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ABSTRACT 

 

Lightweight Mg–based composites have been produced by in-situ combustion synthesis 

of the Al–Ti–C reaction system. The characteristics of the in-situ composites were investigated 

in terms of phase evolution and interfacial stability using various analysis techniques. The 

structural analysis results showed that full conversion of the Al–Ti–C reactants into spherical 

TiC reinforcements with sizes around 1µm was achieved by the combustion reaction. In-situ 

formed TiC had less oxygen and higher Al contents at the interface than ex-situ formed TiC; 

these clean interfaces with an Al layer on the reinforcements were shown to yield interfacial 

stability. For these reasons, the in-situ composites exhibited higher theoretical densities and also 

good mechanical properties compared with ex-situ produced composites.  

The interfacial characteristics of molten Mg with the Al–Ti–C reactants and the 

commercial TiC+Al substrates were evaluated using an infiltration technique under an argon 

atmosphere. Infiltration length increased with time at temperature, yielding activation energies 

(Ea) for each system. The value of Ea for the Al–Ti–C system (307.31kJ/mol) is lower than that 

for the other system (350.84kJ/mol); the high Ea value indicates that the infiltration is not a 

simple viscosity–controlled phenomenon but involves a chemical reaction. Formation of the 

Al3Ti phase was observed from the crystal structural analysis of the infiltrated area; thus, 

existence of reaction promoting the wetting of Mg. The phase evolution, reaction mechanism and 

kinetics of the Al–Ti–C reaction were studied using DSC and HT–XRD. It was confirmed that, 

along with the melting of Al, there was formation of Al3Ti by reaction between Al and Ti. A 

detailed structural analysis indicates that, the reaction mechanism involves melting of Al 

followed by formation and growth of Al3Ti, which then contacts the graphite powder and 

initiates the combustion reaction. 

The effect of important process parameters, such as the Al content and the reactant sizes, 

on the microstructure of the resulting in-situ composites is discussed. Feasibility and castability 

of the composites were investigated by high pressure die casting the composite preforms into 

automotive parts and durability tests were conducted on the cast parts. 
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CHAPTER 1 INTRODUCTION 

 

1.1 Research Background 

 

The demands for lightweight components that reduce cost and energy consumption in the 

structural, automotive, and aerospace industries drive the need for the development of 

lightweight materials with superior mechanical properties. Among the metals used in engineering 

applications, magnesium and its alloys are some of the lightest. For example, the replacement of 

Al alloys with Mg alloys in vehicles can further reduce the vehicle weight by 15 to 20%, as 

shown in Figure 1.1. In addition, it is well known that Mg alloys possess excellent castability and 

superior machinability. However, when compared to other structural alloys, Mg and its alloys 

have relatively low strength and wear resistance (Ramesh and Sagar 1999; Mordike and Ebert 

2001; Tresa and Pollock 2010). 

 

 

 

Figure 1.1 Some automotive components than can be made of Mg alloys and the resulting weight 

reduction (Source: M.K. Kulekci) 

 



 

2 
 

A possible solution to overcome these disadvantages is to incorporate fine and 

thermodynamically stable ceramic particulates, such as borides, carbides, and nitrides, into Mg 

alloy matrices so that these metal matrix composites (MMCs) can be further developed. Among 

the ceramic reinforcements used in MMCs, titanium carbide (TiC) is one of the better choices, as 

it can provide desirable properties, such as thermodynamic and thermal stability, high hardness, 

high elastic modulus, and superior wear resistance (Das, Bandyopadhyay et al. 2002; Cao, Zhang 

et al. 2008).  

Because of the large enthalpy of formation (Hf = -184.5kJ/mol), TiC has been 

conventionally synthesized and fabricated through carbothermal reduction reactions (Kim, Woo 

et al. 2007; Gunnewiek, Souto et al. 2012), powder metallurgy (Durlu and Nuri 1999), floating 

zone techniques (Christensen 1976), reactive sintering (Quinn and Kohlstedt 1984; Durlu and 

Nuri 1999), chemical vapor deposition (CVD) and other techniques and methods (Boving and 

Hintermann 1990; Thorne, Ting et al. 1992). However, most of these methods have complex 

processes and equipment, involve the potential contamination of products, and require high 

temperatures (Song, Huang et al. 2009). Recently, the combustion synthesis of an Al–Ti–C 

system has been shown to be both an efficient and energetically favorable method for producing 

TiC (Merzhanov, Karyuk et al. 1981; Munir and Anselmi-Tamburini 1989; Moore and Feng 

1995; Jiang, Li et al. 2003). 

Many properties of MMCs are strongly influenced by the nature of the reinforcement – 

matrix interface. As a result, achieving strong bonds and a defect free interface are very 

important in producing a quality final product. To improve interfacial compatibility and avoid 

serious interfacial reactions, various processing techniques are used to fabricate composites. 

When compared to conventional processes, in-situ method possess many advantages, such as low 

processing temperatures; near net shape product formation, which reduces time and costs; less 

contamination; and thermodynamically stable reinforcement, which all yield clean interfaces and 

good interfacial bonding (Babout, Brechet et al. 2004). 

This study presents the fabrication of lightweight Mg-based composites by in-situ 

combustion synthesis. The properties of Mg/TiC composites are studied through structural, 

microstructural, and mechanical analyses. The interfacial characteristics of the composites were 

also evaluated using infiltration techniques. The phase evolution and reaction mechanisms of the 

Al–Ti–C system during the combustion reaction are investigated through structural and 
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morphological analyses. High pressure die casting is conducted to verify the feasibility and 

castability of the composite. Mechanical and durability tests are also performed on die-cast 

materials. 

 

1.2 Research Trends 

 

Lightweight Mg MMCs 

 

Weight reduction to increase automobile fuel economy has caused the growth of Mg 

consumption over the last decade to accelerate at an annual rate of 15% (Luo 2002). Research on 

Mg MMCs has also increased, along with the development of components made from Mg and its 

alloys. The density of Mg is approximately two-thirds that of Al, one-quarter that of Zn, and one-

fifth that of steel. In addition, Mg alloys possess good damping capacities, excellent castability, 

and superior machinability. As a result, Mg-based composites have been developed for 

automotive and aerospace applications, due to their high specific strength and thermal stability. 

Ceramic particles are the most widely studied types of reinforcement for Mg-based composites. 

Some common properties of ceramic materials make them desirable for reinforcements, 

including low densities and high levels of hardness, strength, elastic modulus, and thermal 

stability. However, they also have some common limitations, such as low wettability, low 

ductility, and low compatibility with an Mg matrix. Generally, SiC, Al2O3, TiB2 and TiC are 

incorporated into an Mg matrix as reinforcement materials, due to their hardness, elastic modulus, 

and wear resistance (Srinivasa Rao and Jayaram 2001; Jiang, Li et al. 2003; Ye and Liu 2004; 

Min 2009). 

 

Combustion synthesis of TiC 

 

In the past years, combustion synthesis has been extensively studied as a simple process 

and low-energy method to produce advanced materials and compounds. Among these 

compounds, TiC has attracted a great deal of attention because of its desirable properties, such as 

high hardness, high elastic modulus, and superior wear resistance. Several researchers (Lee and 

Chung 1997; Zhang, Zeng et al. 1999; Hwang and Chung 2004; Li, Hu et al. 2007) have studied 
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the combustion reaction mechanism of Al–Ti–C systems and have suggested that the synthesis of 

TiC is a solution-precipitation mechanism. The reaction mechanism of the Al–Ti–C system is 

described as follows: as the flowability of Al powder increases with an increasing in the molted 

time, the Al spreads so that Ti and C are immersed into the Al liquid. This immersion leads to an 

increase in contact area between the Al and the Ti as well as C, which accelerates the dissolution 

of Ti particles into the Al liquid. With further dissolving of Ti, the Ti content in the Al increases. 

Thus, Al3Ti grains gradually precipitate out in the saturated Al-Ti liquid. With the increasing 

temperature, the Ti and C content in the Al melt increases; when Ti around C particles reaches a 

certain concentration, TiC grains precipitate out in the saturated Al–Ti–C liquid solution at a 

temperature of 1100°C. As the temperature increases further, the Al3Ti phase starts decomposing 

at 1340°C, which prevents the further formation of TiC. However, this research proves that in the 

actual Al–Ti–C reaction system, the combustion reaction is initiated even below 700°C, which is 

near the melting point of Al (660.3°C). Additionally, the formation of TiC from the Al–Ti–C 

combustion reaction occurs within just a few seconds. As a result, there is a need for a study that 

focuses on the description of the reaction mechanisms and phase formation during this Al–Ti–C 

combustion reaction, since it is still not well understood (Jin, Shen et al. 2009). 

 

In-situ process for Mg composites 

 

Mg-based composites produced through various conventional methods sometimes suffer 

from the thermodynamic instability of interfaces between the reinforcement and the matrix. Also, 

the formation of unfavorable phases at the interface is a major drawback (Matin, Lu et al. 2001). 

Lately, to overcome the inherent downsides of the ex-situ process, an innovative in-situ process 

has been developed, in which reinforcements are synthesized within the matrix by chemical 

reactions that occur during the composite process (Wang, Jiang et al. 2003). In-situ produced 

composites exhibit finer reinforcement, better distribution, thermodynamic compatibility and a 

cleaner reinforcement / matrix interface than ex-situ composites (Cao, Zhang et al. 2008). 

However, information related to the fabrication of in-situ produced Mg composites is limited. 

Also, research on the interfacial characteristics of Mg/TiC MMCs by in-situ combustion 

synthesis has not yet been reported. 
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1.3 Research Objectives 

 

The primary objective of this research is the development of lightweight Mg-based 

composites by in-situ combustion synthesis in terms of phase evolution and interfacial 

characteristics. The present research has been divided into four topics: 

 

Topic 1: Characteristics of Mg/TiC by in-situ combustion synthesis (CS) 

 

In the first topic, detailed discussion is provided on the characteristic of the produced composites. 

Overview of the crystal structure, microstructure, and mechanical properties of the in-situ 

composites are presented. 

 

Topic 2: Phase evolution and interfacial characteristics of Al–Ti–C by CS 

 

In the second topic, the phase evolution and interfacial characteristics of the composite are 

investigated. Detailed phase development and reaction mechanism of Al–Ti–C combustion 

reaction system have also been studied. The wettability of Mg with Al–Ti–C system was also 

evaluated. 

 

Topic 3: Reaction parameters of in-situ Mg/TiC and its application 

 

The third topic discusses the effect of combustion reaction parameters on the microstructure of 

the in-situ composite. The castability of the produced composites are assessed by high pressure 

die casting (HPDC), and the mechanical properties of the HPDC composites are also 

characterized. 

 

Topic 4: Degradation behavior of in-situ Mg/TiC composite  

 

The fourth topic concerns a feasibility study of the composite material. The durability of the 

composites under mechanical stress on the HPDC composite is discussed. 

  



 

6 
 

CHAPTER 2   BACKGROUND AND LITERATURE REVIEW 

 

2.1 Lightweight Metal Matrix Composites (MMCs) 

 

Worldwide, automotive transportation consumes fuel at a rate of nearly 30 million barrels 

per day. Global growth of automotive transportation has been much more rapid, US vehicle 

registrations expanding from 130 million to more than 450 million during the same time period 

(Mcauley 2003). Environmental and sustainability issues of the growing worldwide 

transportation industries need to be solved with new technological solutions. Without these 

modifications, increased fuel consumption will result in increased emissions of CO2, which 

contribute to global temperature rises. European passenger car manufacturers have already taken 

steps to increase fuel efficiency and thereby reduce CO2 emissions, averaging 140g·CO2/km in 

2008. More aggressive targets are planned for a further reduction to 95g·CO2/km by 2020. To 

achieve these efficiency improvements, automotive industries are developing a wide range of 

advanced technologies. These include weight reduction, improvements in engines, drivetrains, 

transmissions, tires and aerodynamics. Among them, one of the most fundamental and effective 

ways to improving fuel efficiency is the reduction of vehicle weight. Reducing vehicle size and 

weight can significantly reduce fuel consumption (Danny Codd 2008; Hirsch and Al-Samman 

2013; office 2013). 

Mg, which is the structural metal with the lowest density, has been considered as a viable 

option to address the aforementioned issues, such as weight reduction and fuel efficiency in 

automotive structures. Mg alloy wheels, engine blocks, and body panels have been tested by 

various manufacturers. However, compared to other light metals, such as Al alloys, Mg 

possesses a lower Young’s modulus, lower strength, and lower wear resistance, which limits the 

field of its possible applications. One approach to overcome these drawbacks is the incorporation 

of harder and stiffer ceramic particles in the matrix that is used to develop lightweight metal 

matrix composites (MMCs) (Rauber, Lohmüller et al. 2011). 
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2.1.1 Matrix and Reinforcement 

 

The metal matrix into which the reinforcement is embedded is continuous in nature. In 

structural applications, the matrix is usually a lighter metal such as Al, Mg, or Ti. The purpose of 

the matrix in MMCs is to combine the reinforcing particles into a monolithic material to enable it 

to be shaped into the required geometrical form and dimensions, as well as to take up and 

distribute external loads within the part. In addition, the matrices protect the reinforcing phase 

against external effects, such as mechanical damage, erosion, or corrosion caused by the 

surrounding medium or that is due to reinforcement–reinforcement contact (Ibrahim, Mohamed 

et al. 1991). 

Structural alloy systems, such as Al, Mg, Si, Ti, Cu, Ni, Fe, and Pb have been used as 

matrix materials for MMCs. However, Al, Mg and Ti alloys are considered the most commonly-

used matrices especially for applications which require low density with reasonably high thermal 

conductivity. The major properties of the most practical metal matrices are listed in Table 2.1. 

Reinforcements for metal matrix composites have a multiple demand profile, which is 

determined by production and processing, as well as by the matrix system of the composite 

material. The following selection criteria are generally applicable (Ibrahim, Mohamed et al. 

1991): 

 

 (i) High elastic modulus 

(ii) High strength and high toughness 

(iii) High wear resistance 

(iv) High thermal conductivity  

(v) Low coefficient of thermal expansion 

(vi) Compatibility with matrix material 

(vii) Low cost. 

 

The properties of major ceramic reinforcements are listed in Table 2.2. 
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Table 2.1 Properties of major matrix metals (Nishida 2002). 

 

Material 
Density 
(g/m3) 

Thermal 
conductivity 

(W/m·K) 

Thermal 
expansion 

coefficient α 
(× 106 / K) 

Specific heat 
(kJ/kg·K) 

Melting 
point 
(K) 

Vickers 
hardness 

(Hv) 

Young’s 
modulus 

(GPa) 

Shear 
modulus 

(GPa) 

Al 2.70 238 23.9 0.9 933 18 75.7 26 

Cu 8.93 416 17.1 0.39 1356 35 136 40-50 

Mg 1.74 171 26.1 1.02 932 37 44.3 16.6 

Ti 4.50 15 8.8 0.52 1904 60 114 39.8 

Fe 7.87 71 12.1 0.44 1809 150-370 190 80 
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Table 2.2 Properties of common ceramic reinforcements (Nishida 2002).  

 

aDecomposition

Material 
Density 
(g/m3) 

Thermal 
conductivity 

(W/m·K) 

Thermal 
expansion 

coefficient α 
(× 106 / K) 

Specific heat 
(kJ/kg·K) 

Melting 
point 
(K) 

Vickers 
hardness 

(Hv) 

Young’s 
modulus 

(GPa) 

Shear 
modulus 

(GPa) 

Al2O3 3.8-3.9 29 8.5 0.78 2323 1500-2000 460 147 

AlN 3.25 100-260 2.5 0.71 2673 1600 275 - 

TiO2 4.17 8.4 - 0.69 2113 - 170 - 

TiN 4.78 25 6.3 0.6 3223 - 600 - 

TiC 4.77 31.8 7.6 0.56 3413 2270 450 - 

SiO2 2.20 1.38 0.5 0.69 1983 635 65-71 29 

Si3N4 3.15 31 3.3-3.6 0.71 2273a 1400-1550 372 - 

SiC 3.15 270 5.1-5.8 0.67 3103a 2800 560 - 

cBN 2.07 28 0.2-2.9 0.8 3273a 3500 400-900 - 

WC 15.70 29 5-6 0.18 3143 1400 245 - 

MgO 3.56 42 13.5 0.92 3073 190 290 122 

ZrO2 5.68 1.9-3.8 9.2-10.0 0.45 2943 1470-1800 150-260 - 
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With the current global trend toward lighter weight structures and sensitivity to 

environmental issues, Mg and its alloys and composites have become target materials for 

structural applications. A typical car weighing 1525 kg currently contains about 975 kg of steel, 

127 kg of Al, 114 kg of polymeric materials, and 5 to 6 kg of Mg. It is estimated that 22.5 kg of 

mass reduction would improve fuel efficiency by around 1%; as a result, automotive 

manufacturers worldwide may have goals to increase the Mg content of automobiles to between 

45 and 160 kg (Aghion and Bronfin 2000; G.S.Cole 2007).  

At room temperature, the plastic deformation of Mg is limited to two main deformation 

mechanisms: namely, basal (0001) /	〈1120〉  slip and 1012 /〈1011〉  mechanical twinning. 

There are three different〈1120〉 directions in the (0001) plane, and as a result, the Mg crystal has 

only three geometrical and two independent slip systems. On the other hand, Al (FCC) has 

twelve 111 	〈110〉  slip systems and readily satisfies the von Mises yield criterion for 

homogeneous shape change (Mises 1913; Hirsch and Al-Samman 2013). 

Mg and its alloys compete with Al alloys for structural applications. Compared to high 

strength Al alloys, Mg alloys are not as strong (with tensile strengths of 138 to 345 versus 275 to 

550 MPa) and have a lower elastic modulus (45 vs 69 GPa). However, Mg is significantly lighter 

than Al (1.74 vs 2.77 g/cm3). As a structural material, Mg has numerous advantages over steel, 

cast iron, copper, Al alloys, and plastics, as listed below (Campbell 2012): 

 

– Low density: 2/3 of Al, 20% of steel and the lowest of all metallic structural materials. 

– Excellent castability: Mg can easily be die cast into complicated shapes with minimum wall 

thickness. 

– Good damping capacity: The damping capability of Mg is better than that of plastics or Al. 

– Better heat dissipation: Mg has superior heat dissipation capability, as compared to plastics. 

– Recyclability: Mg can be easily and economically recycled through proper remelting 

techniques. 

 

Titanium carbide (TiC) is an extremely hard refractory ceramic material. It has the 

highest specific strength and specific modulus among the transition metal carbides, a high 

melting point, and a relatively high electrical and thermal conductivity. As a potential structural 

material, TiC is widely used as a refractory material for cutting tools and wear resistant 
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components and as a high-temperature ceramic, especially as a hardening phase of super-alloys 

or as the reinforcement particles in composites. Also, TiC is known for its stability in an Mg 

matrix, due to the limited solubility of Ti in Mg, and also because Mg does not form stable 

carbides. As shown in Figure 2.1, TiC has a B1 (or NaCl–type) crystal structure, where the 

titanium atoms are situated in a face-centered cubic arrangement with the octahedral interstitial 

sites being occupied by the carbon atoms (Sundgren, Johansson et al. 1983; Jiang, Li et al. 2003). 

 

 

 

Figure 2.1 (a) Crystal structure of TiC and, (b) projection of Ti–C atoms along <111> direction 

(Song, Huang et al. 2009). 

 

2.1.2 Interfaces in MMCs 

 

Many of the problems encountered in the fabrication of composite materials are a 

consequence of the characteristics of the interface. One of the most important interfacial 

properties is the wettability of ceramic reinforcements by liquid metal and its alloys. It has been 

found that improvements to wetting in metal–ceramic interface systems seems to play an 
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important role in the interfacial bonding and physical properties of composite materials 

(Sangghaleh and Halali 2009). 

If two different materials are in close contact with one another, interaction processes may 

occur that will reduce the total energy of the system. This amount of energy (the work of 

adhesion, Wa) represents the driving force for the bonding formation at the interface. Wa is the 

energy that is required for separating the solids at the interfaces. As shown in Figure 2.2, Young 

and Dupre have detailed the relationship between the surface energy of a liquid and that of a 

solid, and the relationship of contact angle Ɵ of a liquid to that of a solid (Young 1805; 

Chidambaram, Edwards et al. 1992; Kennedy and Karantzalis 1999). 

 

 

 

Figure 2.2 Contact angle of a liquid droplet wetted to a rigid solid surface (Young 1805).  

 

The Young-Dupre equation (equation 2.1) results, where  is the surface energy of the 

solid,  is the corresponding interfacial energy between the solid and the liquid, and  is the 

surface tension of the liquid. The energy that is required to separate a drop of liquid from a solid 

can be represented as the energy to form free surfaces, reduced by the interfacial energy (Young 

1805). 

 

cos 	 	
      Equation 2.1 
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2.1.3 Processing for MMCs: Ex-situ and In-situ Process 

 

Many different techniques can be used to produce MMCs. The focus of the selection of 

suitable process engineering is the desired kind, quantity, and distribution of the reinforcement 

components (particles and fibers); the matrix alloy; and the application. By altering the 

manufacturing, processing, and finishing methods, as well as the form of the reinforcement phase, 

it is possible to obtain different characteristic profiles, although the same composition and 

amounts of the components are involved (Kainer 2005). A schematic overview of manufacturing 

technology for MMCs is shown in Figure 2.3. 

 

 

 

Figure 2.3 Schematic overview of the production processes for MMCs (Nishida 2002; Ye and 

Liu 2004). 

 

According to the MMC production process, these manufacturing methods can be divided 

into ex-situ and in-situ processes. When the reinforcement is externally added to the matrix, ex-

situ composite materials are created. In-situ synthesizing of MMCs involves the production of 

reinforcements within the matrix by chemical reactions that occur during the process. 
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Ex-situ process: Powder metallurgy 

 

Powder metallurgy is used to process MMC components, using elemental or pre-alloyed 

powders using heat and pressure in a controlled atmosphere. Solid-state processes involve the 

blending of powders with particulates, platelets, or whiskers, using a number of steps. These 

steps typically include: (1) sieving of the powders; (2) blending with the reinforcement phase; (3) 

cold pressing up to 75% density; (4) degassing; and (5) final processing by extrusion, forging, 

pressing, rolling or some other hot working method (Lee, Suh et al. 1997; Jiang, Wang et al. 

2005). Figure 2.4 shows a flow chart of the powder metallurgy approach for MMC fabrication. 

The main advantages of this processing method can be summarized through its capability 

for incorporating a relatively high volume fraction of reinforcement and fabrication of 

composites with matrix alloys and reinforcement systems that may be miscible through liquid 

casting. Another advantage of using powder metallurgy, as compared to conventional casting and 

liquid metal infiltration methods, is that particles can be more homogeneously distributed. 

However, due to the costs of the alloy powders and the complexity of the process during material 

fabrication, this process is not ideal for mass production (Aghion and Bronfin 2000; Akhlaghi 

and Pelaseyyed 2004). 

 

 

 

Figure 2.4 Flow chart of metal matrix composites fabrication steps by powder metallurgy method. 
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Ex-situ process: Infiltration 

 

In the infiltration process, a molten alloy is introduced into a porous ceramic pre-form 

that uses either an inert gas or a mechanical device, such as a pressurizing medium. Figure 2.5 

gives a schematic representation of this process. The pressure required to combine the matrix and 

reinforcement is a function of friction effects that arise from the viscosity of the molten metal 

matrix as it fills the ceramic preform. Wetting of the ceramic preform by the liquid alloy depends 

on several competing factors, such as alloy composition, the nature of the ceramic preform, 

ceramic surface treatment, surface geometry, interfacial reactions, surrounding atmosphere, 

temperature, and time(Ye and Liu 2004; Wittig, Glauche et al. 2008). 

 

 

 

Figure 2.5 General illustration of an infiltration process that is used to produce MMCs. 

 

Infiltration methods are suitable for fabricating composite materials, because of their 

simplicity and the possibility of introducing small particles into the matrix. Furthermore, 

producing materials with a high ceramic content and near net shape fabrication are some of the 

main advantages of this method. However, during this process, liquid metal do not spontaneously 

wet the ceramic, and as a result, external pressure must be applied to force the liquid metal into 

the preform. Infiltration processes are classified according to the nature and magnitude of the 

external force that is applied during infiltration. The classification is as follows: no external force, 

vacuum driven infiltration, pressure driven infiltration, and other forces (Aghajanian, Rocazella 

et al. 1991; Srinivasa Rao and Jayaram 2001). 
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Ex-situ process: Spray deposition 

 

As Figure 2.6 shows, spray forming or spray deposition is a process during which an 

atomized stream of molten material droplets impacts a substrate at high velocity to build up a 

bulk metallic material. For an MMC, discontinuous reinforcing particulates can be co-injected 

with the metal spray to allow for particulate engulfment in molten or partially molten metal 

droplets to form a composite. The deposition rate is in the range of about 6 ~ 10 kg/min while the 

droplet velocities are about 20 ~ 40 m/s, and ceramic particles are often distributed non-

uniformly in the spray-formed MMC (White and Willis 1989; Gupta, Ibrahim et al. 1991). 

 

 

 

Figure 2.6 Schematic of the spray deposition process(Campbell 2012). 

 

Various composite spray processes differ from each other through the method of spraying 

the metal and through the way the reinforcement is mixed with the metal. Critical parameters for 

these processes include initial temperature, size distribution, and velocity of the metal droplets; 

the velocity, temperature and feeding rate of the reinforcement; and the position, temperature and 

nature of the substrate. In most spray deposition processes, gases are used to atomize the molten 

metal into droplets of up to 300µm in diameter (Luo 1995; Rosso 2006). 
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Such spray deposition techniques have the advantage of creating fine matrix 

microstructures with low segregation. Also, interfacial reactions are minimized, as the liquid 

metal and reinforcement contact only briefly. However, there is a large amount of porosity in the 

final product, which results in a need to further process these materials. Additionally, spray 

deposition is not as economical as dispersion and infiltration processes, because of the high cost 

of the gases used and the large amount of powder waste, which must be disposed appropriately 

(Gupta and Srivatsan 1999; Chawla and Chawla 2000). 

 

Ex-situ process: High pressure die casting 

 

High pressure die casting involves the injection of molten metal into a steel die under 

high pressure. As shown in Figure 2.7, molten metal is poured into the shot sleeve by either a 

ladle or a dosing furnace. A piston moves within the shot sleeve and moves the molten metal up 

the gate of the die at a slow speed. When the metal reaches the gate of the die, the speed of the 

piston increases and the metal is injected through the gate and into the cavity at a high velocity 

(> 20 m/s) and high pressure (up to 10 MPa). When the cavity is filled, the piston exerts an even 

higher pressure to squeeze any air pockets (porosity) into the smallest possible size (Rasmussen, 

Hansen et al. 1991; Gjestland and Westengen 2007).  

 

 

 

Figure 2.7 Schematic representation of the cold chamber die casting machine (Hamasaiid, Dour 

et al. 2008). 

 



 

18 
 

The die is generally split into two halves, and the machines are usually set up with the die 

between two platens (one fixed to the machine and one moving on slides). The moving platen 

will have half of the die attached to it and it will move back after the material is solidified so that 

the part can be extracted from the die. The fixed half of the die will not move, as it has the shot 

sleeve attached to it. After the component is extracted from the die, the cavity surface will be 

sprayed with a lubricant release agent to ensure that the next casting will not stick to the die 

when it is ejected. The die will also be internally cooled with water to remove the heat from the 

process, and it may also be internally heated, using oil, if a part of the die cannot maintain 

enough heat to keep a thermal balance across the die. The size of the machine required to make a 

component is determined by the injection pressure of the metal and the area over which it is 

projected. A simple force-area calculation will determine how many tons of forces are required 

to keep the die closed as the metal is injected into the die and intensified. Machines can have as 

little as 10 tons and as much as 4000 tons of locking force (Sevik and Kurnaz 2006; Meir 2012). 

 

The advantages of this manufacturing process are listed below: 

 

– High production rate 

– High production amount with a single die 

– Low cost for a single product in high production volumes 

– High precision with good dimensional accuracy and casting tolerances 

– High surface quality 

– Fine microstructure due to fast cooling 

– Possibility of producing thin sections and complex parts 

– Little finishing or secondary machining required 

 

The disadvantages of this manufacturing process are listed below: 

 

– Limited range of alloys 

– Gas pores due to entrained air 

– Shrinkage porosity 

– Impossible heat treatment because of gas porosity 
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– Limited size of casting parts 

– Thick walls are only castable to a limited degree 

– High tooling costs 

 

In-situ processes 

 

When composite materials are synthesized in-situ, the reinforcements are formed in the 

matrix and have intimate contact with one another. With this process, fabrication issues that arise 

with conventional ex-situ techniques are eliminated (Borgonovo 2010): 

 

– Thermodynamic incompatibility of reinforcements with matrix 

– Contamination of reinforcement: oxide layers around the particles cause an increase in surface 

energy, leading to a lack of wettability and defects at the interface 

– Non-homogeneous microstructure: particle agglomeration and clustering 

 

 The advantages that in-situ processing provides are several (Wang, Jiang et al. 2003; 

Dong, Chen et al. 2004; Cao, Zhang et al. 2008; Anandakrishnan and Mahamani 2011): 

 

– In-situ formed TiC is in intimate contact with molten metal matrix → Good wetting  

– High reaction temperature volatilize low boiling point impurities in starting powder → High 

purity product 

– Less gas absorption and oxidation (excluded from outside pollution) → Better wetting and 

bonding → Clean interface between matrix and reinforcement 

– Thermodynamically stable reaction of reinforcements → Unfavorable phase control (for 

example, Al4C, Al3Ti, and oxides) 

– Possessing low energy interfaces → Intrinsic stability of the MMCs 

– Physical and chemical compatibility between the reinforcing phase and the matrix 
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In-situ process: Reactive infiltration 

 

Reactive infiltration, or the in-situ reactive infiltration technique, is an innovative process 

used to produce MMCs. In this technique, there are two processes that take place simultaneously. 

First is the infiltration of the molten metal through the preform, through the capillary effect, 

without externally applied pressure. Second is the in-situ reaction between the reactants and the 

molten matrix material to synthesize the reinforcement phases. Finally, it is possible to produce 

MMCs reinforced with a very fine and thermodynamically stable reinforcing ceramic phase. This 

process combines the in-situ reaction with the infiltration process, so that thermodynamically 

stable and homogeneously dispersed reinforcements within the matrix can be achieved. Also, the 

reactant preform can be easily produced and the final composites can be cost-effectively formed 

into a near-net shape with a high ceramic volume percentage. Dense composites can be obtained 

through the infiltration of molten matrix into the reactant, and no further forming procedure is 

required. In addition, the volume fraction of the reinforcement can be adjusted by simply 

controlling the relative density of the preform that is compacted from elemental powders and by 

considering the intrinsically volumetric contraction before and after the in-situ reaction. Figure 

2.8 shows an example of reactive infiltration of Al/Al2O3 (Chen, Dong et al. 2005; Ji-jie, Jin-hua 

et al. 2006). 

 

 

 

Figure 2.8 Schematic illustration of fabrication of Al/TiC MMCs by reactive infiltration (Omura, 

Kobashi et al. 2002). 
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In-situ process: flux-assisted synthesis (FAS) 

 

The London and Scandinavian Metallurgical Company has developed the flux-assisted 

synthesis (FAS) process. The basic concept comes from the purpose of producing grain-refining 

Al alloys. Mixed salts containing Ti and B with an atomic ratio in accordance with Ti/2B 

(K₂TiF₆ and KBF₄) are introduced into a stirred Al melt to form a fine dispersion (Figure 2.9). 

Pure Al and Al-Cu alloys that are reinforced with in-situ TiB₂ particles have been successfully 

manufactured. The formation of TiB2 in an Al melt is an exothermic process where the chemical 

reaction occurs in the matrix (Cao, Zhang et al. 2007; Anandakrishnan and Mahamani 2011). 

Despite the fact that the process is fast and easy to scale, it has several drawbacks. First, the slug 

produced by the salts must be taken out from the melt. Moreover, unwanted reaction products 

surrounding the reinforcement could weaken the strength of the material and lower the reaction 

rate (Borgonovo 2010). 

 

 

 

Figure 2.9 Schematic diagram of an apparatus for fabricating in-situ MMCs by FAS (Davies, 

Kellie et al. 1992). 
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In-situ process: direct metal oxidation (DIMOX) 

 

Lanxide Corporation has developed a direct metal oxidation (DIMOX) process, which 

involves the oxidation of a liquid metal at very high temperatures (1700 K) for Al alloys (Figure 

2.10). The reaction products start growing from the interface. Fresh liquid flows through micro-

channels so that it can be continuously supplied in front of the interface. Capillary forces are 

necessary to sustain the reaction: the ceramic preform must be continuously infiltrated by the 

oxidation molten alloy. However, the slow growth rate of 1mm/hr. limits the process’s 

production rate (Borgonovo 2010). 

 

The advantages of this DIMOX process are (Kopeliovich 2012): 

– Low shrinkage, as near net-shape parts may be fabricated 

– Inexpensive and simple equipment 

– Inexpensive raw materials 

– Good mechanical properties at high temperatures, due to the absence of impurities or sintering 

aids 

– Low residual porosity 

 

The disadvantages of this DIMOX process are (Kopeliovich 2012): 

– Low reaction rate –The fabrication time is too long (2–3 days) 

– Residual (non-reacted) Al may be present in the oxide matrix 

 

 

 

Figure 2.10 Schematics of the direct metal oxidation (DIMOX) process (Kopeliovich 2012). 
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2.2 Combustion Synthesis 

 

 Combustion synthesis (CS) is the exothermic process in which the reaction between two 

or more solid reactants or gas and condensed reactants takes place in a self-sustaining regime 

leading to the formation of solid products of a higher value [12–14]. During the past forty years, 

hundreds of different compounds, such as nitrides, borides, carbides, silicides, and oxides of 

many elements as well as intermetallics, composites, nonstoichiometric compounds, and solid 

solutions were successfully synthesized by this method (McCauley and Puszynski 2008). 

 

2.2.1 Overview of Combustion Synthesis 

 

A combustion synthesis reaction system is normally characterized by high exothermic 

temperatures and fast reaction kinetics. Figure 2.11 gives a schematic representation of a typical 

temperature-time plot for a combustion synthesis reaction. During the combustion synthesis 

reaction, there are four important temperatures that may affect the process of the reaction and 

final product properties: (1) initial temperature (To), which is the average temperature of the 

reactant sample before the reaction is ignited; (2) ignition temperature (Tig), which represents the 

point at which the combustion reaction is dynamically activated without further external heat 

input; (3) adiabatic temperature (Tad), which is the maximum temperature achieved under 

adiabatic conditions; and (4) combustion temperature (Tc), which is the maximum temperature 

achieved under non-adiabatic conditions(Subrahmanyam and Vijayakumar 1992; Moore and 

Feng 1995). 

Combustion synthesis process has many advantages over conventional powder synthesis 

methods and characteristics, because the reaction is completed in a very short time using the 

exothermic heat from the reaction, as compared to conventional power synthesis process (Li, 

Rong et al. 2000). 

Because the temperature of the combustion reaction is typically high (1500 ~ 4000 oC) as 

is the velocity of the combustion wave (0.1 ~ 25 cm/s), this process offers the opportunity to 

investigate reactions in conditions of extreme thermal gradients (~107deg/cm) (Munir and 

Anselmi-Tamburini 1989; Moore and Feng 1995). The typical parameters for combustion 

synthesis are summarized in Table 2.3. 
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Figure 2.11 Schematic representation of a temperature-time curve during a combustion synthesis 

reaction (Moore and Feng 1995). 

 

Also, combustion synthesis can be used to produce high defect concentrations, which can 

affect the sintering process and the resulting mechanical properties. For instance, combustion 

synthesized titanium carbide (TiC) abrasive powder used in a variety of lapping and polishing 

applications improved life of parts 1.5X and also productivity improved by 1.3 to 3.5 X (Kiser 

1989). The economical effectiveness of combustion synthesis is evident when consider the 

production of some nitrides from the same raw materials using furnace technologies. The 

technological parameters of three types of industry that produce AlN powders in three different 

ways: combustion synthesis (CS), furnace (FS) and plasmochemical (PCS) are compared in 

Table 2.4. As can be seen the combustion synthesis technology exceeds alternative process by 

almost parameters. The calculation of the complete power saving in the synthesis of TiC 

powders: by the furnace method (TiO2+3C → TiC+2CO) requires 35 kWh · kg-1; similar 
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parameters for combustion synthesis are 2-3 kWh · kg-1 from elemental (Ti+C → TiC) 

(Merzhanov 1997; Mossino 2004). 

 

Table 2.3 Typical parameters for the combustion synthesis process (Frankhouser 1987). 

 

Parameter Value 

Combustion temperature 1,500 ~ 4,000 oC 

Wave propagation rate 0.1 ~ 25.0 cm/s 

Thickness of combustion zone 0.1 ~ 5.0 mm 

Rate of heating 300 ~ 1,000,000 oC/s 

Intensity of ignition 10 ~ 100 cal/cm·sec 

Duration of ignition 0.05 ~ 5.0 sec 

Particle size of solid 0.1 ~ 200 ㎛ 

Density of cylinder compact 0.4 ~ 0.8 g/cm3 

Product purity 99.2 ~ 99.9 % 
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Table 2.4 Industrial parameters of CS, FS, PCS synthesis processes (Mossino 2004). 

 

Parameter CS FS FS 

Consumption of the raw materials: 
   

Aluminum/kg 0.7 0.9 1.5 

Nitrogen/m3 (kg-1) 0.9 1.65 12.3 

Consumption of electric energy, (kWh / kg) 0.5 31 150 

Labor consumption (rel. unit) 1 1.4 3.5 

Number of technological stage 8 18 5 

Effectiveness (kg / h) 4 1 0.75 

Time of technological stage / h 0.6 2.5 0.5 

Net cost powder (rel. unit) 1 2 4 
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In combustion synthesis, powder reactants are mixed and then pressed into green powder 

pellets (in ceramic processing, a green pellet is a pellet which has been formed, but has not yet 

been fired). This green pellet is then exposed to a heat source, which ignites the combustion 

synthesis reaction. There are two main modes of combustion synthesis: volumetric or thermal 

explosion mode, which occurs when the entire sample is heated uniformly until the reaction 

occurs simultaneously throughout; and self-propagating mode, which occurs when one end of the 

sample is ignited and the heat wave passes from one end to the other (Yi and Moore 1990). 

These two reaction modes are graphically illustrated in Figure 2.12. 

 

 

 

Figure 2.12 Schematic of two different modes in combustion synthesis: Self-propagating mode 

and thermal explosion mode. 

 

In the thermal explosion mode, the green pellet should theoretically react at the same 

instant, since all powders in the compact achieve the required activation energy at the same time. 

By contrast, in the self-propagating mode, the green pellet is heated non-uniformly. The portion 

of the green pellet that is most directly heated will attain the required activation energy before 

the rest of the green pellet and, therefore, will react first. As the reacting part of the reactant 

pellet produces and transfers the exothermic heat of reaction, it will ignite the adjacent layer, and 

a combustion wave will be formed. The propagation of this wave through the reactants will 
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continue to evolve and transfer heat to ignite the unreacted portion of the pellet, and will also 

transfer heat to the environment as heat loss. For the combustion reaction to self-propagate, the 

total heat produced from the exothermic reaction must be sufficient to overcome heat loss to the 

environment and still ignite the unreacted portion of the pellet. Otherwise, the reaction will 

quench, due to some combination of insufficient reaction energy and heat loss. In practice, most 

combustion synthesis reactions are a combination of the two modes (Holt and Munir 1986). 

 Materials produced by combustion synthesis have been widely varied with applications. 

Table 2.5 gives examples of materials that have been previously produced. Former Russian 

scientists have used combustion synthesis to successfully produce more than 500 materials, 

including electronic materials, metallic and ceramic superconductors, composites, intermetallics, 

refractories, abrasives, and lubricants. The application of these materials can be classified as 

(Moore and Feng 1995; Mossino 2004): 

 

 – Abrasives, cutting tools and polishing powders 

 – Resistive heating elements 

 – Shape-memory alloys 

 – Intermetallic compounds 

 – Steel processing additives (nitride ferroalloys) 

 – Electrodes for electrolysis of corrosive media 

 – Coatings for containment of liquid metals and corrosive media 

 – Powder for ceramic processing 

 – Thin film and coatings 

 – Functionally graded materials 

 – Composite materials 

 – Materials with specific properties.  
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Table 2.5 Some common materials produced by the combustion synthesis process (Moore and 

Feng 1995). 

 

Borides 
CrB, HfB2, NbB, NbB2, TaB2, TiB, TiB2, LaB6, MOB, MOB2, 
MOB4, Mo2B, WB, W2B5, WB4, ZrB2, VB, V3B2, VB2 

Carbides 
TiC, HfC, B4C, Al4C3, TaC, SiC, WC, ZrC, NbC, Cr3C2, Mo2C, 
VC 

Nitrides 
TiN, ZrN, BN, AlN, Si3N4, TaN, HfN, NbN, Mg3N2, VN, Ta2N, 
TaN 

Silicides 
TiSi3, Ti5Si3, ZrSi, Zr5Si3, MoSi2, TaSi2, Nb5Si3, NbSi2, WSi2. 
V5Si3 

Aluminides NiAl, CoAl, NbAl3 

Hydrides TiH2, ZrH2, NbH2, CsH3, PrH2, IH2 

Intermetallics FeAl, BnGe, TiNi, CoTi, CuAl 

Carbonitrides TiC-TiN,  NbC-NbN, TaC-TaN, ZrC-ZrN 

Cemented Carbides TIC-Ni, TiC-(Ni, MO), WC-Co, Cr3C2-(Ni, MO) 

Binary Compounds 
TiB2-MoB2, TiB2-CrB2, ZrB2-CrB2, TiC-WC, TiN-ZrN, MoS2-
NbS2, WS2-NbS2 

Chalcogenides MgS, NbSe2, TaSe2, MoS2, MoSe2, WS2, WSe2 

Composites 
TiB2-Al2O3, TiC-Al2O3, B4C- Al2O3, TiN- Al2O3, TiC-TiB2, 
MoSi2- Al2O3, MOB- Al2O3, Cr2C3- Al2O3, 6VN-5Al2O3 
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2.2.2 Reaction Parameters 

 

There are a number of reaction parameters that affect combustion synthesis reactions, 

including reactant particle size, stoichiometry, diluents, green density, thermal conductivity, 

ignition temperature, combustion temperature, heat loss, and the heating and cooling rate. Many 

of these parameters are interdependent and have a significant effect on the final product structure 

and properties. Establishing the optimal reaction parameters for synthesizing a material is based 

on obtaining a fundamental understanding of the controlling reaction mechanisms in each 

combustion reaction system. The following sections attempt to summarize the effects of these 

process variables on combustion synthesis reactions. 

 

Aluminum amounts 

 

With adding the low melting temperature material as diluents into combustion synthesis 

reaction system, a liquid phase is formed during the reaction, and as a result, capillary effects can 

become significant. The melting of one or more reactant species results in enhanced contact due 

to the spreading of the liquid reactant over solid reactant through capillary action. Lower molten 

volumes lead to less contact between reactants, while higher volumes lead to an excess in what is 

needed to fill the voids. This excess molten volume fraction acts as a heat sink, similar to that of 

diluents. The equation developed that relates the optimum volume of molten material and voids 

for the case of a binary mixture of metal M and a nonmetal X forming the MaXb compound is 

given by: 

 

	 	

	
     Equation 2.2 

 

where ρc is the ideal relative density of the reactant compact, m is the atomic mass, ρ is the 

density, and z is the ratio of the density of the metal in the liquid state to that of the metal in the 

solid state (Nekrasov, Maksimov et al. 1978). 

Combustion synthesis reactions involve large thermal gradients and rapid reaction rates. 

These reactions can be self-purifying, since the high temperatures achieved in the reaction may 

result in the vaporization of volatile impurities. In the titanium boride system, the fast reaction 
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rate and high temperatures can make this expulsion particularly violent. An effective method of 

controlling the expulsion is through controlling the rate of heat generation of the reaction. This 

can be accomplished by varying the composition of the reactant mixture. With the addition of 

diluents, less heat is generated per unit mass of reactant. The diluents take the heat away from 

the reaction front, thereby lowering the adiabatic temperature and combustion wave velocity. 

This effect may also reduce or eliminate material loss from the compact (Kottke, J. et al. 1962; 

Holt, Kingman et al. 1985). 

 

Reactant Size 

 

Reactant particle size will have an effect on the degree of completion of the reaction, the 

temporal sequence of the reaction, the axial and radial temperature profile of the combustion 

zone, the combustion temperature and the wave velocity. The effect of Ti particle size on the 

combustion temperature and the velocity of wave propagation in the Ti + C system are shown in 

Table 2.6.  

As particle size increases, the contact area of the particle will decrease, which leads to a 

decrease in the combustion temperature and wave velocity depending on the change in the 

thermal conductivity of the reactants and products (Holt and Munir 1986; Moore 1994). 

 

Table 2.6 The effect of Ti particle size on the combustion temperature and the velocity of the 

combustion wave (Munir and Anselmi-Tamburini 1989). 

 

Particle size of titanium (µm) Tc (
oC)(Experimental) Combustion rate(cm/s) 

< 45 2797 3.6 

125 – 160 2527 2.2 

250 – 280 2387 1.3 

Poly-dispersed 2480 1.1 
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Another aspect of the effect of particle size of reactants is related to systems in which a 

metallic reactant typically melts in the propagation front. The kinetics of a subsequent reaction is 

enhanced, but the melting is controlled by the reaction of the liquid with the solid phase. Another 

author analyzed a model where one reactant melts and surrounds the solid spherical particles of 

the other reactant. Two mechanisms for reaction kinetics control were considered: the diffusion 

of the liquid reactant through a surface layer of the solid reaction product, and the kinetics of 

reaction at the surface of the solid reactant. For both cases, the reaction rate is dependent on the 

particle size of the solid reactant. Assuming a planar steady-state wave, with the reaction being 

completed in a narrow zone, the dependence of velocity on particle size was derived as (Yi and 

Moore 1990): 

 

	      Equation 2.3 

 

where V is the propagation velocity, k the thermal conductivity, Ko a constant, E the activation 

energy for the reaction, R the gas constant, Tc the combustion temperature, Qρ the heat of the 

reaction, and f(η)the kinetics function and T the temperature. For total conversion inside the 

reaction zone η=1 and f(η)=1/4 for diffusion–controlled kinetics and f(η)=3/4 for surface 

reaction–controlled kinetics. Again, the effect of particle size appears in the pre-exponential term 

of the propagation velocity equation (Dunmead, Readey et al. 1989).  

 In the case of the reaction between two elements when one is a metal with a low melting 

point, the predominant mode depends on the particle size of the metal, so there are two modes of 

combustion: diffusion mode and capillary mode. In diffusion mode, diffusional processes 

between the reactants control the reaction, while in the capillary mode the combustion reaction is 

controlled by the rate of capillary spreading of the molten phase through the particles of the non-

melting reactant. Experimental measurements have shown that the diffusional mode is 

predominant when the particle size is small, and that the conditions for this mode can be 

expressed as: 

 

≪ 	      Equation 2.4 
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where r0 is the particle size of the starting metal component, rr the particle size of the refractory 

non-melting component, λ the thermal diffusivity, σ the surface tension of the liquid, µ the 

viscosity of the liquid, V the velocity of the combustion front, Tc the combustion temperature, Tm 

the melting point of the molten component and To the pre-heating temperature or the initial 

temperature. The condition in which the capillary mode is dominant is expressed by: 

 

≫        Equation 2.5 

 

where D is the diffusion coefficient of the reactants in the product. Figure 2.13 shows the 

relationship between the particle size and the velocity. These curves are obtained for the reaction 

between titanium and carbon; in particular, the curves are derived for three particle sizes of 

carbon.  

 

 There are three regions represented in this diagram: 

 

 

I. The kinetic region, where the diffusion controlled mode is dominant and the velocity 

is independent of r0 (the size of the particle of the metallic component);  

 

II. the transition region, where V dramatically decreases as r0 increases; 

 
 

III. the capillary region, where the dependence of V on r0 is relatively weak. 

 

 In this case, the combustion temperature and the propagation velocity of the combustion 

wave decrease as the particle size of melting component increases (Nekrasov, Maksimov et al. 

1978; Moore 1994; Moore and Feng 1995). 
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Figure 2.13 Dependence of the combustion rate on the particle size of the metallic (r0) and non-

metallic (r1, r2, r3) reactants in the: (I) kinetic region; (II) transition region; (III) 

capillary region (Munir and Anselmi-Tamburini 1989). 

 

Heating Rate 

 

The rate at which a green pellet is heated has been found to provide results that have a 

significant impact on the combustion temperature and, therefore, the microstructure and 

properties of the synthesized final product. There will generally be a critical heating rate above 

which the reaction will propagate, and below which the main method of transport of reactants 

will be atomic diffusion. Heating the reactants below the critical heating rate may result in the 

production of several thermodynamically stable intermediate compounds, which will be 

determined by the relative rates of diffusion of the reactants into one another and the 

corresponding phase equilibria, as predicted by the corresponding equilibrium phase diagram. 
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Increasing the heating rate will normally decrease the heat losses and will result in an increase in 

combustion temperature and wave velocity (Yi, Petric et al. 1992). 

 At high heating rates, there is less time for heat to be lost from the reaction front and, 

therefore, the reaction approaches adiabatic conditions and produces the highest combustion 

temperature. At low heating rates, diffusion between the reactants can occur, providing 

intermediate products that act as kinetic barriers for further reactions to proceed (Moore 1994). 

 

Green density 

 

Since combustion reactions are normally conducted on powder compacts, the particle 

packing characteristics play an important role in controlling the green density, pore size, thermal 

conductivity of reactants, and products and properties of the final reaction products. Most 

powders exhibit considerable distributions in size and shape. Therefore, agglomeration, cohesion, 

and particle packing characteristics are determined by this variable. 

Before packing the reactants, the complete mixing of reactant powders is important, so 

that the reaction can be completed and so that uniformity in the product structure can be achieved. 

The structural imperfections of the materials that are produced through the combustion synthesis 

reaction, such as micro-porosity, lamination, and cracking, result from four primary causes: (1) 

the rapid evolution of impurity gases or volatile reactants and/or products during the combustion 

reaction; (2) the change in volume that occurs between the reactants and products, (3) the 

porosity that is present in the green reactant mixture, such as a 65% theoretical density; and (4) 

the diffusion of vacancies to produce micro-pores. These imperfections can be increased by the 

existence of any non-uniformity present in the green compacts (Moore and Feng 1995). 

The density of a green pellet compact has an effect on thermal conductivity, depending 

on the physical properties of the materials. For example, in one study, a compact that was 

produced with a specific green density gradient was ignited at the lower density section (~ 55%) 

but, as the front propagated towards the higher density region (75%), it was “quenched.” This 

effect of green density on ignition and propagation behavior is attributed to a balance between 

having enough particle contact to allow the reaction, but not too much, which can cause 

excessive heat loss from the reaction zone due to increased thermal conductivity (Richardson, 

Rice et al. 1986). If the thermal conductivity of the green pellet increases, the amount of heat 
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needed to react the adjacent layers may not be sufficient; this can lead to an unstable reaction 

wave front and eventually a full quenching out of the combustion wave (Munir 1988; Rice 1991). 

For the solid-solid or gasless reactions, such as Ti + 2B → TiB2, a maximum velocity is 

achieved at an intermediate reactant green density. Increasing the reactant particle size will 

decrease velocity, as well as the corresponding product density. Using ultrasonic vibration to 

prepare the green compacts has been found to increase both the green density and the velocity of 

the reaction, especially when large reactant particle sizes are used. A similar effect was found in 

the reaction of Ni + Al + NiAl and in several Ti–based reactions (Shkiro, Doroshin et al. 1980; 

Kirdyashkin, Maksimov et al. 1986; Rice 1991). 

 

2.3 Summary 

 

A detailed study was performed to organize the existing literature on MMCs with various 

processing technique and efforts were put to understand the needs of this research.  

 

The conclusions drawn from this study are 

 

– Among numerous MMC systems, lightweight Mg-based composites have commercial interests 

to the automotive and aerospace industries. TiC ceramic particulate possesses many desirable 

properties, such as high hardness, modulus and wear resistance. 

 

– Combustion reaction of Al-Ti-C system to synthesize TiC particulate has been extensively 

studied recently. However, the investigations are mainly focused on the technical process. The 

reaction mechanisms of the reaction system are not well understood. 

 

– There are varieties of processing techniques available for production of MMCs. Each process 

has its own merits and demerits. In-situ processed MMCs exhibit better wetting of 

reinforcements and clean interfaces compared with conventional processing techniques. In 

addition, the load transfer is more effective due to the clean interface. 
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Thus the priority of this study will be to prepare Mg–based MMC by in-situ combustion 

synthesis of Al–Ti–C reactants and to characterize the MMCs. The reaction mechanism and 

phase evolution during the Al–Ti–C combustion reaction will be investigated. The effect of 

different reaction parameter and feasibility of the MMCs are also to be studied. 
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CHAPTER 3 EXPERIMENTAL PROCEDURE 

 

3.1 Composite Fabrication by In-situ Combustion Synthesis 

 

 In this chapter, elaborate details of the materials and procedures adopted in carrying out 

the various tasks in this project would be presented. 

 

3.1.1 Preform Preparation 

 

Reactant powders required for these experimental reaction systems were supplied from 

Cerac Inc., Alfa Aesar, Nanostructured & Amorphous Materials Inc., Sigma-Aldrich, and 

Atlantic Equipment Engineers (AEE). These powders were used directly as reactant powders 

without further particle purification, separation, or other processing. Table 3.1 lists the typical 

chemical and physical properties of the starting powders. 

 

Table 3.1 Characteristics of as-received reactant powders. 

 

Material Purity (%) Particle size (µm) Manufacturer 

Al 
99.5 1~5 AEE 

99.5 <44 Alfa Aesar 

Ti 99.7 < 20 AEE 

Graphite 
99.99 < 20 Sigma–Aldrich 

98 0.055 
Nanostructured & 

Amorphous Materials Inc. 

TiC 99.9 1~5 AEE 

 

The powders were proportionally weighed to produce a reactant mixture of the required 

stoichiometry, as determined by the Al–Ti–C combustion reaction. The green powders were 
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mixed by ball milling for 24 h in 200 mL Nalgene bottles with spherical alumina media. After 

milling, the powders were passed through a 325 mesh sieve to remove the alumina media. The 

appropriate amount of reactant mixtures for the composites were uniaxially pressed in a 0.5 inch 

diameter steel die, with free moving steel punches at different pressures. The green density of the 

pellets for the ex-situ and in-situ composites investigated was in the range between 65% and 70% 

of the theoretical densities. Figure 3.1 shows photographs of the pressing die, mold, and pressed 

pellets. 

 

 

 

Figure 3.1 Photographs of (a) the pressing die, mold, and (b) pressed pellets. 

 

The combustion synthesis system examined in this research is given by: 

 

xAl + yTi + yC → xAl + yTiC    Equation 3.1 

 

Ti and C powders were mixed at a ratio corresponding to that of stoichiometric TiC, along with 

varying amounts of Al as a diluent and alloying material. 
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The Al was introduced using 1 ~ 5 μm commercial powders of 99.5% purity; these were 

mixed with the Ti + C powder and pressed into green pellets, as described above. The raw 

materials for the Ti + C pellets were commercial Ti powders (99.7% purity, <20 μm) and 

graphite (99.99 % purity, 1~5 μm). The pressed pellets were dried in the furnace at 150 °C for 1 

hour to remove moisture in the reactants. Figure 3.2 shows the flow chart of the reactant 

preparation. 

 

 

 

Figure 3.2 Processing route for powder mixing and pelletizing. 

 

3.1.2 Melting 

 

To produce the molten Mg alloys, a pure Mg ingot (obtained from Dead Sea magnesium, 

Israel) was cut into pieces and then placed into a clean graphite crucible, which was located 

inside a 50 lb induction furnace that contained an alumina crucible. In an effort to minimize 
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oxidation, a protective argon “blanket” was used to cover the melt throughout the entire process. 

In addition, the top of the furnace was covered with high temperature insulation blankets made of 

“Fiberfrax,” inside a steel lid to prevent the melt from contact with the atmosphere. 

When the crucible and protective assembly were in place, the induction furnace was 

used to increase the temperature for the composite process. The molten Mg was held at 750 oC, 

which is above the liquidus line of Mg–9 wt % Al alloys (Figure 3.5) and the desired volume 

percentage (0, 2.5, 5, 7.5, 10 and 20 %) of the reinforcement was introduced by submerging the 

cold-pressed green pellets into the melt. After their insertion and combustion reaction, the “melt” 

was mechanically stirred for ~5 min, using a stainless steel rod to facilitate the incorporation and 

uniform distribution of the TiC reinforcement into the matrix. During the stirring, the 

temperature was maintained between 700 and 750 °C. The melt was also stirred by the induction 

currents when the furnace was turned on. After stirring, the steel rod was removed, and the 

graphite crucible was extracted and then quenched in water (Figure 3.3). 

Using the commercial TiC powder, ex-situ composites were also produced. In this case, 

the pellets composed of Al and commercial TiC were prepared and then put into molten Mg. 

After mechanical stirring, the graphite crucible was water-quenched. 

 

 

 

Figure 3.3 Photographs of a (a) 50 lb induction furnace and (b) a mechanical stirrer. 
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Two different billet sizes were produced: one with a 44.45 mm diameter and 88.9 mm 

height for the composite characterization and subsequent preparation of die casting wedge 

samples; the other was 63.5 mm diameter by 88.9 mm height and was fabricated for the die cast 

automotive belt tensioning bracket. Figure 3.4 shows a photograph of the graphite crucible and 

one of the stir–cast composite billets. 

 

 

 

Figure 3.4 Photographs of (a) a graphite crucible and (b) a composite billet. 

 

 Figure 3.5 shows the Mg-Al binary phase diagram. The maximum solid solubility is 

around 12.9 wt. % Al at the eutectic temperature of 437 °C, and a eutectic between Mg and the 

intermetallic β-Mg17Al12 is at about 30 wt. % Al. For the Mg-Al alloys, Al contents are below the 

maximum solid solubility limit and the alloys therefore solidify with a primary α-Mg phase. The 

equilibrium microstructure for the alloys is 100% α-Mg, but non-equilibrium, eutectic normally 

forms during solidification and is present in the as-cast microstructure in Mg-Al alloys down to 

about 2 wt% Al. Under equilibrium conditions, the Mg–Al casting alloys solidify as a α-Mg solid 
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solution and further cooling lead to the solid-state precipitation of β-Mg17Al12 within the α-Mg 

grains (Dahle, Lee et al. 2001; Kleiner, Beffort et al. 2002). 

 

 

 

Figure 3.5 Aluminum-magnesium binary phase diagram (handbook 1992). 

 

3.2 Characterization of Mg/TiC composites 

 

 In chapter 3.2, details of the materials characterization for the composites by the various 

analyses would be presented. 

 

3.2.1 Density  

 

Density calculations were conducted to measure the porosity of the in-situ and ex-situ 

composites. In-situ and ex-situ billets with different TiC vol. % were cut into small pieces in size 
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about 1cm x 1cm x 1cm. Theoretical density was calculated using the rule of mixtures (ROM), as 

shown in Equation 3.2: 

 

	  Equation 3.2 

 

where Vmatrix and Vreinforcement are the volume fractions of the matrix and reinforcement, and ρmatrix 

and ρreinforcement are the densities.  

 The Archimedes principle can be used to determine the volume and therefore the density 

of an object by measuring its buoyant force when it is submerged in a liquid. The apparent 

density (ρapp), which is the density of the material including its closed pores, can be calculated by 

the equation below. 

 

∙

	 	
    Equation 3.3 

 

where  is the apparent density,  is the dry weight,  is the density of the liquid, 

and  is the submerged weight. The composite samples were cut in to small pieces, 

weighed in air, and immersed in distilled water. A Satorius electronic balance with an accuracy 

of 0.0001 g was used for recording the weights. With the theoretical and apparent densities 

calculated, Equation 3.4 is used to calculate the % closed porosity. 

 

1 	 	100 %	 	   Equation 3.4 

 

3.2.2 Crystal Structure and Microstructure  

 

Crystal Structure: XRD 

 

The composites structure, texture and orientation were determined using a PHILIPS 

(Model: X’Pert-MPD System) with Cu–Kα radiation (wavelength, λ = 1.54054 ). The samples 

for X–ray diffraction analysis were mechanically ground and polished down with 1 µm diamond 

polishing lapping compound in order to give consistent surface conditions. All specimens were 
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measured over a scan range of 20-80° (2Ɵ) with a 0.02° step size and a 2 s dwell time per step. 

Crystal orientations were identified using the Pcpdf Win X-ray Powder Diffraction File for 

relevant phase identification. 

 

Microstructure: ESEM 

 

Microstructural characterization studies were conducted on metallographically polished 

composite samples to determine their microstructure. An FEI Quanta 600i environmental 

scanning electron microscope (accelerating voltage: 20 kV) with a PGT prism energy dispersive 

x–ray spectrometer (EDS) was used to investigate the microstructures and the phases present. All 

specimens were polished to a 1 µm finish, as in conventional metallography. 

 

Microstructure: TEM 

 

The interface of in-situ and ex-situ composites between the TiC reinforcement and the 

Mg matrix were investigated through detailed microstructural examination using a transmission 

electron microscope (TEM, JEOL–3011) with high resolution (at 200 keV) at Korea National 

Nanofab Center (KNNC). The composites for TEM analysis produced by the ex-situ and the in-

situ process were prepared using focused ion beam (FIB; Nova 200 NanoLab, FEI) 

instrument. The first step was checking the area of interest through SEM. The next step was the 

deposition of a Pt layer using SEM and ion gun over the material surface that acts as a protective 

layer. The third step was ion etching of both sides of the specimen using a Ga+ source with 30 

kV and a current of 4.7 nA. When the thinning process was completed, the sample was lifted out 

and placed on a TEM grid for further investigation. Energy dispersive X–ray spectroscopy (EDS) 

mode with spot size 1~25 nm diameter was also used, in order to identify the elements at the 

interfacial area. 

 

3.2.3 Mechanical Properties 

 

Microhardness Tests 
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Vickers microhardness measurements were made on the samples using a Leco MHT 

Series 200 system, according to the ASTM E 384 standard. A load of 10 N and a dwell time of 

10 seconds for each load were applied. The use of a 10 N load ensures that the indentation is 

large enough not to be influenced by individual TiC particles, and that the average hardness of 

the whole composite was measured. Twenty indents were made on each sample, and a distance 

of at least 50 times greater than the indent depth was maintained between the center of each 

indent and the edge of the specimen. The required area was first located with the microscope. 

The indenter automatically moves above the sample and the indent are made with a load.  The 

indenter is then returned to its original location, so that the dimensions can be determined with 

the microscope. 

The diamond indenter used was a Vickers indenter in the shape of a square based 

pyramid. The size of the indents was measured using an optical microscope. 

 

Microhardness (HV) = 1.854 x 103 (F/d2)   Equation 3.5                    

 

where F is the applied load in grams and d is the mean of the two diagonals in µm. 

 

Compression tests 

 

The compressive behavior of both the unreinforced alloy and the MMCs with different 

volume fractions of TiC reinforcement was studied using an MTS instru–Met A30–33 testing 

machine. In order to measure the compressive properties of the specimen, the samples were 

machined into rectangular specimens (5mm x 5mm x 8mm) and tested at room temperature. The 

deformation strain and strain rate 1mm / min were automatically controlled and recorded by the 

MTS system. The samples were centered between two hardened steel platens, with Teflon tape 

placed between the surfaces of the plates and the sample to reduce friction. 

The compression tests were conducted on three samples from each composition. True 

stress and true strain were determined using the experimental raw data and the experimental 

ultimate compressive strengths of the samples were determined using these true stress–true strain 

diagrams. The ultimate compressive strength was determined at the point at which the 

compressive load dropped dramatically. 
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3.3 Interfacial Characteristics 

 

 In this chapter, elaborate details of the interfacial characteristics between the matrix and 

the reinforcement would be showed. 

 

3.3.1 Infiltration 

 

For an idealized porous medium, under the assumption of one-dimensional flow (since 

the flow can just move along the axis of the assumed capillary tubes), the Hagen-Poiseuille law 

for laminar inter-particle flow with radius (r) can be employed to find the equation of motion for 

the porous medium flow. The Hagen-Poiseuille law states that the volumetric flow rate is 

proportional to the pressure drop along the tube length (Sutera and Skalak 1993; Masoodi 2010): 

 

4

8

r

LQ
P




        Equation 3.6  

 

where ΔP is the capillary pressure, µ is the fluid viscosity, L is the infiltration length, Q is the 

volume flow rate of the liquid, and r is the capillary radius. If the only driving pressure is the 

capillary pressure, then capillary pressure can be expressed with the Young-Laplace equation: 

 

r
P

 cos2
        Equation 3.7 

 

where ΔP is the capillary pressure, ɣ is the surface tension of the liquid metal to the solid phase, 

and Ɵ is the contact angle. Note that the volume flow–rate in a tube can be expressed in terms of 

the rate of change of the wetted length of the tube as: 

 

dt

dL
rQ 2        Equation 3.8 
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where Q is the volume flow rate of the liquid metal, r the capillary radius, L the infiltration 

length, and t the time. By substituting the ΔP and Q into Equation 3, the infiltration length of the 

wetted region as a function of time can be derived as: 

 

t
r

L 






2

cos
      Equation 3.9 

 

This equation is commonly known as the Washburn equation (Washburn 1921). Notice that this 

equation shows that the infiltration length is a function of the wettability. 

 

 The infiltration lengths of Mg into each substrate were measured to evaluate the 

wettability of Mg with the Al–Ti–C substrate (in-situ) and Al–commercial TiC substrate (ex-situ). 

Using this method, the interaction between the molten Mg and the reactant pellets of ex-situ and 

in-situ process can be investigated. Small pieces of commercial pure Mg were polished to a 

cylindrical shape with a weight of 0.13 ± 0.005g. The substrates were prepared using the same 

conditions as those need for the pellets in the composite process. Powders were mixed and 

pressed into 25mm diameter disks with green densities of 70 ± 3%. The substrates were then 

placed in the steel tube in the furnace. In an argon atmosphere, temperature was increased to 

660°C, which is slightly above the melting temperature of Mg (650°C). Thermocouples were 

used to measure the temperature of the pellets. After 5 minutes holding at 660°C, the substrates 

were taken out from the furnace and were air quenched. Figure 3.6 shows the schematics of the 

infiltration experiment. 

 

 

 

Figure 3.6 Schematic of the reaction chamber for the infiltration technique. 
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 The air-quenched substrates were sectioned vertically at the center of the infiltrated Mg. 

Using the PGT prism energy dispersive x–ray spectrometer (EDS) attached to the Quanta 600i 

environmental scanning electron microscope, the infiltration depth of Mg was measured. Figure 

3.7 shows schematics of the measuring the infiltration length of the Mg drop and point #6 

indicates the area where no Mg contents that was detected by schematically EDS analysis. Based 

on the infiltration length of the Mg liquid, activation energy was also calculated by applying the 

infiltration length versus time to Arrhenius equation. 

 

 

 

Figure 3.7 Schematic of infiltration length measurements of the Mg into the substrates. 

 

3.3.2 Phase Evolution and Reaction Mechanisms 

 

Reaction Kinetics: DSC 

 

Differential scanning calorimeter (DSC) analysis (NETZSCH STA 409 PC/PG, 

Germany) was used to measure the heat flow change during the isothermal process. To prepare 

the samples, Al–Ti–C (20 wt. % Al) reactant powders were mixed. By the recommendation of 

the instrument, the amount of the sample was in the range of 7–10 mg. A larger sample size 
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could increase the signal of the heat flow, but would also increase the temperature gradient inside 

the sample. The DSC analysis of the samples was carried out over a temperature range of 20–

900 °C at a heating rate of 10 °C/min in an Ar atmosphere. 

 

Phase Evolution: HT–XRD 

 

In-situ time-resolved high temperature X–ray diffraction (HT–XRD) analysis was 

performed in order to investigate the details during phase transition, as the temperature was 

increased from 650 to 670 °C with an interval of 10 °C. HT–XRD of the Al–Ti–C (20 wt. % Al) 

reaction system were recorded at room temperature under argon atmosphere, using a step scan 

procedure (0.02°/2θ step, time per step 0.5s) in the 2θ range of 10–90° (X’Pert–Pro MPD 

PW3040/60, PANalytical at Korea Institute of Science and Technology (KIST)). 

 

Reaction mechanism in Al–Ti–C system 

 

 Crystal structure and microstructural analysis of the Al–Ti and Al–Ti–C substrates were 

conducted to investigate the details of phase formation and evolution before the combustion 

reaction in the Al–Ti–C system. Al–Ti and Al–Ti–C substrates were prepared using the same 

process as in the infiltration experiment. Prepared substrates were placed in the furnace and then 

held at a temperature of 670°C for 10 minutes, after which those substrates were characterized 

using XRD, ESEM and EDS analysis. 

 

3.4 High Pressure Die Casting (HPDC) 

 

The Mg MMC billets were cleaned by polishing and grinding the surface, prior to high 

pressure die casting trials at VForge Inc. After cleaning, a commercial two-part coating (TiB2 

powder and liquid, AREMCO Inc.) was applied to the billets to minimize oxidation and burning 

during the reheating process. The billets were reheated to around 650°C using an induction 

heating coil, and the temperature was measured with a Type K thermocouple. The partially 

molten billets were then placed into the shot sleeve of the HPDC machine, and die cast into 

wedge samples (Figure 3.8 (a)) that were subsequently used to prepare samples for mechanical 
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testing. Billets were also die cast into automotive belt tensioning brackets to evaluate the 

castablity of Mg MMCs into commercial automotive parts (Figure 3.8 (b)). 

 

 

 

Figure 3.8 Photographs of (a) wedge sample and (b) automotive belt tensioning bracket. 

 

The castings were then ejected and cooled in air to room temperature. The die was then 

cleaned with compressed air in preparation for the next shot. Figure 3.9 shows a schematic of the 

HPDC machine used for this process. 

 

 

 

Figure 3.9 Schematic of wedge specimen production in HPDC machine.  
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The wedge specimens were characterized using XRD and ESEM as used in the analysis 

of the as-cast materials. For mechanical testing, tensile and compression tests were conducted, 

and the details are provided below. 

 

Tensile Tests 

 

The composites were tested in tension to compare the variations in mechanical 

properties associated with the volume fraction of reinforcement. The geometry of the specimens 

(Figure 3.10) and their dimensions (Table 3.2) were presented. The room temperature tensile 

properties of the composite materials were evaluated using ASTM E 8M standard test method 

with sheet type sub-size tensile specimens that were machined from the wedge specimens. 

Load (P) versus deflection (δ) data were recorded during tensile testing and the ultimate 

tensile strengths were also evaluated. Recorded maximum loads are in kilograms, and were 

converted to maximum stress values (MPa). Both length and cross–sectional areas of the tensile 

testing specimens were measured before and after fracture. All of the machining burrs were 

ground away in order to minimize surface notch effects. The tension axis of the specimens was 

always parallel to the die filling direction of the wedge sample. 

 

 

 

Figure 3.10 Schematic of the sub-sized tensile specimens. 

 

The tensile tests were performed on an MTS hydraulically driven system. The tests were 

conducted at a displacement rate of 0.05 mm/sec. The yield and ultimate strengths were 

calculated, based on the measured width and thickness of the coupons, and the yield stress was 

determined by the 0.2% offset method. 
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Table 3.2 Dimensions of the tensile specimens. 

 

 Subsize specimen Dimension (mm) 

G Gage length 25.0 ± 0.1 

W Width 6.0 ± 0.1 

T Thickness 25 ± 0.1 

R Radius of fillet, min 6 

L Overall length 100 

A Length of reduced section, min 32 

B Length of grip section 30 

C Width of grip section, approximate 10 

 

Compression Tests 

 

The compressive behavior of both the die cast specimens was studied. In order to 

measure the compressive properties of the die cast wedge specimens, the same method was used 

as mentioned in section 3.2.3. The compression axis of the specimens was always parallel to the 

die filling direction of the wedge sample, as shown in Figure 3.11. 
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Figure 3.11 Schematic illustrations of compression test specimens and the compression axis. 

 

3.5 Durability Test 

 

Mechanical stress-wear resistance 

 

Dry sliding wear behavior of the samples was assessed using a ball-on-disk wear tester 

(Tribometer). Square samples of dimensions (20mm x 20mm x 4mm thick) were machined from 

the wedge samples for these tests. Figure 3.12 shows a schematic diagram of this test. All 

experiments were conducted in air with temperature and relative humidity maintained between 

15~18 °C and 45~55%, respectively. Using an H13 steel ball, a constant normal load of 30N was 

applied, while 0.1m/s linear sliding speeds were selected. The track radius was fixed at 5 mm. 

The tests were carried out at ambient temperature with no lubrication. The coefficient of friction 

was continuously measured, using a computer-aided integration system. Wear surfaces and wear 

debris of selected samples were characterized, using the ESEM described above. 
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Figure 3.12 Schematic of the ball-on-disk sliding wear test configuration. 

 

Abrasive wear tests were carried out for composites with a dry sand rubber wheel 

(DSRW) tester. Tests were carried out according to the ASTM G65-91 standard. The test 

specimens were pressed against the rotating wheel at a specified force, while a controlled flow of 

sand abraded the test surface. The testing parameters were as follows: rotation speed 250 rpm, 

sand flow 138 g/min, test duration about 10 min, and wheel diameter 180 mm. Rounded quartz 

sand from the American Foundry Society (A.F.S) of irregular shape and having a particle size of 

a sieve no larger than 50/70 was used. The sample sizes were (15x50x5) mm3. The results are 

presented as a volume loss (mm3) of the composites. Figure 3.13 shows a schematic of this 

abrasive wear tester. 
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Figure 3.13 Schematic of ASTM G–65 standard of dry sand/rubber wheel apparatus (International 

2010). 
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CHAPTER 4 RESULTS AND DISCUSSION 

 

4.1 Characteristics of Mg/TiC Composites 

 

 In this chapter, the sequence of the Mg/TiC composites production by the in-situ and the 

ex-situ would be presented. The hypothesis for the sequence of the combustion reaction during 

the composite process was formulated from the analysis of the results in this project as presented 

in this chapter coupled with the information obtained from the literature review. 

 

4.1.1 Density 

 

The densities of the in-situ and the ex-situ composites, according to their TiC content, 

were measured by the Archimedes principle, in accordance with ASTM D792 (International). 

Figure 4.1 shows the variation of percentage of theoretical density with the TiC amount. The 

average percentage of theoretical density of the in-situ composite with 5 vol. % TiC reached 

97 %. The other in-situ composites had densities slightly lower than 97%, but the densities of all 

of the in-situ composites were higher than 94.2 %. However, it was found that the densities were 

lower than 94 % for the ex-situ composites that had over 5 vol. % TiC content. 

 

 

 

Figure 4.1 Variation of percentage of theoretical densities of the in-situ and the ex-situ 

composites measured by the Archimedes method. 
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Table 4.1 presents the closed porosity of each composite. The average porosity of the in-

situ composites was 4.03 %, which is lower than that of the ex-situ composites (6.30 %). It was 

expected that the in-situ composites with spherical TiC particles caused a beneficial effect on the 

densification, because its theoretical density was higher than that of the ex-situ composites. Also, 

the in-situ formed reinforcement had intimate contacts with the matrix and resulted in lower 

porosities than that of the ex-situ composites. It was considered that the increasing trend in the 

porosities was derived from an increase in the TiC content, which caused an increase in the 

interfacial area between the matrix and the TiC particles. 

 

Table 4.1 Percentage of closed porosity in composites with different TiC volume percentages. 

 

TiC 
vol. % 

0 2.5 5 7.5 10 20 Avg. 

In-situ 

0.31 

3.63 2.99 3.64 4.1 5.8 4.03 

Ex-situ 5.04 6.6 6.49 6.35 7.02 6.3 

 

4.1.2. Crystal Structure and Microstructure 

 

Crystal Structure: XRD 

 

Figure 4.2 shows X–ray diffraction (XRD) patterns for the Mg–9 wt. % Al matrix and 

Mg-MMC samples of 10 vol. % TiC by in-situ process. The patterns exhibited the main peaks in 

accordance with the Mg matrix and the TiC, and it was confirmed that the combustion synthesis 

reaction had converted the Al–Ti–C system into TiC and MMC phases. The lack of any 

additional peaks in the XRD patterns means that the TiC is thermodynamically more stable than 

the other possible products in the Mg matrix, while Ti forms titanium aluminide in the Al–Ti 

system. 
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It should be noted that the conventional melting method of Mg, by using relatively high 

temperatures (>800 °C), results in the oxidation of the Mg unless considerable care is taken to 

shield the liquid from oxygen. There are no peaks that correspond to the magnesium oxide (MgO) 

phase, which means that the in-situ process was effective in minimizing the contact between the 

molten Mg and the air. The combustion synthesis process with a rapid and high temperature 

reaction condition could produce MMC samples with a relatively high purity and with minimum 

secondary phases or impurities. 

 

 

Figure 4.2 XRD patterns of the (a) 10 vol. % TiC reinforced MMC produced by in-situ process 

and (b) Mg–9 wt. % Al matrix.  
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Microstructure: ESEM 

 

Representative SEM images of the in-situ composite containing different TiC volume 

fraction are shown in Figure 4.3. EDS analysis was used to determine that the bright phase is the 

TiC reinforcement and the dark phase is the Mg matrix. As Figure 4.3 shows, about 1 μm-sized 

spherical TiC particles were dispersed throughout the Mg matrix. Figure 4.3 (c) and (d) revealed 

a relatively uniform distribution of reinforcing phases as a network of contacting particles in the 

Mg matrix, and showed that obvious voids were not present.  

The wettability of the reinforcement material with the liquid metal matrix is essential for 

good interfacial bonding and enhanced bond strengths (Kaftelen, Ünlü et al. 2011). The 

successful incorporation of varying amounts of TiC in the Mg matrix indicates the good 

reinforcement/matrix compatibility. Also, the interfacial energy of the spherical TiC with the Mg 

matrix is lower than that of angular or fiber-shaped TiC, since a larger interfacial area contains 

larger interfacial energy; as a result, this yields good wettability (Lautrup 2011). 

 

 

 

Figure 4.3 ESEM images of the in-situ CS composite with (a) 2.5, (b) 5, (c) 7.5, and (d) 10 vol. % 

TiC. 
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 Figure 4.4 shows the microstructure of the ex-situ composite with 10 vol. % TiC prepared 

with commercial TiC powder. It distinguishes the TiC particles (bright phase), which were 

homogeneously distributed in the matrix (dark phase). Average size of the TiC particles was 

found to be about 1 ~ 5 µm, and the angular-shaped reinforcement was dispersed in the Mg 

matrix. TiC particles below of 1 µm were also observed. 

 

 

 

Figure 4.4 ESEM images of the 10 vol % TiC reinforced composite produced by the ex-situ 

process, using commercial TiC powder. 

 

Microstructure: TEM 

 

To investigate the interfaces between the TiC particles and the matrix, high resolution 

TEM observation was conducted on both the 10 vol. % TiC-reinforced in-situ and ex-situ 

composites, as shown in Figure 4.5. Figure 4.5 (a) shows the interface between the TiC and the 

matrix in the ex-situ composites, and it was found that there were foreign layers at the interface. 

Undefined contaminations were also observed in the matrix area. 

As shown in Figure 4.5 (b), in-situ formed TiC had clean interfaces without significant 

interface reaction products or a defect indicating that the in-situ formed TiC was more 

compatible with the matrix than the ex-situ formed TiC; this should indicated sufficient strength 

between the particles and the matrix to transfer stress. 
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The diameter of the TiC particles defined from SEM observation for the ex-situ 

composites was in the range of 1 ~ 5µm, and those from the in-situ composites was about 1 µm. 

TEM analysis demonstrated that the angular TiC (commercial powder) and spherical TiC 

particles had a size of about 1µm. 

 

 

 

Figure 4.5 TiC morphologies in the composite with 10 vol. % TiC produced by the (a) ex-situ, 

and (b) in-situ processes. 

 

 To investigate the composition of the matrix and the interfacial areas, point TEM–EDS 

analyses were performed on the reinforcement, the interface, and the matrix region. Figure 4.6 

shows the ex-situ TiC particles and the interfacial area where such TEM–EDS analyses were 

applied. Table 4.2 shows point profiling for the ex-situ composite. From the analysis on two 

different positions (which are indicated by white circles), it is confirmed that the oxygen contents 
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were increased at the interface in Figure 4.6 (a) and (b). The increase of oxygen (O) content from 

the center of the TiC reinforcement to the interfacial area proves the existence of oxide layers. 

The compositions for the oxygen at the interfaces of the two positions were 5.35 % and 

6.5 %, as shown in Table 4.2. These proportions of the oxygen could be attributed either to the 

oxidized commercial TiC powder as a starting material, or to oxidation that occurred during the 

process. It was found that the oxygen in the reinforcement system could not be eliminated 

completely throughout the ex-situ process. 

 

 

 

Figure 4.6 TEM image and EDS point analysis on TiC particles in the ex-situ MMCs. 
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Table 4.2 Atomic composition of the regions in Figure 4.6 (the ex-situ composites). 

 

 Figure 4.6 (a) Figure 4.6 (b) 

 Atomic % Atomic % 

Point O Al O Al 

          a (TiC) - 0.18 0.55 0.01 

          b (interface) 5.35 - 6.5 - 

          c (matrix) 2.16 1.02 2.56 0.09 

 

 

Figure 4.7 shows the TEM images of the interfacial microstructure for the in-situ 

composite and the EDS analysis points, and the results of the point profiles are indicated in Table 

4.3. It was identified that the oxygen concentration increased as the analyzed regions moved 

from the center of reinforcement to the matrix area. However, the oxygen amount at the interface 

area was lower than that of the ex-situ composite. Al contents were increased at the interface and 

matrix, so that the wettability of the TiC particles to the Mg matrix was improved by the Al on 

the TiC, since Al decreases the surface tension of molten Mg (Contreras, Angeles-Chávez et al. 

2007). 

 

Table 4.3 Composition in analyzed points from the in-situ composite. 

 

Point a b c 

Atomic % 

O 0.25 0.81 1.27 

Al 0.07 1.22 1.11 
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Figure 4.7 TEM image and EDS point analysis on TiC particle in the in-situ MMCs. 
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Figure 4.8 shows the comparison of oxygen and Al contents at the interface in the ex-situ 

and in-situ composites. The oxygen concentration shows a dramatic spike at the interface in the 

ex-situ composite. Ex-situ composites have very low Al contents along the interface; on the other 

hand, there is an increase in the Al content at the interface of the in-situ formed reinforcement. 

This shows that the in-situ formed composites have less interfacial contamination, and thus are 

likely to have better wettability and compatibility of the reinforcement with the matrix. 

 

 

 

Figure 4.8 Variation of atomic concentration in the composites for various regions: (a) Oxygen, 

and (b) Aluminum contents (redline: in-situ composite and blueline: ex-situ 

composite). 

 

4.1.3 Mechanical Properties  

 

Hardness 

 

Figure 4.9 presents Vickers micro-hardness values of the composites with various TiC 

contents. The hardness of composites increased significantly when compared to the matrix 

material, according to the increase of the amount of reinforcement. In the in-situ MMC samples, 

the hardness gradually increased from 0.52 GPa (0 % TiC) to 1.27 GPa at the specimen with 20 

vol. % TiC. The hardness of the 20 vol. % TiC sample is 2.5 times higher than that of the Mg 
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matrix. This increasing trend in hardness can be attributed to strengthening by a uniform 

distribution of TiC particles with higher hardness (2,470 Knoop Hardness). The in-situ 

composites exhibited higher hardness than the ex-situ composites. It seems that there are 

uniformly dispersed, well-rounded homogeneous TiC particles, along with the clean interface 

between the reinforcement and the matrix.  

 

 

 

Figure 4.9 Variation of Vickers hardness values for the composites, as a function of their TiC 

content. 
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Compressive strength 

 

Figure 4.10 gives ultimate compressive strength-TiC vol. % curves of the in-situ and the 

ex-situ composites from uniaxial compressive tests performed at room temperature. The two 

curves indicate the in-situ (red line) and the ex-situ (blue line) prepared composites. The addition 

of the TiC reinforcement led to an increase in the ultimate compressive strength (UCS). Selected 

specimens of all types of specimens failed with single cracking, which had an orientation at ± 45° 

to the compression axis (Figure 4.11). 

As Figure 4.9 and 4.10 shows, the hardness of the Mg with TiC contents ranging from 0 % 

to 10 % in the in-situ composites increased with the increase in the ultimate compressive strength 

(~344 to ~389 MPa). The UCS of the composite showed a linearly dependent relationship on the 

TiC contents. The various factors that contribute to the increase of the strength can be mentioned 

as composite strengthening and microstructural modifications, and are examined in a subsequent 

section. The increasing trend in UCS of the specimen by the presence of TiC particles can 

explain a load transfer phenomena from the matrix to the reinforcement, resulting in the 

improvement of resistance to compressive deformation (Aghajanian, Langensiepen et al. 1993). 

The principle for this phenomenon is related to stress disturbance near the second phase 

in the matrix during the loading process. This stress obstruction can alter both the location and 

the contour, where the maximum stress (or strain) is constrained. It also interacts with the stress 

field caused by the propagating shear bands, which may lead to multiplication, branching and 

deflection of the shear bands. Therefore, the stress field near the second phase can serve as an 

effective barrier to the direct propagation of the shear bands. Although the compressive strength 

increased with an increase in the TiC contents, the reinforcement appeared to decrease the strain 

prior to fracture, due to the higher strength and modulus characteristics of the TiC, rather than 

the matrix (Ji-jie, Jin-hua et al. 2006). 

It is apparent that the slope of the linear portion for the curve for the in-situ composites is 

higher than that of the ex-situ composites. Also, the compressive failure strain of the in-situ 

specimens is higher than that of the ex-situ composites. In the composites, a possible initiation 

site for the shear band is considered to take place at the reinforcement/matrix interfacial regions, 

in order to maintain the strain compatibility between the two phases during the loading process 

(Lee, Huh et al. 2006). Therefore, the in-situ composites with strong interfacial bonding 
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exhibited a higher resistance to compressive deformation and fracture than the ex-situ 

composites. 

 

 

 

Figure 4.10 Compressive stress versus strain curves for the in-situ and the ex-situ specimens, 

with different TiC volume fractions. 
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Figure 4.11 Failed in-situ specimen sides after compressive test, showing single 45° crack. 

 

4.2 Phase Evolution and Interfacial Characteristics 

 

 One aim of the research reported here was to investigate whether interfacial 

characteristics between the ceramic reinforcement and the molten alloy during the MMC 

processing influences the infiltration behavior and the properties of the resulting material. 

 

4.2.1 Phase Evolution 

 

Reaction Kinetics: DSC 

 

DSC analysis was performed to investigate the reaction kinetics of the exothermic 

reactions before ignition. Figure 4.12 shows the result for the Al–Ti–C (20 wt % Al) reactant 

system. The sharp negative endothermic peak near 660°C is associated with melting of the Al 

powder.  The exothermic peak at 739°C results from the subsequent solid-liquid reaction that 

occurs to form Al3Ti. It is confirmed that, by taking advantage of the heat generated by the Al-Ti 
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reaction, the carbon reacted then reacts with Al3Ti to form the thermodynamically stable TiC 

phase. 

 

 

 

Figure 4.12 DSC thermogram curves of the Al (20 wt. %)–Ti–C reactant system. 

 

Phase Evolution: HT–XRD 

 

In order to obtain more information on this reaction, phase analyses of the Al–Ti–C 

mixtures as a function of temperature were conducted through HT–XRD. Figure 4.13 shows the 

HT–XRD results of the Al–Ti–C at temperatures of 650, 660, and 670°C. Table 4.4 shows the 

phases present and suggests that the Al3Ti phase was formed subsequent to the melting of Al. 
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Figure 4.13 HT–XRD pattern of Al–Ti–C reactant at room temperature and elevated temperature.  

 

Table 4.4 Results of phase analyses to the Al–Ti–C mixtures, according to the temperature. 

 

Temperature (°C) Phases present 

25 Aluminum, Titanium, Carbon 

650 Aluminum, Titanium, Carbon 

660 Aluminum, Titanium, Carbon, Al3Ti 

670 Aluminum, Titanium, Carbon, Al3Ti 

 

According to the DSC and HT–XRD results, it was determined that the reaction in the 

Al–Ti–C system can be divided into two steps. The first step is the formation of Al3Ti. When the 
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Al melts, the C and Ti powders become surrounded by molten Al, followed by dissolution of Ti 

into the Al melt, and the formation of Al3Ti which will be in contact with the C powder. The heat 

generated by the Al-Ti reaction triggers the combustion reaction between the C and the Ti in the 

Al3Ti to form TiC. This reaction is highly exothermic and, the end result is the formation of TiC 

and Al as final products. The details of reaction step are below: 

 

Step 1: 3Al + Ti → Al3Ti     Equation 4.1 

 

Step 2: Al3Ti + C →3Al + TiC    Equation 4.2 

 

4.2.2 Reaction Mechanism 

 

 The reaction mechanisms and the phase evolution in the Al–Ti–C system was 

investigated further using both DSC and the HT–XRD analyses. To identify the specific phase 

formation sequences, Al–Ti pellets were held at a temperature of 670°C for 10 minutes under an 

Ar atmosphere. 

As shown in Figure 4.13, the HT-XRD analysis confirmed that the pellets were 

composed of Al, Ti, and Al3Ti. Figure 4.14 shows ESEM and EDS analyses of the reacted pellets. 

The formation of blocky shaped Al3Ti with sizes of 1 ~ 40 µm was observed, and the small Ti-

rich particles existed on the surface of the Al3Ti particles. These Ti-rich phases indicate the 

evidence of a phase where Ti dissolves into Al. 

 

From these results, the reaction mechanism between Al and Ti can be summarized as 

follows: 

 

a) With the melting of the Al, the Ti dissolves into the molten Al 

 

b) Formation of the Al3Ti phase by reaction between Al-Ti 

 

c) Growth of the Al3Ti phase 
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Figure 4.14 ESEM images and EDS results of the reacted Al–Ti pellet at 670 °C for 10 minutes. 
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5 wt% Al was added to the Al-Ti reactant to evaluate the phase evolution and reaction 

mechanism of the Al–Ti–C combustion reaction system. Figure 4.15 shows the EDS and ESEM 

results of the Al–Ti–C (5 wt. % Al) system after holding at a temperature of 670°C for 10 

minutes under an Ar atmosphere. The XRD pattern confirmed that the phase constituents are Al, 

Ti and Al3Ti (Figure 4.17). 

As seen in the figure 4.15, part of an initial Ti particle is visible, along with Al and C in 

this phase. It seemed not to react, because its morphology was still similar to that of the starting 

Ti. The formation of the Al3Ti phase occurs at a limited local area by adding a small amount of 

Al. This was attributed to an insufficient amount of Al to absorb the Ti to form the Al3Ti phase. 

 

-  

 

Figure 4.15 ESEM image and EDS analysis of Al–Ti–C (5 wt. % Al) pellet at 670 °C for 10 

minutes. 

 

The XRD pattern confirmed that the phase constituents are Al, Ti, and Al3Ti (Figure 

4.16). Figure 4.16 shows an XRD pattern of a 5 and 20wt. % Al substrate after holding at 670°C 

for 10 minutes. After the furnace holding, the formation of the Al3Ti phase was observed at both 



 

76 
 

compositions. With an increasing amount of Al, the intensity of the Al3Ti peaks are stronger. 

This results show that with a low Al content (5wt. %), the formation of the Al3Ti phase is 

relatively small, as compared to a system with 20 wt. % Al. 

 

 

 

Figure 4.16 XRD patterns from the 5 and 20 wt. % Al substrates after holding at 670°C for 10 

minutes. 

 

20 wt. % Al was added to the Al-Ti reactant (same condition with the pellets in the 

composite process) to evaluate the phase evolution and reaction mechanism of the Al–Ti–C 

combustion reaction system. Figure 4.17 shows ESEM and EDS results after holding at a 

temperature of 670°C for 10 minutes in an Ar atmosphere.  

Figure 4.17 shows the existence of blocky-shaped Al3Ti, with sizes around 20µm. There 

are a lot of C-rich phases on the surfaces of Al3Ti phase, and are identified as graphite powders, 
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which are in contact with the Al3Ti phase from the EDS analysis. Further increases in 

temperature initiated the combustion reaction to form the more stable TiC phase (∆

186 / ) as compared to the Al3Ti phase (∆ 142.26 / ) (Hwang and 

Chung 2004). Based on these results, the reaction mechanism in Al–Ti–C combustion reaction 

system can be summarized as below: 

 

a) With the melting of Al, Ti dissolves into molten Al 

b) Formation of Al3Ti phase by reactions between Al-Ti 

c) Al3Ti phase has contact with C 

d) Growth of the Al3Ti phase 

e) Contact area between Al3Ti and C increases 

f) At some point, a high exothermic combustion reaction occurs 

g) TiC is formed and Al3Ti decomposes by exothermic heat 

h) Further formation of TiC 

 

 

 

Figure 4.17 ESEM image and EDS analysis of Al–Ti–C (20 wt. % Al) pellet. 
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4.2.3 Infiltration and Activation Energy 

 

 The infiltration techniques were used to investigate wettability of Mg and the interaction 

between the molten Mg matrix and the reactant pellets, which are used for both the ex-situ and 

the in-situ process. Figure 4.18 shows the measured infiltration length of Mg into the pellets 

evaluated by EDS point analysis. Mg infiltrated 3.04 mm in the Al–TiC substrate and 5.42 mm 

in the Al–Ti–C system at the same time and temperature. The green density of the Al–TiC 

substrate was about 70 %, but the green density of the Al–Ti–C system was about 73 ~ 75 %, 

which was higher than that of the Al–TiC system, due to a difference in powder size between the 

reactants. Considering the green density, the difference in infiltration length is significant. 

 

 

Figure 4.18 Infiltration length profiles of Mg contents by EDS point analysis. 
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Figure 4.19 shows the cross-sectional images of the substrate and the EDS analysis points. 

The phases in the infiltrated region of the Al-TiC substrate were Mg, Al and TiC as determined 

using XRD analysis. In the case of the Al–Ti–C substrate, Mg, Al, Ti, and Al3Ti phases were 

detected. The XRD results indicate that for the Al-TiC substrate, molten Mg flows into the 

substrate, which is controlled by the viscosity of Mg. On the other hand, the infiltration of Mg in 

the Al–Ti–C substrate is promoted by reaction between Al and Ti to form Al3Ti. With the 

formation of a new solid phase at the interface, good wetting of Mg occurs simultaneously. In 

other words, the in-situ formed TiC appears to form intimate contact with the matrix, due to the 

better wettability of Mg with the reactants. In this instance, the in-situ composites exhibit clean 

and stable interfaces. 

 

 

 

Figure 4.19 Cross sections of the Mg–infiltration specimens: (a) Al–TiC, and (b) Al–Ti–C 

substrate. 

 

The reactive systems are characterized by pronounced changes of infiltration length with 

time and temperature dependent variations; these results make it possible to calculate the 

activation energy for the wetting of Mg with each substrate, by performing a kinetic study from 

the infiltration length versus time (dl/dt) and applying the Arrhenius equation. The calculated 

activation energy for each substrate is shown in Table 4.5. The high values of activation energy 
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indicate that spreading is not a simple viscosity-controlled phenomenon, but is a chemical 

reaction process (Contreras, Bedolla et al. 2004; Contreras, Lopez et al. 2004; Contreras 2007). 

 

Table 4.5 Activation energy for infiltration of Mg with Al-Ti-C and Al-TiC substrates.  

 

Temperature (°C) Substrate Ea (kJ/mol) 

660 

Al + Ti + C 307.31 

Al + TiC 350.84 

 

 

4.2.4 Interfacial Stability 

 

 The interfacial stability of the in-situ reaction system was evaluated using the infiltration 

technique. Commercial TiC powder was pressed into pellets under the same conditions that were 

used in the composite process. The infiltration of the Mg drop was not observed with an increase 

in temperatures up to 760 °C. By applying a further increase in temperature, the Mg drop starts 

to infiltrate the TiC substrate at a temperature of 765 °C. 

 The processing temperature of the composite was 750 °C, and with this temperature, it is 

difficult to spontaneously wet the Mg matrix with commercial TiC. Even if the commercial TiC 

is mixed with Al powder, the wetting occurs by the simple viscosity of molten Mg and Al. In this 

scenario, there are pores or oxide layers that may exist at the interface between the matrix and 

the TiC reinforcement. 

  In the Al–Ti–C reaction system, chemical reactions between Al and Ti promote the 

wetting of the Mg matrix. Also, TiC formation occurs in the Al and the TiC has intimate contact 

with the Mg matrix. As a result, in-situ produced composites possess more stable interfaces, as 

compared with ex-situ composites. 
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4.3 Reaction Parameters and Application  

 

 Understanding the reaction parameters that control combustion reactions provides insight 

to an experimentalist who is then able to manipulate the system to produce a desired final 

product. In this section, techniques for the addition of the ceramic to a molten matrix and then 

die casting and testing of the resulting MMCs were investigated. 

 

4.3.1 Aluminum Amount 

 

The reaction mechanism confirmed that Al plays an important role in the Al–Ti–C 

reaction system, as it does in the in-situ composites. The as-cast microstructure of the in-situ 

composites, fabricated with Al contents of 15, 20 and 30 %, are shown in Figure 4.20. Successful 

combustion reactions were produced in the Mg matrix, and yielded approximately uniform 

microstructures in the composites.  

 

 

 

Figure 4.20 10 vol. % TiC reinforced in-situ CS composites with varying Al amounts in the 

pellets. 

 

The average size of in-situ formed TiC reinforcements in each system was determined 

using ImageJ software and is summarized in Table 4.6. The results show the effect of Al content 

in the Al–Ti–C system on the TiC reinforcement sizes in the composites that were fabricated by 

the combustion reaction in molten Mg. The TiC particulate sizes decreased from ∼3.14 to 0.91 

µm when the Al content in the preforms increased from 15 to 30 wt. %. This is attributed to the 
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increase in Al, since diluents naturally act as barriers to reactant motion, which restrict access to 

the growing product particles, which would normally result in smaller particles. 

However, an Al amount of less than 5% or higher than 40% failed to initiate the 

combustion reaction. The formation of this Al3Ti phase is relatively low when a very low amount 

of Al is added to the pellet. The contact between the Al3Ti phase and C cannot be achieved, due 

to the smaller content of Al. With an increase of the Al above the critical point, there is unreacted 

Al powder, which hinders the contact between the Al3Ti phase and C reactant. This also 

increases the thermal conductivity of the green pellet and may result in increased heat loss to the 

surroundings, which would require an artificially higher temperature before the ignition of the 

combustion reaction.  

 

 Table 4.6 Particle size measurement by ImageJ software. 

 

Al wt. % in the pellet 15 20 30 ≤ 5 & ≥ 40 

Avg. TiC dia. (µm) 3.14 1.17 0.91 No reaction 

 

 

The decrease in the size of the TiC particles can be explained by the decrease in the 

combustion temperature, because grain growth of TiC is a function of the combustion 

temperature. The average particle size of TiC has an approximately linear relationship with the 

combustion temperature (Nuechterlein 2013). Figure 4.21 shows the adiabatic temperature 

(theoretical combustion temperature) of Al–Ti–C system with increasing Al amounts. When the 

Al contents in Al–Ti–C increased, the adiabatic temperature of the system gradually decreased 

(Choi and Rhee 1993; Lee and Chung 1997; Wang, Jiang et al. 2004). 
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Figure 4.21 Adiabatic temperatures in Al–Ti–C combustion reaction system function of Al 

amount calculated by HSC software. 

 

4.3.2 Reactant Size 

 

The combustion reaction of Al–Ti–C has successfully occurred in composite production 

when using the powders with a larger amount of Al. However, an uncompleted combustion 

reaction was observed with the nano-graphite powder. When the micron-sized reactants are in 

preforms, an exothermic reaction in the melts was observed about 7 ± 3 seconds after the 

preforms were added into the molten Mg. However, when the nano-graphite powder was used, 

the combustion reaction in the melts occurred more than 20 seconds after preform insertion. 

A mean surface area of C can be estimated if the particles are assumed to have the same 

spherical shape and size dimensions. Compared with C particles that have a 2.5 µm diameter, the 

55 nm-sized particles of C have much higher specific surface area—about 3000 times larger than 

micron-sized C. As a result, enough contact between Al3Ti and C needs to be achieved to initiate 

the combustion reaction in the Al–Ti–C system. As confirmed by this delayed reaction time, it 

takes a longer time to obtain enough contact area with nano-sized C. 
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The combustion synthesis process is clearly dependent on the rate of heat generated and 

accumulation during the reaction. The surface area and composition of the reactant mixture play 

a crucial role in the reaction initiation and its propagation (Varma and Lebrat 1992). Heat loss 

occurs with the long reaction delay time; hence, the initiated combustion reaction can be easily 

quenched. This can be seen by the existence of the Al3Ti intermediate phase during the 

combustion reaction of the Al–Ti–C system. 

 

 

 

Figure 4.22 Microstructures of in-situ composite with 10 vol. % TiC with different reactant size 

of (a) larger Al (<44µm); and (b) smaller C powder (55 nm). 

 

Table 4.7 Reactant size of the different reaction systems and the resulting average TiC sizes. 

 

 
Al Ti C Avg. TiC size (µm) 

 
1 ~ 5 µm <20 µm 1 ~ 5 µm 1.17 

(a) <44 µm <20 µm 1 ~ 5 µm 2.37 

(b) 1 ~ 5 µm <20 µm 0.055 µm Uncompleted 
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4.3.3 HPDC 

 

Crystal Structure: XRD 

 

X–ray diffraction (XRD) patterns from the Mg MMC samples that contained target 

amounts of 10, 20, and 30 vol % TiC (Figure 4.23) exhibited only peaks from the Mg matrix and 

TiC. There were no peaks of intermetallic compounds between the Mg and TiC phases, which 

indicates that the TiC reinforcement phase is stable in the matrix, without any additional 

chemical reactions.   

 

 

 

Figure 4.23 XRD patterns of the wedge samples of the 10, 20 and 30 vol % TiC reinforced MMC.  
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Microstructure: ESEM 

 

Figure 4.24 presents the ESEM images of the wedge samples with TiC contents of 10 and 

20 vol. % in the matrix. Through EDS analysis, it was clearly confirmed that the light, high-Z 

phase corresponds to the TiC particles and the dark, low-Z phase is the Mg matrix. In Figure 

4.24 (a), it is apparent that the TiC reinforcements are reasonably well distributed in the matrix. 

In conventional melting of Mg with relatively high processing temperatures, MgO particles are 

often present, due to contamination by atmospheric oxygen (Brace and Allen 1957; S. Ha and 

Kim 2008). The fact that the MgO or MgO2 phases were not detected in the XRD patterns is 

presumably due to their low volume fraction in the sample. This result indicates that the 

processing parameters and experimental methods used to produce the wedges were effective in 

minimizing the oxidation of the molten Mg. Coatings on the billets surface also prevented 

oxidation of MMCs during the preheating before die casting. 

While both microscale and macroscale porosity are known to seriously compromise the 

mechanical properties of high-pressure die casting Mg products (Lee, Patel et al. 2005; Fu, Luo 

et al. 2008), the SEM images indicate that such porosity has been avoided in the composites; 

hence, the wedge samples produced by this SSDC process appear to be quite dense.  

 

 

 

Figure 4.24 ESEM images of wedge samples with (a) 10, and (b) 20 vol % TiC specimens. 
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Mechanical property: Hardness 

 

Hardness tests were carried out to examine the effects of the addition of TiC on the Mg 

alloy matrix, since hardness is a good indicator of a material’s resistance to plastic deformation. 

Figure 4.25 presents the hardness values of the wedge samples with different volume fractions of 

TiC reinforcement. With an increase of TiC in the MMC samples, the hardness gradually 

increased from 60 to 220 HV, which is consistent with the rule of mixtures on the composite 

materials. 

The average Vickers hardness of the 30 vol. % TiC composite sample is about 220 HV (~ 

2.2 GPa), which is 3.6 times higher than that of the Mg matrix (62.7 HV). The improvement in 

hardness of the wedge samples can be caused by several factors: (1) the uniform distribution of 

fine TiC reinforcement particles; (2) the load-bearing effect of the hard TiC particulate; and (3) 

the clean interfaces between the reinforcement particles and the matrix, which suggests relatively 

strong bonding (Liu and Chen 2002). 
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Figure 4.25 Vickers hardness values as a function of the volume percentage of the TiC 

reinforcement. 
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Mechanical properties: Tensile tests 

 

Figure 4.26 shows the tensile properties of the MMCs measured at room temperature 

with ASTM E8m standard sub-sized tensile specimens that were machined from the wedge 

samples (international). The reinforced MMC samples with higher volume percentages of TiC 

have superior tensile strengths and elastic moduli, as compared to the unreinforced samples. The 

improved yield strengths of the composites over the unreinforced matrix are attributed to the 

finer grain size and composite strengthening. It was indicated that elastic modulus and ultimate 

tensile strength improved to 140% and 47% respectively, especially in case of the 30 vol. % TiC 

reinforced wedge sample, as compared with the Mg matrix (unreinforced samples). The UTS and 

YS increases in the wedge samples might be related to a uniform distribution of TiC 

reinforcement in the matrix, in which the TiC particles hinder the motion of dislocations during 

plastic deformation. The improvements in the tensile properties are caused by the composite 

effect of the reinforcing TiC particles, which have a much higher elastic modulus and hardness 

than the Mg matrix. 

The dispersion of fine and hard particles in the matrix should block dislocation motion 

during tensile loading, and strengthen the material as a result. When the composite is strained, 

work hardening takes place by generating dislocations, due to the strain mismatch between the 

matrix and the reinforcement. Also, the Mg strength is highly susceptible to grain size. Hence, 

grain refinement can help to obtain higher strength at room temperature for both Mg alloys and 

their composites. It should be noted, however, that the UTS and YS increases are accompanied 

by a reduction in ductility. This suggests that the use of an Mg alloy matrix with a higher 

ductility could result in improvements to the mechanical properties of such composites. 

The yield strength, tensile strength, percent elongation, and elastic modulus of the 

composites determined are summarized in Table 4.8. Increasing the TiC volume fraction from 0 % 

to 30 % produced a considerable increase in ultimate tensile strength (~190 to ~296 MPa) and 

elastic modulus (~45 to ~108 GPa). The 0.2 % offset compressive yield strength of the 30 vol. % 

TiC reinforced wedge specimen (270 MPa) is superior to the corresponding values of the 

unreinforced matrix (134 MPa). 
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Figure 4.26 Room temperature ultimate tensile strength (UTS), yield strength (YS), elastic 

modulus, and elongation, obtained from the MMCs as a function of TiC vol. %. 

 

Table 4.8 Summary of the tensile tests for the MMC samples. 

 

Mechanical 
Properties 

Tensile test specimens 

Matrix 10 vol. % TiC 20 vol. % TiC 30 vol. % TiC 

0.2 % offset YS 
(MPa) 

134 187 217 270 

UTS (MPa) 190 244 239 296 

Elastic Modulus 
(GPa) 

45 58 77 108 

Elongation (%) 1.28 0.98 0.58 0.45 
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Mechanical properties: Compressive tests 

 

Figure 4.27 gives results for room temperature stress-strain plots of the MMCs and the 

unreinforced matrix from uniaxial compressive tests. All compression curves can be divided into 

three regions: (1) an elastic region present prior to yielding; (2) an intermediate region, in which 

the specimen undergoes plastic deformation and work hardening; and (3) a final region, where 

buckling deformation occurs, followed by the collapse of the specimen. The addition of TiC 

reinforcement leads to an increase in the elastic modulus, compressive yield strength (CYS), and 

the ultimate compressive strength (UCS). 

 

 

 

Figure 4.27 Compressive stress versus strain curves for wedge samples with different TiC 

volume fractions. 
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The compressive strength and fracture strain of the composites determined from these 

data are summarized in table 4.9. As illustrated in Figure 4.27, increasing the TiC volume 

fraction from 0 % to 30 % produced a considerable increase in the ultimate compressive strength 

(~328 to ~510MPa). The 0.2 % offset compressive yield strength of the 30 vol. % TiC reinforced 

wedge specimen (380 MPa) is superior to the corresponding values of the unreinforced matrix 

(105MPa). 

The increase in CYS and UCS of the specimen could be attributed to load transfer from 

matrix to reinforcement, grain refinement caused by the presence of TiC particulates, an increase 

in resistance to grain boundaries sliding, and resistance to dislocation movement by the TiC 

particles. Although the compressive strength increased with an increasing volume fraction of TiC, 

the TiC reinforcement appeared to decrease the overall ductility, due to the high strength and 

modulus characteristics of the TiC. 

 

Table 4.9 Results of the compression tests for the MMCs samples. 

 

Mechanical  
Properties    

Compression test samples 

Matrix 10 vol. % TiC 20 vol. % TiC 30 vol. % TiC 

0.2 % offset CYS 
(MPa) 

105 152 320 380 

UCS (MPa) 328 380 452 510 

Fracture Strain (%) 16.8 12.3 5.7 4.5 

 

 

Macroscopically, the monolithic matrix and TiC reinforced specimens primarily failed 

via one principal crack, which was inclined at ~45˚ to the compression axis. These results also 

suggest that the failure mechanisms in the Mg–Al matrix and the TiC composites are basically 

the same, when subjected to compressive loading. 

SEM fractographs of the compression test samples with different TiC vol. % (Figure 4.28) reveal 

that the fractures are ductile, brittle, or mixtures of the two. The fractographs of the specimens 
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suggest the presence of long deformation bands with wide plateaus for the Mg-Al matrix (Figure 

4.28a), whereas that of the TiC-reinforced composites (Figure 4.28 c,e,g) contain relatively short 

deformation bands and narrow plateaus due to the lower ductility when compared with the 

matrix alloy. Hence, during compression loading, the matrix alloy deforms more than the 

composites, as expected. Further, the composite material shows deep and wider deformation 

bands with grooves that are caused by the plowing action of particles during compression 

loading. Microstructural observations also reveal debonding and fracture between clusters of 

reinforcement particles and the soft matrix (Figure 4.28 d). 

 

 

 

Figure 4.28 Fractographs of compression test samples of (a,b) Mg–9 wt. % Al matrix, (c,d) 10 

vol. % TiC, (e,f) 20 vol. % TiC, and (g,h) 30 vol. % TiC reinforced wedge 

specimens. 
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4.4 Degradation Behavior of Composites 

 

The sliding wear behavior of the unreinforced Mg alloy and the 30 vol. % TiC-reinforced 

wedge specimens was tested under loads of 30N using a pin-on-disk apparatus (Figure 4.29). The 

coefficient of friction (µ) of the matrix and the 30 vol. % TiC reinforced MMC wedge sample 

was measured and plotted. The plot shows that the addition of 30 vol. % TiC increased the 

coefficient of friction (COF) value, as compared to the matrix. The average COF of the matrix 

(0.252) is less than that of the 30 vol. % TiC wedge sample (0.280). The increase in COF could 

be attributed to the increasing severity of grooving on the worn surface with an increasing 

reinforcement volume fraction. 
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Figure 4.29 Friction coefficients of the matrix and 30 vol. % TiC-reinforced MMC wedge 

sample. 

 

The microstructural analysis of the specimens on the worn surfaces was carried out by 

SEM. In the specimen without TiC reinforcement, shown in Figure 4.30, the damaged sliding 

surface is typical of adhesive wear. On the other hand, for the MMC with 30 vol. % TiC 



 

94 
 

reinforced specimen, abrasive wear is observed on the sliding surface, as also shown in Figure 

4.30. Based on the features of the wear surface, the wear process of the Mg alloy specimen is 

dominated by oxidative delamination, due to its soft matrix. In addition, the increase in 

temperature due to friction may lead to softening of the specimen. However, wear behavior of 

the 30 vol. % TiC specimen appears to be dominated by the formation of continuous grooves 

from contact with depleted reinforcement. It is possible to conclude that the operative wear 

mechanism changes from adhesion to abrasion, due to the presence of the TiC reinforcement. 

 

 

 

Figure 4.30 SEM morphologies of worn surface of matrix and 30 vol % TiC reinforced MMCs 

wedge sample. 

 

Abrasive wear resistance tests were performed by standard methods, using a dry 

sand/rubber wheel apparatus, based on ASTM G-65. All tests were carried out at room 

temperature without cooling. Samples were weighed before and after the tests to calculate the 

wear volume loss. Volume losses of the MMC samples (Figure 4.31) indicate that, as the TiC 

content is increased from 0 to 30 vol. %, the wear volume loss of the samples gradually 

decreases from 670 to 250 mm3. Because of the high wear resistance of TiC, the wear resistance 

of the composites is improved when these particles are relatively uniformly distributed in the Mg 

matrix and are well bonded with the Mg matrix. 

From the hardness and wear test results, it is clearly shown that the volume loss of the 

MMC samples is inversely proportional to the sample’s hardness. It can be observed that the 
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wear behavior of the composite and the unreinforced matrix depends strongly on the hardness of 

the material, where the wear resistance increases with increasing hardness. 

 

 

 

Figure 4.31 Volume loss during abrasion wear tests on the wedge samples as a function of TiC 

volume percentage. 
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CHAPTER 5 CONCLUSIONS 

 

 

 This research has focused on the fundamentals of the reaction mechanism with phase 

evolution during the in-situ fabrication of Mg-based composites by an Al–Ti–C combustion 

reaction. The effects of the processing parameters, Al content, and particle size, were also 

studied. Varying amounts of the TiC reinforced Mg MMCs were produced by in-situ combustion 

synthesis, and the characteristics of the composites were evaluated. The relationships between 

processing, structure, properties, and performance of the resulting Mg–TiC MMCs were 

discussed, with the goal of producing Mg MMCs for lightweight materials applications. 

 

The in-situ composites were investigated in terms of phase evolution and interfacial 

stability. The interfacial characteristics of molten Mg with the Al+Ti+C and Al+TiC 

(commercial TiC) substrates were evaluated using an infiltration method. The effect of important 

process parameters, Al content, and reactant sizes on the microstructure of the resulting in-situ 

composites was discussed. The phase evolution and reaction mechanisms of Al–Ti–C systems 

during the combustion reaction were characterized by performing both structural and 

morphological analyses. Feasibility and castability of the composites were examined by high 

pressure die casting of the composite preforms into wedges as well as a model automotive part. 

Durability tests on the cast parts were conducted under mechanical stresses. 

 

The characteristics of composites have shown that the average closed porosity of the in-

situ composites was 4.03 %, which was lower than that of the ex-situ composites (6.30 %). There 

was an increase of 15% in ultimate compressive strength (UCS) of the in-situ composites with 20 

vol. % TiC, as compared with the matrix. The UCS and failure strain value of the in-situ 

composites with 10 vol. % TiC (392.1 MPa, 5.6 %) were higher than those of the ex-situ 

composites (385.4 MPa, 3.7 %), respectively. 

 

Structural analysis has found that full conversion of the Al–Ti–C reactants into TiC 

reinforcements was achieved by the combustion reaction. The spherical TiC was uniformly 

dispersed with sizes around 1µm, along with a clean interface between the reinforcement and the 
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matrix. The detailed investigation of interfaces has shown that the oxygen amount at the 

interface area on the in-situ composite (0.81 at. %) was relatively lower than that of the ex-situ 

composite (6.5 at. %). In-situ formed TiC has a higher Al content (1.22 at. %) at the interface; 

these clean interfaces with an Al layer on the reinforcements yield greater interfacial stability. 

For these reasons, in-situ composites exhibit higher percentage theoretical densities and better 

mechanical properties when compared with the ex-situ produced composites. 

 

The reaction kinetics study of exothermic reactions by DSC analysis to Al–Ti–C reactant 

confirmed that the reaction between Al and Ti was exothermic. The formation of Al3Ti phase 

that proceeds after the melting of Al was detected by HT–XRD. 

 

The results of this study indicate that the overall infiltration length is a function of the 

material’s wettability. The measured infiltration lengths of Mg into the pellets have shown that 

Mg infiltrated 3.04 mm in the Al–TiC substrate and 5.42 mm in the Al–Ti–C system, 

respectively. With the formation of the novel solid phase at the interface, good wetting of Mg 

occurs simultaneously. Infiltration length increased with time at 660 °C, yielding activation 

energies (Ea) for each system. The value of Ea for the Al–Ti–C system (307.31kJ/mol) was lower 

than that of the other system (350.84kJ/mol). The high Ea value explains that the infiltration is 

not a simple viscosity-controlled phenomenon, but instead involves a chemical reaction. 

 

A furnace holding experiment of Al–Ti–C pellets revealed the specific phase formation 

and the reaction steps. Detailed structural analyses specify that the reaction mechanism involved 

the melting of Al, followed by the formation and growth of Al3Ti, which then contacts with the 

graphite powder and initiates a combustion reaction to form TiC. 

 

In the Al–Ti–C reaction system, the chemical reaction between Al and Ti promoted the 

wetting of the Mg matrix. The formation of TiC occurs in the Al, and the TiC has the intimate 

contact with the Mg matrix. As a result, in-situ produced composites possess more stable 

interfaces, as compared with ex-situ composites. 
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The reaction parameter study has shown that TiC particulate sizes were decreased from 

∼3.14 to 0.91 µm when the Al content in the preforms was increased from 15 to 30 wt. %. The 

decrease of the size can be attributed to the increase in Al restricting the growth of the TiC 

particles resulting in smaller particles. However, the combustion reaction was not initiated under 

the processing temperature of 750°C, when the Al amount was less than 5 wt. % or higher than 

40 wt. %. 

 

When using nano-graphite powders for the source of C, an uncompleted combustion 

reaction was observed. A mean surface area of C can be estimated if the particles are assumed to 

have the same spherical shape and size dimensions. Compared with C particles of 2.5 µm 

diameter, the 55 nm-sized C particles have a much higher specific surface area, which is 

thousands of times larger than that of micron sized C. Enough contact between Al3Ti and C must 

be achieved to initiate the combustion reaction in the Al–Ti–C system and this is not the case 

when using the nm-size powders.  

 

High-pressure die casting of the composites resulted in a relatively uniform distribution 

of TiC. The mechanical properties of cast wedges exhibited improved mechanical properties, as 

compared with the unreinforced Mg alloy. For example, the hardness and the modulus of the 

composites fabricated using 30 vol. % TiC increased by nearly 267% and 122%, respectively, 

when compared with those of the unreinforced matrix. The ultimate tensile strength and the 

ultimate compressive strength increased by 56% and 55%, respectively, when compared with 

those of the matrix. 

 

The wear behavior of the composites was compared and the results indicated that the Mg-

TiC MMCs had lower wear rates, and hence, higher wear resistances than those of the 

unreinforced alloy. As the TiC content increased from 0 to 30%, the wear volume loss of the 

samples decreased gradually from 670 to 250 mm3. This was directly related to the higher 

hardness and strength of the composites.  

 

In this study, mechanical stresses were applied for a durability test. This can further be 

extended to other stress modes, such as thermal stresses, to investigate the effect of temperature 
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on the composite’s degradation behavior. Further studies will focus on the failure mechanism of 

Mg-based composites produced by in-situ combustion synthesis with accelerated life tests. 
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