

2.10 Conclusions 

The attainment of superior enhancement in strength and ductility for aluminium 

matrix alloys reinforced with nanoparticles is very crucial in most industrial 

applications. According to the literature studies conducted in this chapter, 

manufacturing aluminium matrix composites with solid or liquid states processing 

methods usually results in agglomeration of nanoparticles due to their higher 

surface-to-volume ratio and the lower wettability in most metallic melt. This, in 

turn, deteriorates the mechanical properties of these composites, attributed to 

providing easy path for rapid movement of cracks trough the grain boundaries 

occupied with agglomerated nanoparticles, pushed away from solidification front. 

Studies have shown the profound potential of graphene sheets in manipulating the 

physical properties and most specifically agglomeration of oxide metals to 

enhance the ability of these composites for storing the electrochemical energy. 

This has opened a new window in implementation of graphene sheets on ceramic 
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nanoparticles to diminish their propensity for agglomeration, thereby prompting 

uniform distribution of them within metal matrix of the produced composites. This 

idea was also supported by reviewing the research implemented on solidification 

behaviour of nanoparticles, demonstrating the higher propensity of the particles 

with high thermal conductivity to be engulfed within solidifying matrix. Based on 

the aforementioned results achieved from reviewing the different studies, this 

study aims at exploiting the exception properties of graphene sheets to manipulate 

the physical and chemical properties of nanoparticles. It is expected that this 

manipulation can enhance the tendency of these particles for engulfment within 

aluminium matrix, thereby augmenting the uniform distribution of these 

nanoparticles in the matrix. The successful implementation of this manufacturing 

strategy can solve an open issue in fabrication of the metal matrix composites by 

simultaneous enhancement of the tensile ductility and strength, which is believed 

that they are mutually exclusive due to severe agglomeration of nanoparticles in 

the most suggested manufacturing routes.   
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3 Chapter 3 Enhanced tensile properties of aluminium matrix composites 

reinforced with graphene encapsulated SiC nanoparticles  

3.1 Statement 

Due to a high propensity of nano-particles to agglomerate, making aluminium 

matrix composites with a uniform dispersion of the nano-particles using liquid 

routes is an exceptionally difficult task. This chapter represents results of the initial 

investigation implemented at the beginning of this PhD study to analyse the 

feasibility of incorporating of graphene sheets within aluminium matrix to 

diminish the agglomeration of nanoparticles by encapsulating SiC nanoparticles 

using graphene sheets during ball milling. The main facilities used to produce the 

composites are Fritsch Pulverisette P5 planetary ball milling machine for 

manufacturing composite powder and stir casting machine to fabricate the casting 

samples. The microstructural investigation was implemented making use of a 

Philips CM200 TEM at an accelerating voltage of 200 kV and Field Emission 

Scanning Electron Microscopy (FE-SEM) performed in a HITACHI S4160 and 

JEOL JSM-7500FA.  

Regarding experimental procedure used in this chapter to fabricate the final 

composites, the milled mixture was incorporated into A356 molten alloy using 

non-contact ultrasonic vibration method. Two different shapes for graphene sheets 

were characterised usinghigh resolution TEM, including onion-like shells 

encapsulating SiC particles and disk-shaped graphene nanosheets. Tensile tests 

showed 45% and 84% improvement in yield strength and tensile ductility, 

respectively. The former was ascribed to the Orowan strengthening mechanism, 

while the latter is due primarily to the fiber pull-out mechanism, brought about by 

the alteration of the solidification mechanism from particle pushing to particle 

engulfment during solidification as a consequence of high thermal conductive 

graphene sheets encapsulating SiC particles. The next chapters are going to 

elaborate the results provided in this chapter by revealing the main mechanisms 

involved in solidification, strengthening and incorporation of SiC nanoparticles 

encapsulated by graphene sheets. 
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4 Chapter 4 Graphene sheets encapsulating SiC nanoparticles: A roadmap 

towards enhancing tensile ductility of metal matrix composites  

4.1 Statement 

This chapter aims to investigate the solidification mechanism coming into 

practice during incorporation of SiC nanoparticles encapsulated by graphene 

sheets within advancing solid/liquid interface. To this end, a new solidification 

model taking into account the alteration of the solidification mechanism from 

particle pushing to particle engulfment, making use of at least 40% enhancement 

in higher thermal conductivity and diminished repelling forces of SiC 

nanoparticles tuned by encapsulating graphene sheets was suggested.  

Regarding experimental procedure implemented in this chapter, β-SiC 

nanoparticles were well dispersed in a matrix of aluminium making use of 

encapsulation capacity of graphene sheets during ball milling process, semi-solid 

stirring of the aluminium melt, ultrasonic treatment, and pressure application 

during solidification. Tensile tests have shown that this nanostructure manipulation 

can make about 350% and 258% enhancement in yield strength and tensile 

ductility, respectively, compared to that of unreinforced aluminum alloy. 

Fractographic experiments also disclosed a dimple fracture surface for the semi-

solid-processed aluminium matrix composite reinforced by the nanoparticles that 

were encapsulated by graphene sheets using ball-milling process compared with 

the cleavage fracture surface of those fortified without the application of graphene. 

To achieve a more intuitive understanding of strengthening mechanisms of 

graphene sheets within aluminium matrix, which is not covered by Chapter 3, this 

chapter will present a novel analytical model demonstrating the significant effect 

of thermal activated dislocation in strengthening due to considerable mismatch 

between thermal expansion coefficient of graphene sheets and aluminium matrix.  
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5 Chapter 5 Solvothermal-assisted graphene encapsulation of SiC 

nanoparticles: A new horizon toward toughening aluminium matrix 

nanocomposites 

5.1 Statement 

Due to the uncontrolled nature of ball milling process on number of graphene 

sheets encapsulating SiC nanoparticles and some evidence of having SiC 

nanoparticles without any graphene sheets wrapping around them in the produced 

composites, discussed in Chapters 3 and 4, this chapter presents an innovative 

fabrication route to diminish the agglomeration of SiC nanoparticles using 

graphene encapsulating method stimulated by a solvothermal process. This study 

has showed that the solvothermal process is a process that can be controlled by 

adjusting the process parameters such as temperature and gas flow, but controlling 

the phenomena happening in the milling process is difficult, resulting in 

nonuniform formation of graphene sheets wrapping SiC nanoparticles. 

In the case of the experimental procedure utilized in this chapter, the SiC 

nanoparticles, wrapped by graphene sheets using the solvothermal process, were 

incorporated into A357 molten alloy using a liquid processing route. To have a 

better insight about the effect of graphene sheets on the distribution of SiC 

nanoparticles in the produced composites, high resolution transmission electron 

microscopy (HRTEM) was implemented, showing uniform distribution of SiC 

nanoparticles wrapped by onion-liked graphene shells within the matrix of 

composite. Tensile tests have demonstrated that tweaking the nanostructure of the 

aluminium metal matrix composites can bring about 273% and 400% 

augmentation in yield strength and tensile ductility, respectively, compared to the 

unreinforced one. This is attributed to the manipulation of solidification 

mechanism of SiC nanoparticles from pushing to engulfment, ensued from 

imparting higher thermal conductivity to these particles by onion-liked graphene 

sheets. Fractographic observations have revealed the transgranular facture mode 

activated due to nano-void coalescence fracture mechanism in composites 

reinforced with graphene sheets associated with prolonged ductility.  
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6 Chapter 6 Graphene tweaking Hamaker constant of SiC nanoparticles: A 

new horizon to solve the conflict between strengthening and toughening 

6.1 Statement 

Although the results presented in Chapters 3-5 have shown the profound effect 

of graphene sheets on enhancing the propensity of SiC nanoparticles to be 

engulfed within advancing solid/liquid aluminium, the mechanism by which this 

capturing is stimulated has not been explained so far. This chapter, therefore, aims 

to delineate the effect of graphene sheets on manipulating the Hamaker constant of 

SiC nanoparticles as an intrinsic property of these particles, playing an important 

role in engulfment or agglomeration of not only SiC, but other nanoparticles 

confronting with advancing solid/liquid interface. This was accomplished by 

devising a novel theoretical approach, addressing the effect of graphene sheets on 

manipulating the Hamaker constant of SiC nanoparticles. Experimental approaches 

used in this chapter include the production of SiC nanoparticles encapsulated by 

graphene sheets using the solvothermal process, as introduced in Chapter 5, 

associated by incorporation of these nanoparticles within the aluminium matrix 

accomplished by semi-solid powder forming process. This manufacturing process 

utilized in this chapter has the advantage of liquid state processing routes used in 

the past Chapters 3-5 due to the formation of liquid during sintering process of 

milled powder, but it is not resulted in adverse rearrangement of SiC nanoparticles, 

i.e. agglomeration, during manufacturing attributed to the lower liquid content 

associated with semi-solid powder forming processes. Micro/nanostructural 

investigation using high resolution transmission electron microscopy (HRTEM) 

and Field emission scanning electron microscopy (FE-SEM) has shown the 

significant effect of graphene sheets in conferring multi-scaled sized grains 

including nano and micro-sized grains within aluminium matrix. Results achieved 

by the tensile tests have represented the 181% and 171% enhancement in yield and 

ultimate tensile strengths of the produced composites compared to the 

unreinforced ones, respectively.  
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7 Chapter 7 Strengthening mechanisms of graphene sheets in aluminium 

matrix nanocomposites  

7.1 Statement 

As shown in the past Chapters 3-6, one of the most important aspects of 

utilizing graphene sheets within aluminium matrix composites is the capability of 

them in enhancing the mechanical properties, but theoretical approaches used to 

generate the strengthening mechanisms of graphene sheets in the last chapters have 

not been explained completely so far. This chapter, therefore, aims to provide a 

new insight into the theoretical calculations implemented to generate the 

aforementioned strengthening mechanisms making use of Orowan, Hall-Petch, 

shear lag and thermal enhanced dislocation strengthening mechanisms. To this 

end, the analytical model devised in this study, demonstrating the significant role 

of shear lag and thermally activated dislocation mechanisms in strengthening 

aluminium metal matrix composites due to the exceptional negative thermal 

expansion coefficient of graphene sheets. This triggers the pinning capacity of 

nano-sized rod-liked aluminium carbide, prompting strong interface bonding for 

SiC nanoparticles with the matrix, thereby enhancing tensile elongation. Regarding 

experimental procedure implemented in this chapter, SiC nanoparticles 

encapsulated by graphene sheets were ball milled with aluminium powder, and the 

milled powder was incorporated within liquid aluminium using stir casting 

process. The stirred aluminium melt was subjected to the deformation at semi-

solid range, i.e. thixoforming, to produce balk composites with minimum porosity. 

This, in turn, provides a good opportunity to investigate the uncertainty of the 

devised strengthening model in predicting the mechanical properties of the 

produced composites. To have a better insight into the effect of graphene sheets in 

generation of strengthening dislocations such as thermal activated dislocations and 

distribution of SiC nanoparticles, micro/nano structure of the produced composites 

was investigated using high resolution transmission electron microscopy 

(HRTEM) and Field emission scanning electron microscopy (FE-SEM).
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8 Chapter 8 Conclusions and Recommendations  

Imparting concurrent enhanced tensile strength and elongation to metal matrix 

nanocomposites reinforced with nanoparticles is a rigorous task, attributed to the 

high tendency of nanoparticles for agglomeration in the most solid and liquid 

processing routes. This PhD study, therefore, represents for the first time the novel 

concept of the utilization of graphene sheets to diminish the agglomeration of 

nanoparticles in solid and liquid states manufacturing processes. This is 

accomplished by exploiting the unique characteristic of graphene sheets to 

encapsulate the nanoparticles, leading to higher thermal conductivity and tweaking 

the repelling forces of the SiC nanoparticles, prompting the engulfment of these 

particles within the solidifying matrix of A356 aluminium alloy rather being 

agglomerated at the grain boundaries.  

Based on this, this study suggests a new solidification model considering the all 

reported effective parameters, such as drag force, molecular surface forces 

solid/liquid interfaces to envisage the capacity of graphene sheets in alteration of 

the solidification mechanism of SiC nanoparticles from particle pushing to particle 

engulfment. This was accomplished making use of at least 40 % enhancement in 

thermal conductivity of SiC nanoparticles wrapped by graphene sheets. The model 

also predicted for the first time that graphene sheets encapsulating SiC 

nanoparticles can diminish the repelling forces of SiC nanoparticles from 

advancing solid/liquid interface, prompting engulfment of these particles within 

solidifying matrix. More interestingly, this study authenticates the aforementioned 

prediction by demonstrating an exceptional functionality of graphene sheets to 

manipulate the Hamaker constant of SiC nanoparticles, facilitating a mechanism to 

tweak the solidification behaviour of different nanoparticles based on the desired 

applications.  

To delineate the actual capability of graphene sheets in strengthening 

aluminium matrix composites, different manufacturing routes were utilized, 

including stir casting, pressure-assisted stir casting, thixoforming and semi-solid 

powder forming processes. To capture the effect of the SiC nanoparticles 

encapsulated by graphene sheets, based on the aforementioned solidification 

mechanism and manipulated Hamaker constant, accentuated microstructural 
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investigation was conducted by FE-SEM and HRTEM on the produced 

composites, demonstrating the uniform distribution of SiC nanoparticles within the 

solidified aluminium matrix.   

This manipulation of the microstructure can render a significant enhancement in 

tensile strength and elongation. Results achieved by the tensile tests have shown 

that the samples manufactured using the SiC nanoparticles encapsulated by 

graphene sheets demonstrating concurrent enhancement in tensile strength and 

ductility regardless of the type of the manufacturing process, such as stir casting, 

pressure-assisted stir casting, thixoforming and semi-solid powder forming 

processes, which are used.  Achieved results have shown that thixoforming process 

has a profound effect on enhancing the yield strength (about 400%) and tensile 

ductility (about 600%) compared to composites produced by other processes, 

attributed to the combination effects of graphene and pressure applied in the semi-

solid state, enhancing the dislocation density and diminishing the porosity content 

of the produced composites, respectively.  

Following this characterization of mechanical properties, this PhD study has 

also represented a novel strengthening model to make a bridge between the effects 

of graphene sheets and achieved tensile properties of aluminium matrix 

composites based on Orowan, Hall-Petch, shear lag and thermal enhanced 

dislocation strengthening mechanisms. More importantly, tensile tests have 

demonstrated that the devised strengthening model has a good accuracy to 

envisage the tensile properties of the produced aluminium based composites.  

Having considered the results achieved from the strengthening model presented 

in this study, it is expected that actual capability of graphene sheets in enhancing 

the mechanical properties of the metal matrix composites is more behind the ones 

achieved in this study. This can be attributed to the fact that the number of 

graphene sheets, not agglomerated through Van der Waals interactions, is not as 

high as to have the strong effect suggested by the model presented. This, therefore, 

necessitates further studies on the nature of the graphene encapsulating process to 

control the number of graphene sheets wrapping SiC nanoparticles. This required 

intensive research on the ball milling parameters such as critical percentage of the 

graphene sheets in the powder before ball milling process, the weight of ball to 
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powder, the time of the ball milling. Regarding the solvothermal process used in 

this study, it is also still in its infancy and should be addressed in detail the 

correlations between the process parameters such as concentration of nanoparticles 

in the solution, and the process temperature affecting the evaporation rate and 

accordingly formation of pores with the number of graphene sheets wrapping SiC 

nanoparticles. 

The strengthening model presented in this study is in its infancy and can be 

developed more by incorporating the effect of number of graphene sheets on the 

load transfer from the matrix to these reinforcing sheets. It is also worth to have 

more studies to develop the strengthening model suggested in this study by 

considering the effect of interface between the graphene and aluminium matrix, as 

the quality of interface is crucial in load transfer from matrix to the reinforcement.  

Based on the achieved results, it is recommended to have a further study about 

the quantitative effect of graphene sheets on enhancing the thermal conductivity of 

SiC nanoparticles to have a better insight into the mechanism that graphene sheets 

can manipulate the solidification behaviour of nanoparticles, paving a way to 

manufacture the advanced metal matrix composites with high physical and 

mechanical properties.  

Additionally, according to the some thermal and electrical conductivity done on 

the composites produced in this study, it is believed that graphene sheets 

encapsulating SiC nanoparticles can facilitate the easy path for electron movement 

within the matrix. This low energy path, however, is affected strongly by the 

nature of the interface between the graphene and surrounding aluminium matrix. 

So, it is recommended to conduct further studies on the effect of onion-liked 

graphene sheets on providing the low-resistance electron path within aluminium 

matrix by consideration the effect of the graphene/aluminium interface on 

transferring the electrons within the interface between SiC nanoparticles and 

aluminium matrix.   
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