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ABSTRACT 

 

In this research, centrifugal casting has been used to investigate the influence of 

casting parameters and chemical composition on the manufacturing of functionally 

graded Al-2 wt. %B-6 wt. %Mg and Al-2 wt. %B-6 wt. %Cu composites reinforced with 

aluminum boride particles. The resulting microstructure of the cast specimens were 

characterized both quantitatively and qualitatively via image J analysis to study the 

distribution of the reinforcement particles. An evaluation of the composite hardness 

was also conducted through the use of superficial Rockwell hardness and Vickers 

microhardness. 

The microstructure analysis revealed the strong effect of varying centrifugal 

casting parameters on the redistribution of the reinforcement particles along the 

cylindrical casting axis, which was parallel to the centrifugal force. This distribution 

resulted in a compositional gradient of particles, with more particles towards the 

external zone than in the internal zone of the casting. The hardness analysis also reflects 

this tendency:  higher superficial Rockwell hardness and a higher Vickers microhardness 

values towards the external zone. 

Alloying elements Mg and Cu favored good wettability between the reinforcement 

particles and the aluminum matrix melt. This reduced the pores formation in the 

composites to a very little quantity, i.e. between the ranges of 0.01% to 2%. The 

presence of magnesium favored the partial transformation of AlB12 particles into AlB2 in 

the Al-2 wt. %B-6 wt. %Mg composites. SEM/EDS analysis helped study the interaction 

of magnesium and copper levels on the reinforcement particles. 
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RESUMEN 

 

             En esta investigacion, la fundicion por centrifugado ha sido usada para investigar 

la influencia de los parametros de fundicion y composicion quimica en la fabricacion de 

compuestos reforzados con particulas de boruro de aluinio con gradiente funcional de 

Al-2 wt. %B-6 wt. %Mg y Al-2 wt. %B-6 wt. %Cu. La tanto microestructura resultante de 

los especimenes fundidos fueron caracterizados cuantitativamente como 

cualitativamente a traves de analisis de imágenes usando image J para estudiar la 

distribucio de los refuerzos.  La evaluacion de la dureza de los compuesto fue llevada a 

cabo por medio de dureza superficial Rockwell y microdureza Vickers. 

             El analisis microestructura revelo el gran efecto de los parametros de la fundicion 

por centrifugado sobre la redistribucion de los refuerzo particulados a lo largo del eje de 

muestra fundida, paralelo a la fuerza centrifuga. Esta distribucion resulto  en un 

gradiente de composicionan de particulas, con mas refuerzos en la zona externa que en 

la zona interna de la muestra fundida. El analisis de dureza tambien reflejo esta 

tendencia: valores mas altos de dureza Rockwell y microdureza Vickers en la zona 

externa de los especimenes. 

            Los elementos de aleacion Mg y Cu favorecieron la buena mojabilidad entre la 

interface de los refuerzos y la matriz fundida de aluminio. Esto redujo la formacion de 

poros en los compuestos hasta una catidad muy pequena: esto es en el rango de 0.01% 

a 2%. La presencia de magnesio favorecio la transformacion parcial de las particulas de 

AlB12 en AiB2 en los materiales compuestos de Al- 2%B- 6%Mg. Los analisis de SEM/EDS 

ayudaron a estudiar la interaccion de los niveles de magneson y cobre con las particulas 

de refuerzos. 
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INTRODUCTION 

 

Aluminum-based matrix composites are materials with improved mechanical and 

tribological properties when compared to their metallic counterparts. Functionally 

graded aluminum matrix composites reinforced with aluminum boride particles tend to 

exhibit gradual but continues transition in engineering properties at the microscopic or 

continuum scale. The compositional gradient formed is achieved by rearranging the 

reinforcing particles by external means, for instance centrifugal casting. 

Centrifugal casting has been proposed as one of the most economical and 

effective methods of fabrication of FG-AMCs [1]. This casting method provides the 

required pressure that produces good mold filling combined with good microstructural 

control which usually results in excellent mechanical properties in the as cast samples 

[2]. When used in the manufacturing of Al matrix composites, this method causes hard 

particles segregation via differential centrifugal forces when there exists a difference in 

density between the particles and the melt.  

In this investigation, we established a procedure for controlling the compositional 

gradient of aluminum matrix composites with more precision. As mentioned before, this 

compositional gradient displayed improvement over monolithic metal in both 

mechanical properties and tribological properties. The influence of casting time, 

rotational speed and pouring temperature of the semimolten aluminum matrix 

composites on the redistribution of the dispersoids made of either AlB2 or AlB12 particles 

was ascertained. These aluminum boride particles are widely used as grain refiners in 

aluminum alloys [3]. The density of the aluminum borides are higher, 3190 kg/m3 for 

AlB2 [4], and 2600 kg/m3 for AlB12 [5] than liquid Al (estimated at 2400 kg/m3) [6] for the 

casting temperatures, i.e. 700oC [7]. At higher temperatures the density of molten 

aluminum decreases even more; for instance, the density of molten aluminum at 900oC 

is 2315 kg/m3 [8]. This variation in density of the melt brings about the redistribution of 



2 

Adelakin Kingsley Tunde, Masters Thesis, UPRM 2009 

 

the dispersoids in the matrix, with the heavier particles moving faster towards the 

periphery along the longitudinal section of the cast [9]. 

 

1.1 Literature review 

 

There are several investigations and peer-reviewed publications devoted to 

tribological and mechanical properties of functionally-graded materials, and aluminum 

matrix composite (FGM-AMC’s) produced via centrifugal casting method.  Most of them 

demonstrated the influence that the distributed reinforcement particles had on the 

fabrication of (FGM-AMC’s) as a function of hard wear resistance on surfaces of 

composites.  Fabrication of aluminum matrix composites was characterized by a very 

close relation between experimental and numerical modeling (simulations). In this 

research, a brief literature survey will be presented as related to this thesis. 

In recent years, extensive work has been dedicated to functionally graded 

materials, and aluminum matrix based composites fabricated by centrifugal casting and 

reinforced with particles [1, 2, 7 - 10]. This procedure basically involves the 

microstructural restructuring of the composites material and the tailoring of the 

compositional gradient, which in returns gives unique properties superior to a 

monolithic material or alloys. By modeling particle segregation during centrifugal casting 

of Al- matrix composites, Lajoye and Suery examined particle segregation during 

centrifugal casting of Al- Matrix composite as a function of a number of variables, such 

as; casting time, pouring temperature, rotational speed of mold, initial mold 

temperature, particle radius, solidification delay and density difference. They divided 

their work into modeling and experimentation. They cited works of Banerji et al, 

Krishman et al and Nath where the use of ZrO2, graphite and mica had been used to 

achieve some segregation pattern during centrifugal casting.  In their investigation, the 

authors found that the most strongly influenced parameter during segregation was not 

centrifugal acceleration (or rotational speed of the mold).  As it will be detailed later this 

finding would help explain the results from the present thesis that when rotational 
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speed between a close ranges (< 100 rpm) is considered, the speed effect will be lesser 

[8]. 

Solidification process of FGM-AMCs can be best explained using numerical 

technique during centrifugal casting.  Kang and Rohatgi [11] systematically carried out a 

transient analysis of solidification during centrifugal casting for composite materials with 

particle segregation. The authors discuss primarily a model of particle segregation as a 

method to study solidification process in casting of composites material (containing 

Al2O3, SiCp and graphite particles) with respect to the thickness of the mold used, but 

did not specifically address the dispersion of the reinforcement in terms of variation of 

the casting parameters. For the purpose of making recommendations or establishing 

future baseline study of phase–change process during centrifugal casting process of 

composite materials, their description is useful. The authors described three core 

factors that strongly influenced segregation of particles during centrifugal casting, i.e. 

rotational speed of the mold, the solidification time and the density difference between 

their base alloy and the reinforcement. Kang and Rohatgi were able to validate their 

numerical model with the experimental work of Lajoye and Suery, and reported that 

there was a good agreement between both investigations. The authors parametric study 

suggest the idea of using a graphite mold with the thickness used in the present thesis, 

instead of an assembly of molds such as the ones used in their research. This resulted in 

simpler design of the mold. 

Addition of alloying elements into aluminum matrix composites during fabrication 

has been used to improve infiltration behavior rather than to increase the matrix 

strength.  These alloying elements lower the surface tension of liquid aluminum. This 

improves the use of particles such as SiC, graphite, mica and Al2O3 in aluminum matrix 

composites. However, this is a non-issue in the use of aluminum boride particles as 

there seems to be a good wettability between aluminum borides and the aluminum 

matrix [3]. In this thesis, alloying elements were used to strengthen the aluminum 

matrix though they might have some effect on fostering the wettability between the 

matrix and the particles. This is one reason why magnesium was used in this research, as 
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suggested by Melgarejo et al [7], who studied the wear resistance of a functionally-

graded aluminum matrix composite. They reported the hardness values of their 

composite to increase along the same direction as the segregation of the reinforcement 

particles. 

Melgarejo et al gave an in-depth look at the effects of the amount of aluminum 

borides in the centrifugal casting of Al-B-Mg composites on the redistribution of those 

particles. The present research is built around those author’s recommendation, 

suggesting a further study on the use of magnesium during fabrication of Al-B-Mg 

composites.  What differentiated the present research from that work are the 

composition of the master alloy used and the detailed investigation of the centrifugal 

casting parameters.  

In general, it could be deduced from the sampled literature that the use of SiC, 

Graphite, Al2O3 and Mica is common amongst different investigators and that, the 

dispersion trend of the reinforcement particles in their work are in good agreement.                                 

The present research work tend to not only show how the variation of the centrifugal 

casting parameters influence the redistribution of the reinforcement particle in an 

aluminum based functionally graded material, but also to show the advantages in terms 

of mechanical properties that could be achieved with the use of Al-7.2 wt% B master 

alloy where the addition with magnesium furnished the co-existence of AlB2 and AlB12.  

The viability of the use of this Al-B master alloy with copper as alloying element in 

aluminum-based matrix composite was also demonstrated. 

In the present thesis we will elaborate on the use of AlB2 and AlB12 [3, 12] in the 

overall data agreement with Lajoye and Suery experimental results, when variation of 

the casting parameters are taken into account. We were also able to detect the effect of 

the mold temperature, which in this thesis is based on the steadiest segregation pattern 

observed in those authors’ work.   
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1.2 Objectives 

 

The present research focuses on the influence of casting time, rotational speed of 

the mold and pouring temperature of the melt on the distribution of the reinforcements 

(aluminum boride particles) during centrifugal casting of FGMs made of Al-B-Mg and Al-

B-Cu composites. The fabricated FGMs will also be characterized to analyze the 

compositional gradients and mechanical properties. 

 

1.2.1 Specific objectives 

• To fabricate FGM-AMCs reinforced with AlB2 or AlB12 reinforcement particles. 

• Characterize the composite microstructure including an analysis of the 

volume percent distribution of the reinforcements. 

• To perform qualitative analysis based on the use of secondary electron 

spectroscopy (SEM)/energy dispersive spectroscopy (EDS) on the 

manufactured specimens. 

• Obtain microstructural and mechanical properties such as, particle size, 

Vickers microhardness test values and 15T Rockwell superficial hardness test 

values on the fabricated FGM-AMCs, i.e.  Al-B-Mg and Al-B-Cu. 

 

1.3 Structure of this Thesis 

 

In Chapter 2 the basic theoretical background as related to this thesis is 

presented. Chapter 3 describes the experimental procedure considered in the 

fabrication and metallurgical samples preparation of the functionally graded aluminum 

based matrix composites. 

Chapter 4 deals with the characterization of the Al-B-Mg composites by 

determining the volume percent distribution of reinforcement particles, Rockwell 

superficial hardness and Vickers microhardness test. It also addresses the effect of 
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magnesium on the particle morphology during centrifugal casting. Chapter 5 considers 

the characterization of the fabricated Al-B-Cu in terms of volume percent of particles 

distribution, Rockwell superficial hardness and Vickers microhardness analysis.  

Chapter 6 contains discussions on the comparison between the functionally 

graded Al-B-Mg and Al-B-Cu composites in terms of hardness, wettability between the 

aluminum matrix and the composites, viscosity variation along cast and EDS analysis. 

Chapter 7 provides conclusions and some important suggestions for future work.     
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2 THEORETICAL BACKGROUND 

  

2.1 Functionally Graded Materials 

 

A functionally graded material (FGM) is a material whose composition or functions 

vary continuously or step-wisely from one direction to the other. In particle-reinforced 

composites these gradual changes can be a result of increasing volume fraction of the 

reinforcements across the material. The particle volume fraction of those FGMs can be 

varied over a macroscaled geometrical dimension such as casting length. These 

materials are constituted by two components characterized by compositional gradient 

from one component to the other, with a microstructure that produces continuously or 

discretely changing thermal and mechanical properties at the macroscopic or continuum 

scale. The gradient can be continuous on a microscopic level, for metallic matrix 

reinforced with ceramic particles [10]. FGMs are multifunctional in terms of their 

properties, as they provide hard, corrosion-resistance and temperature-resistant 

surfaces on the one hand or tougher surfaces. In particle-reinforced FGMs engineers 

accomplish this by employing reinforcements with different properties, sizes, and 

shapes, as well as by interchanging the roles of the reinforcement and the matrix phases 

in a continuous manner [13]. 

The concept of FGMs originated in Japan in 1984 during the space plane project, in 

the form of a proposed thermal barrier material capable of withstanding a surface 

temperature of 2000 K and a temperature gradient of 1000 K across a given section or 

length of material [14-16]. FGMs have been named as an ideal candidate for 

applications involving severe thermal gradients, varying from thermal structures in 

advance aircraft and aerospace engines to computer circuit boards. These materials 

were introduced to take advantage of ideal behavior of its constituents, e.g. heat and 

corrosion resistance of ceramics together with mechanical strength and toughness of 

metals to suit material design [17]. The original idea of FGMs has been later expanded 
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for a variety of applications (cutting tools, coatings, packages, semiconductors, optical 

and biomaterials). In 1972, Bever et al [18] carried out a theoretical prediction of the 

usefulness of functional composite with a graded structure. During the last years, FGMs 

have been developed from single specimens to industry oriented applications. 

Furthermore, several national R&D programs (Japan, China, and Germany) have started 

in this field very recently [19]. The overview of the production routes, properties and 

applications of FGMs are described in several monographs [18, 20, and 21]. 

  

2.2 Types of Composite Materials 

               

In general, composites are categorized according to the nature of the material 

that makes up their matrix: polymer (plastic) matrix (PMC), ceramic matrix (CMC) and 

metal matrix (MMC) composites. They could also be classified in terms of the 

reinforcement embedded in the matrix [22]: 

(1) Dispersion strengthened composites: They contain fine hard particles, uniformly 

distributed, ranging in size from 0.01 µm to 0.5 µm with a volume fraction from 

1 to 15%. When embedded in the matrix, those particles strengthened the 

matrix. A typical example is silicon carbide reinforced aluminum composites 

used in high-performance bicycle frames. 

(2) Fiber reinforced composites: They are composites that contain all types of fibers, 

filaments and whiskers, both continuous and non-continuous with wide 

variation of concentration of the reinforcements. They possess excellent 

abrasive resistance due to surface smoothness. Carbon-fiber composites used in 

high-performance aircraft and sports equipment are a good example of these 

composites. 

(3) Particle reinforced composites: They have larger particles than that of the 

dispersion-strengthened composites. Volume fraction of these particles could 

also be higher than 25%. The matrix of the composites could be strengthened by 

the particles bearing significant parts of the load on the matrix and by restricting 
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the flow of the matrix material. Carbide cutting tools are good example of this 

material. 

 

2.2.1 Thermophysical Properties of Composites  

Design engineers are concerned with three main aspects apart from cost and 

delivery:  

(1) The mechanical and physical properties as supplied by the manufacturer, 

(2)  Reliability related to properties and performance from beginning to the end of 

each delivery and from one delivery to the next, 

(3) And safety in terms of material maneuvering and handling. 

Based on the above points utmost attention must be paid to proper selection of matrix 

materials and reinforcements, which allow the tailoring of the desired properties of a 

specific design. 

The rule of mixture (ROM) (equation 0-1) can be used to estimate any composite 

property that does not depend on the spatial relationship of the component. This rule 

states that the property of a composite material is the sum of products of the property 

of an individual constituent and its volume fraction in the composite. For a composite 

made of reinforcement and matrix, it is assumed that many of its properties will be the 

sum of an average product of its constituents. This equation could be written as a 

contribution from each phase that forms the composites, 

 

m p p V  + P  VC mP P=  Equation 2-1 [23] 

 

where PC is the property of the composite, while Pm and PP is the corresponding 

property of the matrix and the particulates respectively. VP is the volume fraction of 

particulate and Vm stands for volume fraction of the matrix material. 

Properties such as thermal conductivity, density and specific heat of composites 

liquid could be described using equation (0-2) to (0-4) as shown below, 

( )[ ] ( ) LfLfLC KtVKtVK +−= 1  Equation 2-2 
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( )[ ] ( ) pfLfLC tVtVI ρρρ +−=
 Equation 2-3 

[ ] ( ) PfLfL CtVCtVC +−= )(1
 Equation 2-4 

 

where [ ]fm VV −= 1  and fV is volume fraction of particles. 

Another physical property can be readily affected by the volume fraction and 

distribution of the particles along the composite casting: the viscosity of the molten 

composite upon processing. Other factors affecting viscosity are: the size of the 

particles, the mold rotational speed and the difference in density between the 

reinforcement and the molten metal or alloy during fabrication process. Table 2.1 shows 

the thermophysical properties of materials, metals and secondary phases, as surveyed 

from literature. 

Table 2.1 Thermophysical properties of materials, metals and secondary phases. 

MATERIAL 

SOLID 

DENSITY 

(KG/M
3
) 

LIQUID 

DENSITY 

(KG/M
3
) 

THERMAL 

CONDUCTIVITY 

K (W/M.K) 

COEFF. THERMAL 

EXPANSION 

(X10
-6

/
O
C) 

MELTING   

POINT       

(
O
C) 

Al 2700 2390 159 23 660 

Mg 1740 1566 156 27 650 

Cu 8960 7900 401 32 1083 

AlB2 3190 - - - 1655 

AlB12 2600   - 2214 

Al2Cu 4340 - - 17.2 540 

Graphite 1900 - 38 8.2 3650 

 

2.3 Metal Matrix Composites   

 

In the past years, metal matrix composites technology has been regarded as a 

welcome innovation in industry for ease in the study and maneuvering of the 

architecture (morphology and geometry distribution) of the reinforcement particles 

embedded in the matrix.  Nevertheless, MMC could be classified in terms of their matrix 

being ferrous (iron based) or non-ferrous materials. The noted employed matrix 
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materials include magnesium, beryllium, titanium, iron, nickel, cobalt, silver and 

aluminum but aluminum seem to be the most attractive one [24].  The reinforcing 

particle phase that furnishes the composite with good tribological properties had 

already been discussed earlier. Hence a good bond between the reinforcement grain 

and the matrix is required for proper load transfer and to provide a homogeneous 

structure for good load bearing and uniform deformation. 

 

2.3.1 Advantages and Disadvantages of Metal Matrix Composites 

The wide diversity of MMCs in engineering applications is as a result of the 

numerous superior qualities and properties they possess.  The advantages and 

disadvantages of using MMCs over monolithic or polymer matrix composites are as 

follows [25]. 

Over monolithic metal: 

(1) Better properties at elevated temperatures, such as higher mechanical strength 

and lower creep rate. 

(2) Smaller thermal expansion coefficients. 

(3) Better wear resistance. 

(4) Higher toughness and impact properties. 

(5) Higher stiffness to density ratio. 

Over polymer matrix composites; 

(1) No out-gassing. 

(2) Ease fabrication of whisker and particulate-reinforced MMCs with conventional 

metalworking tools. 

(3) Resistance to fire. 

(4) Higher transverse stiffness and strength. 

(5) No moisture absorption. 

The disadvantages of using MMCs over monolithic metals and polymer matrix 

composites are related to their limited service experience, higher cost of material 

systems, complex manufacturing technique for fiber-reinforced systems and not well 
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developed technology. However, these apparent disadvantages leave room for further 

developments and processing methods. 

 

2.4 Aluminum Matrix Composites (AMCs) 

 

Because of its low density aluminum is undoubtedly the most attractive matrix 

material employed in structural components and parts for the transportation and 

aerospace industries. An in-depth literature research revealed the difficulties observed 

when aluminum matrix is used with the commonly reinforcement particles [26, 27, 28]: 

Al2O3, graphite, SiC, [29] etc. The first one is the lack of good wettability between the 

matrix and these particles [30]. During the liquid phase processing, the reinforcement 

particles are incorporated into a molten metallic matrix using different processing 

methods. In all of these, a strong bond between the metal matrix and the reinforcement 

is necessary to affect wetting. In such case, the introduction of an alloying element such 

as magnesium [31] or copper could enhance wetting by reducing the surface tension of 

the liquid melt. However, the use of AlB2 as reinforcing particles has recently been 

proven to be an alternative to particles/matrix wettability in aluminum matrix 

composites. As previously mentioned, master alloys of the Al-B system containing AlB2 

[3] or AlB12 are being used as grain refiners in aluminum alloys. 

Interfacial reaction brought about by chemical interaction is also another issue in 

the use of aluminum as a matrix material. For instance, the aluminum melt is in contact 

with particles like SiC, deleterious reaction products (e.g. Al4C3) can form [30, 32] These 

reaction products weaken the particle-matrix interface and can affect the proper load 

transfer between matrix and reinforcing particles during service. With the use of Al-B 

alloys containing aluminum borides such interfacial reactions could be avoided while 

reducing the cost of production.  
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2.4.1 Aluminum Borides (AlB 2 and AlB 12) 

According to the literature the most reported stable solid phases in an aluminum- 

boron alloy are βB, αAlB12, βAlB12, AlB10, AlB2 and Al. Duschanek and Rogl [12] concluded 

that the βAlB12 and AlB10 phases are carbon stabilized and are ternary compounds of 

Al2B48C2 and AlB24C4 respectively. Formation of the different boride phases is basically 

due to the boron content in the sample, compound or alloys at specified temperatures 

illustrated on the Al-B phase diagram of Figure 2.1. A peritectic reaction, Al (L) + AlB12  ↔ 

AlB2 occurs at ~9750C and the liquidus lines shows the practical insolubility of boron in 

the matrix of aluminum. A eutectic reaction L ↔ (Al) + AlB2 is observed at 659.7oC. 

Table 2.2 displays data of the physical properties of boron. 

Figure 2-1. Aluminum boron equilibrium phase diagram [33] 
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Table 2.2  Physical properties of boron [34] 

VICKERS MICROHARDNESS VALUE 4900 MNM-2 

Bulk Modulus 320 GPa 

Density of solid 2460 Kgm-3 

Thermal Conductivity 27 Wm-1K-1 

Melting point 2349 K (2076oC) 

Boiling point 4200 K (3927oC) 

 

2.4.2 Aluminum-Magnesium System  

When magnesium is dissolved in aluminum a considerable increase in strength of 

the alloy has been observed: For every 1 wt% Mg in solid solution aluminum density 

decreases linearly by approximately 0.5 % [35]. The maximum solid solubility of Mg in 

solid aluminum on the phase diagram in figure 2.2 is 14.9 wt% at the eutectic 

temperature of 450oC. However, this solubility decreases at room temperature to an 

approximate value of 1.7 wt%, but the rate of precipitation of β is very low. This 

equilibrium precipitate has an approximate stoichiometry of Al3Mg2 observed at 451oC 

and 37.3 wt% Mg. At low temperature this complex FCC structure can be transformed 

martensitically to another structure that may be a distortion of the β structure. In the 

Mg–rich side the maximum solid solubility of Al in Mg is 11.8 at. % at a eutectic 

temperature of 437oC.  

Alloys containing greater than 7 percent magnesium are heat treatable, although 

thermal treatments are often used to stabilize properties that could otherwise change in 

some compositions over long periods of time. The precipitation resulted to an 

increment in strengthening by work hardening in alloys [36].  
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Figure 2-2 Partial Al-Mg binary alloy phase diagram [35] 

 

2.4.3 Aluminum-Copper System 

Addition of copper to aluminum results in an important strength increase in the 

alloy. This result in higher hardness, but the strength, and ductility depend on the 

distribution of Cu in the aluminum matrix during heat treatment [35].  Rapid cooling of a 

supersaturated solid solution of aluminum alloy containing 4.5 wt % copper from a high 

temperature could increase the strength of the alloy due to the formation of metastable 

precipitates: GP zones, θ”, θ’ and θ are formed. Table 2.3 shows the metastable Al-Cu 

phases with their crystal structures and lattice parameters. It can be seen from the 

phase diagram (figure 2.3) that at a temperature of 548oC eutectic reaction occurs. 

  



16 

Adelakin Kingsley Tunde, Masters Thesis, UPRM 2009 

 

  Table 2.3  Al-Cu phases with their crystal structure and lattice parameters [37] 

LATTICE PARAMETERS NM 
PHASE CRYSTAL STRUCTURE 

A C 

θ” Tetragonal 0.404 0.768 

θ’ Tetragonal 0.404 0.580 

θ Tetragonal 0.6066 0.4874 

 

 

 

Figure 2-3 Partial aluminum-copper phase diagram [38] 

 

2.5 Centrifugal Casting Process 

 

An economical and attractive processing route of cast Al alloys is centrifugal 

casting [39].   This type of casting process differs from other foundry processes in that it 

requires special knowledge, practices and skills not found in other types of fabrication 

operations. The concept of employing centrifugal casting to produce castings has been 
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long known, although A. G. Eckhard’s original patent of 1809 reviewed an understanding 

of basic principles of operation [40]. These operation variables (or parameters) are: 

speed of rotation of the mold, pouring molten metal, proper solidification rate, and 

extraction of the casting from the mold.  

The technique involves applying centrifugal force to a uniformly mixed molten 

metal containing reinforcement particles, causing segregation of the denser particles 

with a graded profile. If the density of the molten metal is greater than the density of 

the reinforcement particles, the particles move towards the inner zone close to the axis 

of rotation. Conversely, if the density of the particles is greater than that of the molten 

metal, the particles move towards the outer periphery of the casting. 

The production of FGMs dispersed with ceramic or intermetallic compounds by 

the centrifugal casting technique can be classified into two categories based on the 

relation between the melting temperature of the ceramic or intermetallic dispersed 

phase and the processing temperature.  The first category is called centrifugal solid-

particle technique while the other is called centrifugal in-situ technique [41]. In 

centrifugal solid-particle technique, the processing temperature is lower than the 

melting temperature of the dispersed ceramic or intermetallic phase. The intermetallic 

compound or ceramic remains solid in the liquid melt.  In the in-situ technique the 

processing temperature is much higher than that of the melting temperature of the 

intermetallic compound. This technique employs the use of centrifugal force coupled 

with crystallization phenomena during solidification to form graded composition [42]   

 

2.5.1 Basic equations used during centrifugal casting of AMCs 

Generally, the motion of a solid particle in a viscous liquid under centrifugal force 

is explained theoretically by Stokes’ law [43]. The shape of the reinforcement particles is 

assumed to be spherical. As mentioned before, Brinkman [44] provided a relationship 

between viscosity of the melt and the volume fraction of the reinforcement particles as  

25
[1 7.6 ]

2app c f fV Vη η= + +  Equation 2-5 
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However, this equation does not consider the effects of particle interactions and 

collision, which should depend on the particle size distribution as well as the volume 

fraction. Various models agreed that the forces acting on the reinforcement particles in 

the melt are centrifugal force due to mold rotation and viscous force due to drag effect. 

The distance moved by the particles and their velocity were obtained from the solution 

of the net force acting on the particles. 

The distance traveled by the particles as a function of time is expressed in Equation 0-6, 

]
9

)(2exp[)()( 22

C
PLPo

t
Rtrtr

η
ρρω −=  Equation 2-6 [12] 

The velocity of the particles can be calculated by Equation 0-7, 

C
LPPP RV

η
γρρ

9
)(2 2 −=  Equation 2-7 [2]  

Where appη , is apparent viscosity, Cη  is viscosity of the composite melt, fV  is volume 

fraction of the reinforcement particles, )(tr , is radial distance covered by the particles 

at time t , )(tro is radial distance or position at initial time 0t , ω  is rotational speed of 

the mold, PR  is the radius of the particles, “ t” is the time at any point in the cast while 

Pρ  and Lρ  indicate the density of the particle and the density of the molten metal 

respectively. 

The segregation of the particles towards the inner or outer zone could be 

predicted due to difference in density between the particles and the liquid matrix 

)( LP ρρ −  involved. If 0)( >−=∆ LP ρρρ  the particles migrate towards the outer zone 

of the cast with a compositional gradient which could be controlled by adjusting the 

rotational speed of the mold “ω ”. However, if the value 0)( <−=∆ LP ρρρ , then the 

particle migrates towards the inner zone of the cast [1]. The heat transfer aspect is 

modeled with respect to the material of the mold set up or materials. In the literature 

not much emphasis was spent in this aspect mainly because of the difficulties involved 

in studying the heat transfer when the mold is rotating during centrifugal casting. 
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2.5.2 Analytical solution                         

The heat problem involved when operating under centrifugal force can be best 

demonstrated by a transient heat transfer process. Figure 2-4 show a schematic diagram 

of the mold filled with the melt and the reinforcement particles. Cooling of the mold is 

normally multidimensional in nature because the temperature within the body is a 

function of time and at least one space dimension. However, approximate analysis can 

be ascertained from the Biot number point of view.  

Figure 2-4 Schematic diagram of mold and melt in calculating heat transfer 

 

Calculation of Biot number (Equation 0-8) from the parameters from figure 2.4 

revealed that this is less than 0.1 (Bi=0.0126). CL = characteristic length (body 

volume/area of body), h = heat transfer coefficient (W/m2K) and K = thermal 

conductivity (Wm/m2K).  

K

hL
Bi C=  Equation 2-8 [45] 

For small Bi  the thermal resistance of the interface dominates that of the casting and 

this maintain an approximated constant temperature. This could be called Newtonian 

cooling; therefore energy balance gives the equation 0-5. 

            

dt

dT
VCTTAhq SS ρ−=−= ∞

−
)(  Equation 2-9 
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Upon integrating equation (0-9) from 0=t , at which iTT = , to any time t , at which 

)(tTT = , we have the equation 0-10. 













 −=
−
−

−

∞

∞ At
VC

h

TT

TtT

Si ρ
exp

)(
 Equation 2-10 

The temperature of casting will be a function of time according to equation 0-11.  

( ) ∞

−

∞ +












 −−= TAt
VC

h
TTtT

S
i ρ

exp)(  Equation 2-11 

Equation (0-11) can be written in terms of the time taken for the mold to cool to a 

temperatureT  (equation 0-12). 










−
−

= −
iw

wVC
sc TT

TTCL
t

h
ln

ρ
 Equation 2-12 [46] 

where ρ  is density of the mold, wT  is temperature at the mold wall, iT  is the pouring 

temperature, T  is temperature to be calculated and 
−
h  is the heat transfer at the 

interface between the wall of the mold and the casting.  

According to the literature [46] the total time taken for the casting of a pure metal melt 

can be computed according to equation 0-13. 
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t ln  Equation 2-13 [46]  

However, this equation could be modified to model the composite solidification during 

casting (equation 0-14). 
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ρ
 Equation 2-14 

where Ct  is the total time taken for the composite casting to solidify after the melt has 

been poured; PT  is the pouring temperature; mT  is the melting temperature of casting; 

Cρ  is density of composite; VCC  is the specific heat capacity of the composite; and 

FH∆  is the latent heat of fusion of the melt. This seems to be consistent since the 

thermophysical properties of the composite could be approximated from the rule of 
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mixture. For equation (0-14) to be valid, the heat transfer coefficient between the wall 

of the mold and the melt must be used determine the Biot number in order to be within 

the limit of acceptance. It is assumed that the cooling is uniform throughout the casting, 

and that the melt cools with good thermal contact with the mold. The mass of particles 

is given by equation 0-15. 

PPVm ρ=  Equation 2-15 

 

The use of various equations presented for both the total solidification time of 

casting and the time for cooling the mold to certain temperature, the centrifugal casting 

parameters would aid the processing of a composite material with a refined 

microstructure such as will be discussed later on in this thesis.  

  

2.5.3 Volume fraction and stereological analysis 

Stereology provides geometrical tools that make possible the relation of a 

structure that exist in three-dimensions and the images of that structure that are 

basically two-dimensional. Metallography books  agree that area fractions measured by 

microscopy techniques are equal to the volume fraction, a fact that is specially relevant 

“for a system of particles in a matrix”  [47];  

ff VA =  Equation 2-16 

 

where fA  is area fraction and fV  volume fraction. It could be said that area fraction is a 

measured value while volume fraction could be calculated from the relationship given in 

equation 0-16.  
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3 EXPERIMENTAL PROCEDURE 
 

The centrifugal casting technique was used to produce Al-B-Mg and Al-B-Cu 

functionally graded composites. The master alloys used in the fabrication of these 

composites were: Al-B (7.2 weight % B), Al-Mg (10 weight % Mg), Al-Cu (33.3 weight % 

Cu) and 99% pure aluminum. A commercial Al-B alloy containing AlB2 and AlB12 

reinforcement particles was used. Figure 3.1 shows the experimental sequence for the 

fabrication and characterization of FGM-AMCs via centrifugal casting. 

 

 

Figure 3-1 Schematic diagram of experimental procedure 

 

A cylindrical graphite mold was used because of its high thermal conductivity, high 

machinability, and simple geometry. The mold was designed to suit the shape of the 

composites specimens with the dimensions shown in figure 3.2 
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Figure 3.2 Schematic of the Cylindrical Mold 

 

A resistance furnace was used to preheat the mold to the desired temperature for 

the experiment. The graphite crucible containing the required composition was placed 

inside the melting furnace to permit the remelting and homogeneous mixture of the 

melt at 8500C.  

 

3.1 Centrifugal Casting 

 

The centrifugal caster used has a variable speed mechanism which allows 

adjusting the rotational speed from 300 rpm to 550 rpm. It also has a screen timer 

where the casting time or set time for the casting could be varied. The position of the 

scoop and the mold are shown in figure 3.3 where the direction of the centrifugal force 

is also indicated. The arm is used to balance the lever carrying the mold and the scoop 

during the centrifugal casting process. The scoop has a mass of 340g and it was used to 

transfer a charge of 40g into the cylindrical graphite mold. The distance of the cylinder 

close end to the axis of rotation is 200 mm and the distance of the cylinder outer end 

from the rotational axis is 320 mm (figure 2.4). A low speed precision saw was used to 

cut the specimens at regular intervals, i.e. 15mm. 
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The microstructures of the cut samples were characterized both quantitatively 

and qualitatively. The Image J software was used to evaluate the effects of the casting 

parameters on the redistribution of the reinforcement particles in terms of volume 

fraction.  Vickers microhardness and superficial hardness tests were then used to 

complement the study of the volume fraction of the distributed particles along the cast 

specimens. A Phillips XL30S FEG scanning electron microscopy (SEM) coupled with x-ray 

energy dispersive spectroscopy (EDS) were also employed to further study the 

microstructure and chemical composition of the composites. 

 

Figure 3.3 Schematic of the centrifugal caster with its housing 
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3.2 Processing of Functionally Graded Al-B-Mg Composites by 

Centrifugal Casting 

 

The charge material made of master alloys was melted in the graphite crucible at 

8500C and kept at this temperature for 25 minutes to ensure proper alloying; melt 

stirring permitted good homogenization of the molten material. The melt was then 

poured into the scoop through which the melt flowed into the cylindrical mold placed 

horizontally on the arm of the centrifugal caster (figure 3.3). The scoop and the mold 

had been previously preheated to 5000C for 50 minutes to facilitate the cast metal flow 

into the mold and to prevent frozen “skin’’ which would have constricted the flow of the 

melt into the mold [48]. The material was then centrifuged according to the parameters 

indicated in Table 3.1.  

Table 3.1 Functionally graded Al-B-Mg composites fabrication conditions: (A) Effect of 

casting time, (B) Effect of rotational speed, (C) Effect of pouring temperature 

Parameter Specimens Conditions 

Specimen 1a 1 minute,   300 rpm, 820oC 

Specimen 2a 2 minutes, 300 rpm, 820oC A 

Specimen 3a 3 minutes, 300 rpm, 820oC 

Specimen 3a 3 minute,   300 rpm, 820oC 

Specimen 4a 3 minutes, 350 rpm, 820oC B 

Specimen 5a 3 minutes, 400 rpm, 820oC 

Specimen 6a 3 minute,   400 rpm, 690oC 

Specimen 7a 3 minutes, 400 rpm, 755oC C 

Specimen 5a 3 minutes, 400 rpm, 820oC 
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3.2.1 Metallographic Sample (Al-B-Mg composites) Preparation 

 

The cylindrical specimens had 60 mm in length and 12 mm in diameter (figure 

3.4). They were then cut with a low speed saw perpendicular to the cylindrical axis into 

four sections, each one having a length of 15 mm (figure 3.4). 

The cut specimens were ground with 320, 400, 600, 800 and 1200 grit SiC paper 

and polished with 3 µm diamond suspension and with a 0.05 µm SiO2 emulsion. Few 

drops of highly diluted HF solution were used in the final polishing of the surface to 

remove stains and residues left by the diamond suspension.  

The polished samples were then characterized qualitatively and quantitatively. 

Hardness values were obtained using a superficial Rockwell hardness and Vickers 

microhardness testing machines to correlate the results obtained from the 

metallographic analysis. 

 

 

 Figure 3.4 Mapped longitudinal specimen along the centrifugal force direction. 
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3.3 Processing of Functionally Graded Al-Cu-B Composites by 

Centrifugal Casting  

 

The Al-B-Cu composite containing 6 wt. % Cu and 2 wt. % B was obtained by 

mixing commercial aluminum master alloys to the desired composition.  The Al-B 

commercial alloy contains AlB12 reinforcement particles whose wettability with the 

aluminum melt is excellent. The materials were melted in a graphite crucible at 8500C 

and was kept at this temperature for 25 minutes for proper alloying while the melt was 

stirred to permit good homogenization. The casting process was then similar to the Al-

Mg-B composites. The centrifugal casting parameters are provided in Table 3.2.  

 

Table 3.2  Functionally graded Al-B-Cu composites fabricated conditions: (A) Influence 

of casting time, (B) Influence of rotational speed, (C) Influence of poring temperature 

Parameter Specimens Conditions 

Specimen 1b 1 minute,   300 rpm, 820oC 

Specimen 2b 2 minutes, 300 rpm, 820oC A 

Specimen 3b 3 minutes, 300 rpm, 820oC 

Specimen 3b 3 minute,   300 rpm, 820oC 

Specimen 4b 3 minutes, 350 rpm, 820oC B 

Specimen 5b 3 minutes, 400 rpm, 820oC 

Specimen 6b 3 minute,   400 rpm, 690oC 

Specimen 7b 3 minutes, 400 rpm, 755oC C 

Specimen 5b 3 minutes, 400 rpm, 820oC 
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4 STUDY OF Al-B PHASES IN THE Al-B-Mg COMPOSITE 

  

4.1 Characterization of the Al-B-Mg composites 

 

This chapter deals with an in-depth characterization of the aluminum-based FGMs 

(Al-B-Mg composites) reinforced with AlB2 and AlB12 particles.  

 

 

4.1.1   Analysis of Microstructure 

 

In the optical micrograph (figure 4.1) of the functionally graded Al-B-Mg 

composites dark brown phases observed were believed to be AlB12 particles while light 

orange brown phases with more faceted edges are known to be AlB2 particles [7]. A first 

analysis of the photomicrographs revealed uniform distribution of these aluminum 

borides in the Al matrix. It was believed that additional formation of AlB2 particles is due 

to the decomposition of AlB12 during the composite fabrication. One would have 

expected this to occur at temperatures above the operation ones used in this research 

since the reaction temperatures reported by the literature is above 900oC for higher 

boron concentrations.  The following question was therefore posed: Is magnesium 

favoring the decomposition of AlB12 into AlB2?  This question will be answered later in 

this thesis. 
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Figure 4.1 Photomicrograph of Al-2 wt. %B- 6 wt. %Mg composite microstructure 

showing presence of both aluminum borides. 

 

 

 

4.1.2 Volume percent of Reinforcement Particles and Pores 

 

The photomicrographs (figures 4.2, 4.3, 4.5, 4.6, 4.8 and 4.9) displayed the 

manifest effect of the casting parameters (casting time, pouring temperature, and 

rotational speed) on the redistribution of the reinforcement particles. For the sake of 

brevity only the micrographs obtained at 15 mm (internal zone) and 60 mm (external 

zone), Figures 4.3, 4.6, 4.9 and figures 4.2, 4.5, 4.8 are shown respectively.  In all cast 

specimens it was observed that the number of particles increased along the centrifugal 

AlB12 

AlB2 
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force direction; the largest particles concentrations occurred, as expected, at the 

external zones. Nevertheless, there are significant differences in their distribution 

pattern among different specimens.  

        When the casting time increased from 1 to 3 minutes, and the rotational speed and 

pouring temperature are kept constant at 300 rpm and 820oC respectively, noticeably 

low concentrations of reinforcement particles were observed at 15mm in specimen 2a.  

This means that the particle segregation rate was heightened by a longer casting time. 

Although the temperature affects the viscosity of the melt (i.e. the melt fluidity) and the 

rate of movement of the particles, the preheating (500oC) of the mold and its thickness 

apparently prevailed as they slowed the heat dissipation rate. Therefore, there exists a 

larger amount of aluminum boride particles towards the outer periphery of the cast 

specimens, leaving an inner zone almost depleted of particles.  

The comparison between composite specimens with casting time increasing from 

1 to 2 minutes (figure 4.4) shows that the lowest amount of particles was found in 

specimen 2a at 15mm. This shows that longer casting times favored the segregation of 

the particles towards the outer region of the cast. However, when the casting time 

increased from 2 to 3 minutes at 15 mm ends more particles segregation was observed 

in specimen 3a. One would have expected the opposite result, i.e. specimen 3a having 

lesser amount of particles than specimen 2a. At a distance of 60 mm the amount of 

aluminum borides increases as their casting time increases from 1 minute to 2 minutes. 

Detailed observation made on volume percent plots against longitudinal distance (figure 

4.4) between specimens, showed that as casting time increases, the concentration of 

reinforcement particles along casting also increases. It is important to note that the 

mold helped keep the temperature of the melt to attain low viscosity, which facilitated 

the movement of the particles. 

The solidification time depends on a number of variables, such as heat-transfer 

coefficient at the composite-mold interface and the thermophysical properties of the 

solidifying material. In the literature on centrifugal casting, most of the reported 

experiments were conducted at shorter times and higher rotational speeds [3, 5].  
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Nonetheless, for the casting times considered in this research particle segregation 

is still evident. The results obtained are in good agreement with prior works [1, 2, 6-10]; 

this could be an incentive to study the solidification time during centrifugal casting of 

functionally graded materials.  

 

 

 

   

 

 

 

 

 

 

Figure 4.2 Particles distribution in functionally-graded Al-B-Mg composite with 

variation of casting time at 15 mm. 

 

 

 

Figure 4.3 Particles distribution in functionally graded Al-B-Mg composite with 

variation of casting time at 60 mm. 

Specimen 2a Specimen 3a Specimen 1a 

Specimen 1a Specimen 3a Specimen 2a 

AlB 2 
AlB 12 
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Figure 4.4 Effect of casting time on AlB12 and AlB2 particles segregation along the 

longitudinal distance of cast specimens (Al-B-Mg). 

 

 

  The effect of the rotational speed could be inferred from figures 4.5 – 4.7. The 

volume percent of reinforcing particles, i.e. AlB12 and AlB2, in specimens 3a, 4a and 5a 

tended to decrease at 15 mm in the following sequence: specimens 3a, 4a and 5a 

respectively, as rotational speed increased from 300 rpm to 400 rpm. At 60 mm the 

volume percent of the reinforcement increased as the rotational speed increased when 

specimens 3a, 4a and 5a are compared.  In short, as rotational speed increased the 

particles steeply increased along the casting towards the outer zones in all specimens. 

The steepness could be used to differentiate the effect of rotational speed between 

specimens (figure 4.5 - 4.7). Specimens with higher rotational speed had lesser 

concentrations of particles at the inner zones (15 mm) and higher particles 

concentration at the outer zones (60 mm).               
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As stated before, the density of the melt affects the viscosity of the melt. An 

increase in density of the melt results in a higher viscosity of the melt. In such situations, 

the movement of the particles would be reduced and the solidification front might catch 

up with moving particles as they travel towards the outer periphery of casting. The 

centrifugal force plays a very important role in addition to facilitating good mold filling: 

It compels the particles to move with appreciable speed. This could be the reason why 

various regions of the cylindrical castings have always been particle rich region and 

particle depleted zones. At this high speed, most of the particles would have migrated 

to the outer region of the casting in a shorter time. However, with the rotational speed 

used in this research, we were able to observe particles segregation along castings [49]. 

 

Figure 4.5 Particles distribution  in functionally-graded Al-B-Mg composite with 

variation in rotational speed at 15 mm. 

 

 

Figure 4.6 Particles distribution in functionally-graded Al-B-Mg composite with 

variation in rotational speed at 60 mm. 

 

Specimen 4a Specimen 3a Specimen 5a 

Specimen 5a Specimen 4a Specimen 3a 
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Figure 4.7 Effect of rotational speed on AlB12 and AlB2 particles segregation along the 

longitudinal distance of the cylindrical centrifugally cast Al-B-Mg specimens. 

 

 

Pouring temperature is also a critical factor affecting the viscosity of the melt. The 

interaction among temperature, density and viscosity is of ultimate interest in casting 

processes [50]. This relation is further studied in Chapter 6. The effect of such 

temperature on the resulting microstructures is shown in figures. 4.8 – 4.9.  

An unambiguous example of temperature effect on the movement of the particles 

at various distances is presented in figures 4.8 - 4.10.  At 15 mm, the amount of particles 

increased as the pouring temperature decreased from 820oC to 690oC. Conversely, at 60 

mm, as the temperature had dropped below the solidification range, a reverse trend is 

apparent. The specimen 6a (690oC) solidifies before specimen 7a (755oC) and specimen 

5a (820oC). Therefore, the particles movement in specimen 6a becomes slower as the 

viscosity becomes much larger as a result of the solidifying melt. 
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Figure 4.8 Particles distribution in functionally-graded Al-B-Mg composite with 

variation in pouring temperature at 15 mm. 

 

 

 

 

 

 

Figure 4.9 Particles distribution in functionally-graded Al-B-Mg composite with  

variation in pouring temperature at 60 mm. 

 

 

 

 

 

Specimen 5a Specimen 7a Specimen 6a 

Specimen 5a Specimen 7a Specimen 6a 
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Figure 4.10 Effect of pouring temperature on AlB12 and AlB2 particles distribution 

along the longitudinal axis of a centrifugally cast Al-B-Mg composite. 

 

4.1.3 Porosity in Centrifugally Cast Al-B-Mg Composites 

Figure 4.11 displays the porosity level observed in the castings. The volume 

percent of pores, as measured in the micrographs of the composites via Image J, ranged 

from 0.01% to 1.09%. These porosity levels are small and its presence is understandable 

since the semisolid composites were not degassed before pouring and the fabrication 

was done in open atmosphere. We did observed influence of casting parameters but the 

effect of the reinforcement particles was more apparent. In addition, the rotational 

speeds employed were relatively low and did not cause turbulence that would have 

helped form high porosity in the casting by traping air. In general, it was observed that 

centrifugal casting conditions favored low porosity level in the casting. Our result seems 

to be in good agreement with previous research [2 and 7].  
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Fiure 4.11 Porosity level along longitudinal distance of centrifugally cast Al-B-Mg 

composites. 

 

 

 

4.1.4 Superficial Rockwell Hardness and Vickers Microhardness 

Tests 

The superficial Rockwell hardness test was done following the ASTM E 18 

standard.  The superficial hardness scale employed on the Al-2wt% B- 6%Mg composite 

was 15T: This is 15 kgf of final load applied with a 1/16” ball indenter. Fifteen 

indentations were done on surfaces along the cast to measure data dispersion and to 

increase accuracy in the hardness values. 

Results of the superficial Rockwell hardness tests conducted on the Al-B-Mg 

specimens are displayed in figures 4.12, 4.13, and 4.14 considering the variation of the 

casting parameters: casting time, rotational speed and pouring temperature of melt. 
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These results further corroborate the fact that the composite is not only compositionally 

graded but also functionally graded, as the hardness values on each composite 

specimen follows the same pattern as that of the volume amount of reinforcement 

along the direction of the centrifugal force. In other words, these results are a direct 

consequence of the segregated aluminum boride particles along the cast.  

 

 

 

 

Figure 4.12 Effect of casting time on superficial Rockwell hardness along the 

longitudinal axis of the centrifugally cast Al-B-Mg composites. 
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Figure 4.13 Effect of rotational speed on superficial Rockwell hardness along the 

longitudinal axis of the centrifugally cast Al-B-Mg composites. 

 

 

Figure 4.14 Effect of pouring temperature on superficial Rockwell hardness along the 

longitudinal axis of the centrifugally cast Al-B-Mg composites. 
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ASTM E 384 standard was followed to determine microhardness value of the Al-B-

Mg composite. These microhardness measurements were made exclusively on the 

matrix of the Al-B-Mg composite specimens at room temperature (25oC). A Buehler-

Micromet II microhardness indenter was employed with 25 gf of test load applied for 15 

seconds for each indentation. A total of 15 evenly spaced indentations were made on 

the matrix surfaces of each samples. From these data, an average Vickers microhardness 

value (Hv25) was determined.  

Results of microhardness measurements are summarized in figures 4.15 – 4.17, 

reflecting the effect of the casting parameters. It should be noted that these results also 

exhibit a similar pattern as those of the volume amunt of particles and the superficial 

Rockwell hardness values reported previously. This is discussed in detail in Chapter 6. 

In an earlier investigation [7] on a similar composite Vickers microhardness values 

did not noticeably increased as superficial Rockwell hardness values along a similar 

cylindrical casting. Conversely, in this thesis the value of the Vickers microhardness 

reflect a similar trend as the superficial hardness values along the cast. This could have 

been influenced by the higher Mg concentration in the present composites. It is 

apparent then that the magnesium level strengthened the Al matrix resulting in higher 

hardness values.  

Superficial Rockwell hardness followed the same trend as Vickers microhardness 

along the cast specimens. However, the mechanism for the raise in Vickers 

microhardness values along the castings is not yet clearly understood. Nevertheless, the 

trend observed is that, as the number of reinforcement particles increased along the 

castings, Vickers microhardness also increased.  
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Figure 4.15 Effect of casting time on Vickers microhardness along the longitudinal axis 

of the centrifugally cast Al-B-Mg composites. 

 

Figure 4.16 Effect of rotational speed on Vickers microhardness along the longitudinal 

axis of the centrifugally cast Al-B-Mg composites. 
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Figure 4.17 Effect of pouring temperature on Vickers microhardness along the 

longitudinal axis of the centrifugally cast Al-B-Mg composites. 

 

 

4.1.5 Particle size in the Al-B-Mg composites 

Quantitative analysis with Image J permitted measuring the average size of the 

particles. However, the results will not be discussed in this thesis because the 

morphology of the aluminum boride particles and the clustering of the particles made it 

difficult to obtain a clear size distribution. However, particle size ranging from 1 µm to 

18 µm with an average size of 5 µm was determined. The smaller particles are likely the 

result of a phase transformation of the aluminum dodecaboride particles. This topic is 

discussed later.  
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4.1.6 Effect of Magnesium on the Particle Morphology during 

Centrifugal Casting  

 

It is believed that magnesium had a signifincant influence in this functionally 

graded Al-B-Mg composites. This alloying element not only favors excellent wettability 

between particles and the liquid matrix [31], but also aid in the decomposition of the 

AlB12 particles.  Since the density of the transformed phase is more than that of the 

melt, the AlB2 particles (3.19 g/cm3) move towards the periphery of the cast specimens 

[7].  The segregation of AlB12 particles is also favored in great extent as Mg decreases 

the density of Al linearly by approximately 0.5% for every 1 wt% Mg in the Al melt [35]. 

At the same time Mg decreases the liquid viscosity favoring the particles movement. 

The affinity of magnesium to aluminum boride reinforcement particles is discussed in 

detail in Chapter 6 of this thesis.                   

The tranformation kinetics of the AlB12 into AlB2 involves two stages, which may 

occur simultaneously. The first one involves forming of the faceted AlB2 by decomposing 

the larger dodecaborides while the second one entails the diffusion of magnesium into 

the aluminum diborides formed. This is further explained by the schematic in figure 

4.18. Stage “A” shows the AlB12 in contact with the liquid containing Mg atoms just 

before the transformation; the particle still retains its original irregular morphology. At 

stage, “B” the irregularly shaped  AlB12 starts decomposing with the formation of very 

small AlB2 particles. Further contact of the dodecaboride with the the aluminum melt 

results in more development of the faceted diboride particles. Moreso, at stage “D” the  

AlB12 is much tranformed into small AlB2 particles that then break away from the edges 

of the dodecaboride but remains surrounding the AlB12. The role played by the 

centrifugal casting parameters can provide more explanation on the phase 

transformation kinetics involved as the particles move from the inner zones of casting 
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towards the outer periphery. It is believed also that the diffusion of magnesium into the 

diborides is the last stage that occurs during the transformation process. As mentioned 

previously, this is to be further studied by microchemical analysis. Since the 

transformation stages happened in short time or, perhaps, simultaneously one might 

not be able to differentiate the phase change from the diffusion stage. The micrographs 

(figures 4.2 and 4.3) also corroborated the transformation of the AlB12 large particles 

into more faceted but smaller AlB2 particles.  

 

 

Figure 4.18 Phase morphology of the aluminum boride particles in Al-B-Mg composite 

melt during centrifugal casting. 

  

Figures 4.19 - 4.21 show the results obtained from the volume fraction analysis of 

aluminum boride phase transformation occuring during the Al-B-Mg composite 

processing. The effect of magnesium interacts with the effect of the centrifugal casting 

parameters (casting time, rotational speed and pouring temperatures). The analysis of 

the volume percent of the reinforcing particles was completed using Image J.  Figure 

4.18 along with figures 4.19 – 4.21 will be used to explain such interaction. In effect 

stages A, B, C, and D in figure 4.18 might very well be occuring at the distances of 15 

mm, 30 mm, 45 mm, and 60 mm of the functionally graded cylindrical specimens. As the 

AlB12 particle migrates from 15 mm to 30 mm, the chances of getting in contact with a 

fresh melt increases the destabilization of the AlB12 and some AlB2 particles are formed. 
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Further movement to the 60 mm point, i.e. stages C to D, increases the formation rate 

of the AlB2 on those regions of the casting. 

 

The effect of magnesium as a function of casting time in the transformation of 

AlB12 phases into AlB2 is shown in figure 4.19. These results demonstrate the 

segregation pattern along the casting with the phase transformation of the aluminum 

boride phases. In figure 4.18, initially the melt was saturated with magnesium at the 

operation temperature. This particle then moves in intimate contact with the melt. As 

the particle becomes in contact with fresh melt more smaller diborides form. The 

magnesium effect increases as the particles further maintain contact with fresh melt as 

they move towards the outer periphery (60 mm) of casting.  

The results displayed in figure 4.19 show that as the transformation takes place, 

the particles continue to move towards the outer periphery of the casting assisted by a 

lower melt viscosity. A comparison among specimens 1a, 2a, and 3a shows that long 

casting time at the same rotational speed and pouring temperature favor more AlB2 at 

60 mm of specimen 3a.  This is understandable because the longer the time particles are 

in contact with the melt, the longer the time available for AlB2 to form. The appearance 

of this phase at  60 mm or its depletion at 15 mm is enhanced by the rate of contact of 

the particles with the melt and further aided by the centrifugal casting parameters.    
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Figure 4.19 Effect of casting time on the formation of aluminum boride phases along 

the casting. 
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The effect of rotational speed in the formation of AlB2 can be observed in figure 

4.20 and reflects what was previously explained in figure 4.18. Comparison among 

specimens 3a, 4a and 5a shows that the increase in rotational speed caused an increase 

in the formation of AlB2 phases at 60 mm. Apparently, the rotational speed prompted 

the formation of aluminum diboride particles by increasing the centrifugal forces acting 

on the dodecaboride dispersoids, which become in contact faster with fresh liquid Al 

(with Mg in solution). As the AlB2 particles formed, they are also impelled by the 

centrifugal forces towards the periphery of the casting. Specimen 5a (400 rpm) has the 

highest amount of AlB2 phase formed, followed by that of 4a (350 rpm) and 3a (300 

rpm).  

Figure 4.21 shows the effect of pouring temperature on the formation of the AlB2 

along the cylindrical cast specimens. At the various pouring temperatures, the 

aluminum dodecaboride phase decomposed but the rate of decomposition is evidently 

affected by temperature. The specimen fabricated at the highest pouring temperature 

had more time before it reached the solidification temperature range; as a result, the 

particles could move faster to make contact with fresh liquid Al-Mg. As more contact 

was made, more aluminum boride phase formed at 60 mm. It is observed that the 

transformed particles concentration gradient is steepest at the 60 mm for specimen 5a, 

then specimen 7a and 6a. These results were further corroborated by the micrographs 

and energy dispersion spectroscopy analysis. 
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Figure 4.20 Effect of rotational speed on the formation of aluminum boride phases 

along cylindrical casting. 
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Figure 4.21 Effect of pouring temperature on the formation of aluminum boride phase 

along cylindrical casting. 
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5 STUDY OF Al-B PHASES IN Al-Cu-B COMPOSITE 

         

5.1 Characterization of the Al-B-Cu composites 

 

This chapter deals with the characterization of an Al-B-Cu composites produced 

via centrifugal casting method. The influence of the centrifugal casting parameters is 

discussed.  

 

5.1.1 Analysis of the Microstructure 

The photomicrographs in figures 5.1 – 5.3 of the functionally graded Al-B-Cu 

composites revealed two dispersed phases embedded in the Al matrix: a dark brown 

one (later found to be AlB12 particles) and a goldish  grey one, later identified as Al2Cu 

[33]. It was observed that most of the AlB12 phase (figure 6.7a, in section 6.1) originally 

present in the Al-7.2 wt. %B master alloy did not transform upon processing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Photomicrograph of Al-B-Cu composite typical microstructure (Al-2 wt. %B- 

6 wt. %Cu) showing presence of AlB12 and Al2Cu phases. 

 

AlB 12 

Al 2Cu 
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5.1.2 Volume percent of Reinforcement Particles and Pores 

 

Quantitative image analysis of the reinforcement redistribution throughout the 

castings of Al-B-Cu composites permitted studying the role of the centrifugal casting 

parameters. The microstructural gradient was mapped throughout the four cross 

sections (figure 3.4, in section 3.1.1). For the sake of conciseness, only the ones 

obtained at the both end sections of the casting, i.e. 15 mm (internal zones) and 60 mm 

(external zones), are presented in figures 5.2, 5.3, 5.5, 5.6, 5.8 and 5.9. The 

microstructural observations of sections of these centrifugal castings show that the 

AlB12 particles are in effect segregated towards the outer zones of the castings.  

In a previous investigation, it was established that one of the major factors that 

controlled the composition gradient of aluminum matrix composites is the viscosity of 

the semi-solid mixture [51]. The movement of the AlB12 particles was significantly 

affected as a result of the composition of the alloying element (namely copper) present 

in the melt. It is believed that copper contributed to an increase in viscosity. 

Nevertheless, microsegregation of the intermetallic phase (Al2Cu) probably due to 

coring (caused by a limited Cu diffusion in the freshly solidified Al) is beyond the scope 

of this thesis. 

The result obtained from the plots of volume percent of AlB12 particles along the 

longitudinal axis of cast Al-B-Cu composites (figure 5.4) shows the effect of casting time.  

When this is varied from 1 to 3 minutes, and the rotational speed and pouring 

temperature are kept constant at 300 rpm and 820C respectively, the increase in 

concentration of particles at 15 mm are in shown in specimen 3b to specimen 1b in 

figures 5.2 – 5.4. At 60 mm, the concentration of particles increased as their casting 

time increases, as shown in specimens 1b to 3b in figure 5.4. The longer casting time 

results in an increase in particles concentration at the external zones of the casting. The 

viscosity is only affected when the melt temperature drops with time.  
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Figure 5.2 Particles distribution in functionally-graded Al-B-Cu composite with 

variation  of casting time at 15 mm. 

 

 

 

Figure 5.3 Particles distribution in functionally-graded Al-B-Cu composite with 

variation of casting time at 60 mm. 
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Figure 5.4 Effect of casting time on AlB12 particles segregation along the longitudinal 

distance of cast specimens (Al-B-Cu). 

 

Figures 5.5 through 5.7 show the effect of rotational speed of the mold on the 

redistribution of the reinforcement particles along the main axis of the castings. An 

increase in the concentration of particles from the inner zones to the outer ones along 

the casting was also noticed. A comparison between specimens in terms of 

concentration of reinforcement particles along the castings (figure 5.7) shows the effect 

of the rotational speed. At 15 mm (figure 5.7), volume percent of the reinforcement 

particles (AlB12) in specimens, i.e. from specimens 3b to 5b decreases as the rotational 

speed increases from 300 rpm to 400 rpm.  However, at 60 mm the concentration of the 

reinforcement particles increases as the rotational speed increases. This is well 

illustrated in specimen 5b, which shows a significant increase at 60 mm compared to the 

other two specimens.   

The rotational speed appears to be a strong factor during centrifugal casting by 
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constant casting time and pouring temperature, we could obtain more particles 

migrating towards the outer zones of the casting.  

 

 

 

 

 

 

 

 

 

 

  

Figure 5.5 Particles distribution in functionally-graded Al-B-Cu composite with 

variation of rotational speed at 15 mm. 

 

 

 

 

Figure 5.6 Particles distribution in functionally-graded Al-B-Cu composite with 

variation of rotational speed at 60 mm. 

 

 

 

 

 

Specimen 5b 

Al 2Cu 

AlB 12 

Specimen 4b Specimen 3b 

Specimen 5b Specimen 4b Specimen 3b 



55 

Adelakin Kingsley Tunde, Masters Thesis, UPRM 2009 

 

 

Figure 5.7 Effect of rotational speed on AlB12 particles segregation along the 

longitudinal distance of centrifugally cast Al-B-Cu specimens. 

 

 

Figures 5.8 and 5.9 demonstrate the effect of pouring temperature on the 

microstructure of Al-2 wt. %B- 6 wt. %Cu composite. Figure 5.10 shows how the volume 

fraction of reinforcements varied along the main axis of the centrifugally cast specimens 

when the pouring temperature of the melt changes. The results again showed an 

increase in the amount of particles AlB12 particles towards the outer region of the 

casting. The effect of the pouring temperature on the segregation is manifest and has 

been attributed to the viscosity of the melt.  In effect, at higher pouring temperatures 

(820oC), the melt is less viscous when compared to melts at temperatures 755oC and 

690oC. At 15mm (figure 5.10), the amount of particles increased as the pouring 

temperature decreased from 820oC to 690oC.  In other words, the lack of sufficient 

viscosity hampers the particle segregation caused by the centrifugal forces. This change 

in viscosity along the cast specimen will be further discussed in Chapter 6, where the 
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volume fraction of the reinforcement and the aluminum melt are used to estimate 

apparent viscosities.  

 

Figure 5.8 Particles distribution and the effect of pouring temperature at 15 mm of a 

centrifugally cast Al-B-Cu composite. 

 

 

 

 

Figure 5.9 Particles distribution and the effect of pouring temperature at 60 mm of a 

centrifugally cast Al-B-Cu composite. 
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Figure 5.10 Effect of pouring temperature on boride particles distribution along the 

longitudinal axis of a centrifugally cast Al-B-Cu composite. 

 

 

5.1.3 Porosity in Centrifugally Cast Al-B-Cu Composites 

The porosity levels obtained from the experimental functionally grade Al-B-Cu 

composites via image J ranged 0.04% to 2.0%. Figure 5.11 presents the porosity 

variation caused by centrifugal casting parameters along the longitudinal distance of the 

cast Al-B-Cu composites. In the fabrication of the Al-B-Cu composites, both 

reinforcement particles and gas bubbles moved under the influence of centrifugal force.  

The porosity level increased along the cast as the concentration of the 

reinforcement increases. It was also observed that the pore volume percent increased 

as the rotational speed of the mold was raised from 300 rpm to 400 rpm.  Based on the 

microstructure it is believed that the reinforcement particles encircled the gas bubbles 

(a feature inherited from the Al-B master alloys), trapped them and force them to move 

along as the particles travel under the action of the centrifugal force. As a consequence, 
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porosity increased with the concentration of particles along the casting. Variation of 

casting time, rotational speed and pouring temperature has been shown to affect the 

porosity level in the castings. It is likely that an increase in the melt viscosity is affecting 

the resulting porosity: At lower casting temperatures (690oC and 755oC), the porosity 

levels at the outer periphery seems to be high. 

 

 

 

Figure 5.11 Measured volume percent of pores along the longitudinal axis of a 

centrifugally cast Al-B-Cu composites. 

 

5.1.4 Superficial Rockwell Hardness and Vickers Microhardness  

Figures 5.12 – 5.14 show the influence of the various centrifugal casting 

parameters on the measured hardness along the main axis of the centrifugally cast 

specimens. It is apparent that superficial hardness increases with the distance from the 

internal zone in the Al-2 wt. %B- 6 wt. %Cu composite. This trend is consistent with the 
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castings (figures 5.4, 5.7, 5.10). As in the Al-B-Mg composites, increasing all the 

centrifugal casting parameters resulted in the steady increase of hardness values along 

the Al-B-Cu composites. Nonetheless, at 60 mm measured hardness was not as high as 

that observed in the Al-B-Mg composites at the same distance. This could be as a result 

of particle segregation patterns observed in the plots of volume percent along the main 

axis of the centrifugally cast Al-B-Cu composites. In these plots, it was apparent that the 

high viscosity imposed by the alloying element (copper) could not permit a more 

pronounced redistribution of the reinforcement particles and, as a consequence, higher 

hardness values. 

A detailed comparison among the produced specimens; i.e. 1b, 2b and 3b 

considering casting time is discussed. In figure 5.12, at 15 mm, specimen 1b with casting 

time of 1 minute revealed the maxinum hardness values, followed by specimen 2b and 

specimen 3b. At 60 mm of the castings, specimen 3b shows the maximum and specimen 

1b was observed to have rthe mininum hardness values. As previously mentioned, this 

profile is in conformity with the particle distribution pattern in the Al-B-Cu composites. 

Figure 5.13 shows the effect of rotational speed for specimens 3b, 4b and 5b. The 

plots show that as the rotational speed increased from 300 rpm through 400 rpm, the 

hardness values at 15 mm decreased from 3b through 5b.  Conversely, at 60 mm 

specimen 5b exhibited the maximum hardness value while 3b was observed to have the 

minimum hardness value. 

To further establish the effect of the pouring temperature on the centrifugally cast 

Al-B-Cu composites in terms of hardness, figure 5.14 was examined. In these plots, at 60 

mm, hardness was maximum for specmen 5b, followed by specimen 7b and then 

specimen 6b.  This showed that as the pouring temperature increased, the hardness 

increased while the reverse is obtained at 15 mm of the castings. For all plots, the 

impact of pouring temperature proved to be more pronounced in this investigation both 

in terms of particles redistribution and hardness values along the castings than the 

casting time and rotational speed. 
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Figure 5.12 Effect of casting time on superficial Rockwell hardness along the 

longitudinal axis of the centrifugally cast Al-B-Cu composites. 

 

 

Figure 5.13 Effect of rotational speed on superficial Rockwell hardness along the 

longitudinal axis of the centrifugally cast Al-B-Cu composites. 
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Figure 5.14 Effect of pouring temperature on superficial Rockwell hardness along the 

longitudinal axis of the centrifugally cast Al-B-Cu composites. 
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resemblance in the hardness plots (figures 5.15 – 5.17) on the Al-B-Cu composites could 

have been as a result of an additional contribution from the Al2Cu phase present in the 

composite matrix.  

 

 

 

 

 

 

Figure 5.15 Effect of casting time on Vickers microhardness along the longitudinal axis 

of the cast Al-B-Cu composites. 
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Figure 5.16 Effect of rotational speed on Vickers microhardness along the longitudinal 

axis of centrifugally cast Al-B-Cu composites. 

 

 

Figure 5.17 Effect of pouring temperature on Vickers microhardness along the 

longitudinal axis of centrifugally cast Al-B-Cu composites. 
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5.1.5 Particle size in the Al-B-Cu composites 

 

The result from the analysis of particles size via Image J displayed a range of 

particles size from 4 μm to 40 μm, with an average of 19 μm. As shown on the 

micrographs of the Al- 2 wt.%B- 6 wt.%Cu composites,  no marked variation in particles 

size along the longitudinal distance of cast was observed. It is obvious that the 

rotational speeds considered in the investigaton did not cause turbulence which would 

have resulted in some breaking of the particles due to particles interaction with 

themselves and also with the wall of the mold. In some cases, the morphology of the 

dedocaboride became so irregular that estimation of those particles size was not 

possible.  
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6 COMPARISON BETWEEN FUNCTIONALLY GRADED 

Al-B-Mg AND Al-B-Cu COMPOSITES 

 

6.1 Complementary Tests 

 

The issue raised earlier in chapter four, on whether magnesium is favoring the 

phase transformation of the AlB12 particles into AlB2 is being addressed at this point. 

However, there are two ways of addressing this question. One is by conducting 

complementary analysis with the aid of energy dispersive spectroscopy (EDS) on the 

compositionally graded material produced by the centrifugal casting method and the 

second one is by performing heat treatment analyses between room temperature and 

the highest melting temperature achieved during centrifugal casting.  

   

6.1.1 Energy Dispersive Spectroscopy (EDS)/SEM Analysis on Al- 2 

wt. %B- 6 wt. %Mg specimen 

In the SEM image shown in figure 6.1, the reinforcement particles in the Al-2wt. 

%B-6wt. %Mg composites show difference in contrast and shapes. The dark, irregular in 

shape and larger aluminum dodecaboride particles are being surrounded by the more 

faceted aluminum diboride particles. This is quite different from what was observed in 

the micrograph of the non-solutionized and solutionized samples of the Al-7.2wt. %B 

master alloy as shown in this chapter. This shows that a phase transformation occurred, 

which resulted in a change in shape and sizes of reinforcement particles. A detailed X-

ray dispersive spectroscopy analysis was done to attain the composition of (Al, B and 

Mg) on the composites. 
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Figure 6.1 SEM image showing the morphology of the AlB12 and AlB2 particles in the 

functionally graded Al-B-Mg composite. 

 

 

Figure 6.2 provides an overall idea of the result of the elemental mapping: 

distribution of the Al, B and Mg on the composite.  Magnesium is evenly distributed in 

the matrix of the Al-B-Mg composite and also segregates more within the AlB2 particles 

(spot 2) than any other part of the composite. This suggests that magnesium has a great 

affinity for aluminum diboride particles.  However, within the AlB12 particles (spot 1) 

magnesium is absent. As expected, boron signals are stronger in the AlB12 (spot 1) than 

in the AlB2 particles corroborating the nature of the diborides.  Figures 6.3 a, b c d 

revealed the result of the EDS analysis on the Al-B-Mg composites, which allowed 

determining the elemental composition of both the matrix and the reinforcement 

particles.   

 

 



67 

Adelakin Kingsley Tunde, Masters Thesis, UPRM 2009 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-2 X-ray mapping of the Al-B-Mg composites (EDS). 

 

The microstructure and the EDS spectra obtained on an Al-B-Mg composite are 

shown in figures 6.3 a, b, c. And d. This analysis was done on the AlB12 and AlB2 particles 

and on the matrix of the composite. On a AlB12 particle (labeled 1) in figure 6.3 a, there 

is very low level of magnesium while, as expected, boron signal is stronger, higher than 

in the AlB2 (labeled 2 in figure 6.3) as shown on the spectrum of fig. 6.3c. On the AlB2 

particle, magnesium content is higher than what is observed on the AlB12 particle. The 

analysis on the Al-B-Mg matrix also revealed the presence of magnesium.  It should be 

noted that there is a much higher level of magnesium in the diboride particles than in 

the matrix. Oxygen observed on the spectrums of both AlB2 particles and the matrix is 

normal as the borides oxidized upon processing.  Naturally boron is not found on the 

matrix so the boron signal in the EDS spectrum of the matrix could be as a result of the 

subsurface boride particles. 
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Figure 6.3 EDS compositional analysis: (a) Backscattering electron image used to 

differentiate boride particles: AlB12 (labeled 1), AlB2 (labeled 2), and the matrix of the 

Al-B-Mg composite (labeled 3); (b) EDS analysis on the AlB12 in spot 1; (c) EDS analysis 

on AlB2 spot 2; and (d) EDS analysis on the Al-B-Mg matrix of the composite spot 3. 

 

 

 

(c) (b) 

(d) 
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6.1.2 Energy Dispersive Spectroscopy (EDS)/SEM Analysis on Al- 2                 

         wt. %B- 6 wt. %Cu Specimen 

 

The SEM image in Figure 6.4 shows the particles present on the Al-2wt. %B-6wt. 

%Cu composite. The dark larger AlB12 particles are again observed along with the 

brighter Al2Cu phase.  Cu-was not found in the reinforcement particles but were 

observed forming Al2Cu near the reinforcement particles and along the grain boundaries 

of the matrix.  

Figure 6.4 SEM image showing the morphology of the AlB12 particles and Al2Cu phases 

on the functionally graded Al-B-Cu composite. 

 

The EDS mapping of the Al-B-Cu composite in figure 6.5 shows higher 

concentration of copper on the Al2Cu phase but not on the AlB12 particles.  Copper is 

also present in the composite matrix. Boron is also present on the matrix of the 

composite but we believe that this could have been signal from subsurface boride 

particles.   
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Figure 6.5 EDS mapping of the surface of the Al-B-Cu composites. 

  

The EDS spectra on specific spots of the Al-B-Cu composite in figure 6.6a are 

shown in figures 6.6 b and c. As expected in the AlB12 particles the boron signal is very 

strong while there is a small amount of oxygen present. The Cu peak on the Al2Cu phase 

corroborates the composition of this phase. There is some oxygen present on this spot. 

The matrix also shows traces of oxygen, boron and copper.   
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Al 
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Figure 6.6 EDS compositional analysis: (a) Backscattering electron image displaying 

AlB12 particles (labeled 1), AlB2 particles (labeled 2), and the matrix (labeled 3) of the 

Al-B-Cu composite; (b) EDS analysis on the AlB12 in spot 1; and (c) EDS analysis on AlB2 

spot. 

 

(a) 

(b) (c) 
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In order to clarify the issue related to the phase transformation of the Al-B phases 

observed in this thesis, a complementary experiment was deemed essential. Details of 

this experiment are discussed as follows.  

The microstructure of the Al-7.2wt.%B master alloy (used to formulate the 

composites) is shown in figure 6.7a at room temperature. Micrographs of the Al-B 

annealed at 400oC and 850oC are also displayed in figures 6.7b and 6.7c respectively. It is 

evident that the Al-B phases present in this master alloy are predominantly AlB12 with 

very small amounts of AlB2. After annealing it is apparent that the AlB12 phase was still 

retained. It remains intact without any transformation due to the heat treatment. The 

higher temperature did not cause the transformation of the AlB12 phase found in the 

master alloy. This appears to corrobate literature information suggesting that the phase 

transformation occurs at higher temperatures above 900oC [36] (also shown on Al-B 

phase diagram).  

 

Figure 6.7 Micrographs of Al-B master alloy with various level of heat treatment: (a) As 

received at room temperature; (b) Annealed at 400
o
C; (c) Annealed at 850

o
C. 

         

In summary, the EDS analyses showed the presence of some oxides in the matrix 

and on the reinforcement particles. They also suggest the formation of a ternary 

diboride AlXMg1-XB2 instead of the AlB2 particles in the Al-B-Mg composites, when 

magnesium is dissolved in the diboride. The results of the complimentary tests 

conducted on the Al-B master alloy, Al-B-Mg and Al-B-Cu composites, demonstrated the 

(a) (b) (c) 
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existence of the AlXMg1-XB2 particles co-existing with the AlB12 particles due to the phase 

transformation cause by magnesium.  

In this study, the presence of the Al3Mg2 phase (equilibrium phase in the Al-Mg 

phase diagram) in the Al- 2wt. %B- 6wt. %Mg composite has not been detected with the 

various characterization techniques employed. One would have expected the presence 

of Al3Mg2 in the composite considering the level of magnesium (6 wt. %) used in the 

production of the composite. In previous work [7] the presence of such phase was 

reported; in that research an Al-B composite containing 2 wt. % Mg was studied but the 

reinforcement particle used was AlB2. The formation kinetics of Al3Mg2 phase has been 

reported in literature to be very slow. Nevertheless, the absence of such intermetallic 

phases might be attributed to partly, the type of reinforcement used in the present 

study and the reaction kinetics in the composite system.  It is likely that in the present 

composites the interaction of Mg with the AlB12 particles to form AlxMg (1-x) B2 further 

depleted the matrix of dissolved Mg that would have favored the eventual formation of 

Al3Mg2. 

       

6.2 Viscosity Effects in the Cast Specimens 

         

The change in melt viscosity affects the velocity with which a particle moves in 

such melt [44]. For example, if the initial velocity of a particle  decreases due to lower 

temperature (as a result of cooling or temperature variation) or higher density (increase 

in effective fraction of particles), the fluidity of the melt then becomes affected. The 

implication is that, a drop in velocity with which the particle move is inevitable. 

Nevertheless, there is a need to corroborate that the viscosity of the semi-solid 

composite depends on the volume fraction of the reinforcement particles and the liquid. 

In metal matrix composite casting the state of viscosity of the melt or semi-solid 

composite determines the ease with which the casting is fabricated. For instance 

addition of copper (denser than aluminum) (table 2.1) results in an increase in the 

density of the Al-B-Cu melt and, therefore, an increase in the viscosity of the composite 
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melt. As a consequence, this resulted in the lack of a more pronounced segregation of 

the reinforcement particles in certain region of the Al-B-Cu casting.   

Moreover, the addition of magnesium (table 2.1) to the Al-B composites tends 

lower the density of the molten aluminum matrix and, therefore, reduces the dynamic 

viscosity of that matrix. This could be associated with the direct relationship between 

viscosity and density [52] of the melt, which is favored by the high solubility of 

magnesium in liquid aluminum.   

Tables 6.1 through 6.6 show the estimated apparent viscosities of the composites 

at different distances along the castings. The result clearly shows that the higher 

concentration of reinforcement particles along the castings resulted in higher viscosity 

values. This is demonstrated using equation 0-5 [5] to estimate the apparent viscosity of 

the composites: 

25
[1 7.6 ]

2app c f fV Vη η= + +  Equation 6-1 

 

The value of viscosity of pure aluminum melt at 660oC (1.38 mPa-s) [53] was 

selected for the estimation of the apparent viscosity of the composites. The values of 

viscosity obtained at the inner zones (15 mm) are much higher for the Al-B-Cu 

composites than for the Al-B-Mg composites while at the outer periphery (60 mm), the 

values of viscosity for the Al-B-Cu are lower than those of Al-B-Mg composites.  In 

summary, the viscosity of the composites seems to be the core factor that drives the 

movement of the particles as a result of density difference between the matrix melt and 

the reinforcements. 
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Table 6.1 Apparent viscosities of composites as a function of casting time along the 

casting of a functionally graded Al-B-Mg composite. 

 

 

Table 6.2 Apparent viscosities of composites as a function of rotational speed along 

the casting of a functionally graded Al-B-Mg composite. 
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Table 6.3 Apparent viscosities of composite as a function of pouring temperature 

along the casting of a functionally graded Al-B-Mg composite. 

 

 

 

Table 6.4   Apparent viscosities of composites as a function of casting time along the 

casting of a functionally graded Al-B-Cu composites. 
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Table 6.5 apparent viscosities of composite as a function of rotational speed along the 

casting of a functionally graded Al-B-Cu composite. 

 

 

 

Table 6.6 Apparent viscosities of composites as a function of pouring temperature 

along the casting of a functionally graded Al-B-Cu composite. 
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6.3 Hardness values  

 

The trend in hardness observed on both types of composites is as a reflection of 

the compositional gradient. A detailed comparison of the hardness values between the 

two composites along the casting, particularly at 15 mm and 60 mm are discussed. At 15 

mm the Al-B-Mg composites hardness values are lower than in the Al-B-Cu composites 

for the same casting parameters (casting time, rotational speed and pouring 

temperature of the melt). Conversely, at 60 mm, the hardness values of the Al-B-Mg 

composites are higher than that of the Al-B-Cu composites for the same casting 

parameters.  

Additionally, it was observed that the range of superficial 15T Rockwell hardness 

in the Al-B-Mg composites along the main axis of the castings varied widely, from 40.02 

to 78.76. The range of 15T hardness values measured along the Al-B-Cu composite 

castings was: 54.45 – 60.72.  

Table 6.7 presents 3-dimensional plots of the experimental data points of the 

superficial Rockwell hardness values as a function of centrifugal casting parameters 

along centrifugal force direction of castings (Al-B-Mg and Al-B-Cu composites) and their 

linear regression model.  

SR = superficial Rockwell hardness, CT = Casting time, D = Distance along cast, S = 

Rotational speed of mold and T = pouring temperature of melt. 
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Table 6.7 3-Dimensional plots of experimental data 

Functionally graded Al-B-Mg composites Functionally graded Al-B-Cu composites 
Linear regression model: 
SR = 36.0344 - 0.51*CT + 0.6246*D 
R2 = 0.916533  

Linear regression model: 
SR = 54.9506 + 0.0108*CT + 0.0838*D 
R2 = 0.710651 

  
 

Effect of casting time 
Linear regression model: 
SR = 26.3259 + 0.0046*S + 0.8078*D 
R2 = 0.949874  

Linear regression model: 
SR = 55.2622 - 0.0071*S + 0.1327*D 
R2 = 0.780440 

  
Effect of rotational speed 

Linear regression model: 
SR = 33.2129 + 0.0081*T + 0.5176*D 
R2 = 0.948375  

Linear regression model: 
SR = 59.636 - 0.0067*T + 0.0924*D 
R2 = 0.788615 
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As a concluding remark on the effect of the casting parameters (casting time, 

rotational speed and pouring temperature) on the redistribution of the reinforcement 

particles during centrifugal casting of both the Al-B-Mg and Al-B-Cu composites, the 

impact of the pouring temperature was the most significant parameter affecting the 

redistribution of reinforcement particles followed by the effect of the casting time. 

While the rotational speed appears to be the least influential parameter in this 

investigation. This trend is also observed on the hardness values of the composites. The 

introduction of the effect of viscosity could be tied to the dispersion of data obtained in 

the Al-B-Cu composite melts. 

 

 
 

Effect of pouring temperature 
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7 CONCLUSIONS AND SUGGESTIONS FOR FUTURE 

WORKS 

 

7.1 Conclusions 

 

(1) A centrifugal casting methodology for the production of functionally graded 

aluminum based metallic matrix composites was successfully developed. 

(2) Results obtained from this centrifugal casting method show that this technique is 

able to produce functionally graded aluminum matrix composites with different 

chemical compositions (Al-B-Mg and Al-B-Cu) reinforced with co-existing 

aluminum diboride and aluminum dodecaboride particles.    

(3) It was observed that the magnesium addition aided the transformation of the 

AlB12 particles into AlB2 reinforcement particles. This phase transformation is 

further enhanced by the various casting parameters. The AlB2 particles tend to 

segregate more effectively at the external zone of Al-B-Mg centrifugal castings 

under the optimum value of the centrifugal casting parameters considered in this 

investigation.  

(4) For the Al-B-Mg specimens magnesium diffused into the AlB2 to form a ternary 

diboride AlXMg1-XB2. 

(5) In the Al-B-Cu specimens copper did not form any ternary compound with the 

dodecaboride. 

(6) The steepest compositional gradient observed at the external zone (60 mm) in 

this work came from the Al-B-Mg composites. While the steepest compositional 

gradient at the 15 mm is from the Al-B-Cu composites. This corroborated the Mg 

effect on the melt viscosity at various operating temperatures due to its high 

solubility level in the aluminum melt. 

(7) Mechanical properties such as superficial hardness and microhardness of both 

functionally graded Al-B-Cu and Al-B-Mg composites are influenced by the 
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microstructure gradient. In effect, higher volume amount of reinforcement 

particles resulted in larger hardness values measured along the main axis of the 

cylindrical castings. 

(8) The calculated viscosity of the composites helped explain some discrepancies 

observed in the expected distribution of particles along the main axis of the 

centrifuged specimens.  

(9) The difference in volume percent of particles obtained between the 15 mm and 

60 mm distances of the Al-B-Cu specimens was lower compared to those 

measured at the same distances in the Al-B-Mg specimens. 

(10) Reinforcement particles morphology (sizes of particles) distribution as a function 

of the centrifugal casting parameters along cast specimens (Al-B-Mg) during 

transformation of AlB12 into AlB2 was very difficult to study due to the irregular 

shape of the dodecaborides that decomposed and also due to the fact that some 

of the AlB12 particles were observed to be attached to some of the AlB2 particles.  

(11) SEM/EDS analysis demonstrated the affinity of magnesium towards AlB2 particles. 

Also this characterization technique revealed that both copper and magnesium 

did not dissolve in the AlB12 particles. 

(12) A qualitative model for the transformation kinetics of the AlB12 particles into AlB2  

particles during centrifugal casting was proposed. 
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7.2 Suggestions for future work 

 

(1) This study has been able to manufacture aluminum-boron-magnesium and 

aluminum-boron-copper composites reinforced with AlB12 and AlB2, and AlB12 

and Al2Cu respectively.  However, it is desirable to measure more accurately the 

solidification rate, cooling rate and direct measurement of viscosity for a better 

monitoring of the mechanical properties of the composites for different 

applications. Therefore, it is recommended the use of directional solidification 

technique for the fabrication of the mentioned composites.  

(2) A thermal characterization technique such as differential scanning calorimetry 

(DSC) analysis is proposed. DSC analysis would furbish information on heat of 

transformation of phase heat capacity and the transformation kinetics of phases 

aided by the addition of magnesium, such as AlB12 into AlB2 as found in the Al-B-

Mg composites. DSC could also be employed to provide in-depth understanding 

of metastable phase transformation as they appear during centrifugal casting of 

Al-B-Cu composites. 

(3) To further understand the mechanical behavior of the fabricated composites it is 

recommended to perform impact, tensile, wear and fatigue test of these 

composites. 

(4) Determination of the kinetics of phase transformation of the AlB12 into AlB2 via 

the addition of magnesium through numerical modeling is suggested.  

(5) X-ray diffraction could help study the crystal structure of AlB2, AlB12 and Al2Cu in 

the composites. 
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