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CHAPTER 1. METAL MATRIX COMPOSITES 

(CLASSIFICATION) 

1.1. General 

 A metal matrix composite system is generally designated simply by the metal alloy 

designation of the matrix and by the material type, volume fraction and shape of the ceramic 

reinforcement phase [1]. For example, 6061Al/ 30v/o SiCp means a discontinuously reinforced 

6061 aluminium alloy with a reinforcing phase consisting of silicon carbide particles representing 

30 % by volume  [1]. A continuously armed CMM can be designated by SiCf, e.g.  [1]. 

 These names do not fully describe the composite system as they do not include information 

on the basic reinforcement process (metallurgical reinforcement of ingots or powders), the 

subsequent heat treatments applied or the spatial orientations of the fibres. 

 MMC differs from other composite materials in several ways. Some of these general 

distinctions are as follows [1]: 

 1. The basic metal matrix of an MMC is either a pure metal or a metal alloy, as opposed to 

a polymer or a ceramic. 

 2. MMCs exhibit higher ductility and hardness than alloys with a non-reinforced metal 

matrix, ceramics or CMCs.  

 3. The role of the reinforcement phase in MMCs is to increase mechanical strength. In 

general, the purpose of reinforcing MMCs is to ensure better damage tolerance. 

 4. MMCs have a higher service temperature than polymers and PMCs, but lower than 

ceramics and CMCs. 

 5. Weakly to moderately reinforced MMCs can be formed by processes normally 

associated with non-armoured metals. 

 Metals are extremely versatile materials, a metallic material can exhibit a wide range of 

properties easily controlled by appropriate selection of alloy composition and thermo-mechanical 

processing methods [1]. The widespread use of metal alloys in engineering reflects not only their 

strength and toughness, but also the relative ease and low cost of manufacturing engineering 

components through a wide range of manufacturing processes.  

1.2. Aluminium matrix 

 The most commonly used matrixes are aluminium-based alloys, both deformable and 

casting [2]. 

 Aluminium matrices can be plastically processed and cast by any conventional process, so 

that aluminium matrix composites can be obtained by casting or deformation methods (forging, 

rolling, extrusion) similar to those used for alloys [3]. 

 Aluminium and aluminium-based binary alloys are generally less used as matrixes [4]. 

Matrices with the lowest possible content of minor alloying elements, such as Mn and Cr, are 

preferred, as they form intermetallic compounds during processing, which can negatively 

influence the mechanical characteristics [4]. 

 The choice of matrix should take into account not only the desired properties of the 

composite material, but also the processing method [5]. Thus, although 7xxx series master alloys 

exhibit better mechanical properties (strength and stiffness) for aerospace applications than 2xxx 

series alloys, the latter are most often used [5]. This is due to the fact that 7xxx series alloys degrade 

easily at the interface with reinforcing materials (reinforcement), leading to a decrease in the 

mechanical characteristics of these composites [5]. 

 2xxx, 6xxx and 7xxx series alloys are the most commonly used as dies for MMC; these 

alloys can be precipitation hardened [5]. 
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1.3. Reinforcing materials 

 MMC reinforcing materials are discrete fibres or second-phase additions to a metal matrix 

that result in a net improvement in some property, usually an increase in mechanical strength 

and/or stiffness [6]. 

 Most often, reinforcing materials for MMC are ceramics (oxides, carbides, nitrides, etc.), 

which are characterized by high mechanical strength and stiffness at both ambient and elevated 

temperatures [7]. Examples of the most common reinforcement phases used in metal matrix 

composites are SiC, Al2O3, TiB2, B4C and graphite. Metal reinforcing phases are used less 

frequently [8]. 

 Reinforcing materials can be divided into two major groups: (a) particles or whiskers; and 

(b) fibres [9]. Fibre reinforcements can be further divided into continuous and staple fibres. Fibres 

increase mechanical strength in the direction of their orientation [9]. A disadvantage of continuous 

fibre reinforced CMMs is the low mechanical strength in the direction perpendicular to the 

direction of fibre orientation [10]. Discontinuously reinforced MMCs, on the other hand, exhibit 

several isotropic characteristics [10]. Two or more types of reinforcement phases may be present 

in some MMC systems to confer specific properties [10]. 

 

Long fibres (continuous) 

 

 Long-fibre reinforcement materials are generally ceramic (except wires), usually carbon, 

boron, oxides, carbides and nitrides [11]. They are used because they provide high mechanical 

strength and stiffness values at both normal and high temperatures [11]. 

 In the direction of stress, the fibres have high mechanical strength, but in the perpendicular 

direction of fibre orientation the strength decreases greatly [11]. 

 Multifilament fibres (Fig. 1.4) are made of C, SiC and Al2O3, while monofilament fibres 

are made of boron [11]. 

 

 
Figure 1.4. Micrograph of an Al matrix composite reinforced with 40% Altex fibres (85% Al2O3) [11] 

 

 Small diameter continuous fibres (5-30 μm) are often described as multifilaments. These 

multifilaments are flexible enough to be braided into cables [11]. These include SiC, C and various 

oxide systems [11]. 

 

Short fibres (discontinuous) and whiskers 

 

 Short (discontinuous) fibre reinforcement materials can be oriented (aligned) or randomly 

distributed in metal matrices (Fig.1.5) [12]. 
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Figure 1.5. Orientation of short staple fibres in metal matrices: (a) aligned fibres; (b) randomly oriented 

fibres [12]. 
 

 Aligned short fibres are longer than the critical length (lc) [12]: 

 

𝒍𝒄 = 𝒅 ⋅ 𝑺𝒇/𝑺𝒎   (1.1) [43] 

 

where: d is the fibre diameter, Sf and Sm are the tensile strengths of the fibres and matrix 

respectively [12]. 

 Under these conditions the mechanical strength of MMC reinforced with aligned short 

fibres is high. The short fibres (diameter greater than 1 μm) have an aspect ratio above 5, but this 

can reach even above 100 [13]. 

 The most commonly used short fibres are those made from alumino-silicates; the best 

known trade name is Saffil (Fig. 1.6.) [12]. These fibres have a polycrystalline microstructure. The 

mechanical properties of MMC reinforced with these fibres are superior to composites reinforced 

with particles  [12].  

 
Figure 1.6. Composite AlSi10/15%vol. SAFFIL fibres, cast state [12]. 

 

 Superior mechanical properties of MMC are achieved if the fine-grained structure of the 

short fibres is replaced by a single crystal [12]. Single crystals of short fibres are known as 

whiskers [12]. Reinforcing materials are elongated single crystals with aspect ratios greater than 

10 (usually several hundred) and diameters less than 1 μm [12]. 

 

Ceramic particles 

 

 Ceramic particles are the most widely used reinforcement materials mainly due to their low 

cost [14]. 

 The first MMC composites were made from matrices of aluminium alloys and graphite 

particles, incorporated at <10%vol [15]. MMCs with a high volume percentage of various ceramic 

reinforcement particles (oxides, nitrides, carbides, etc.) are currently produced. [15]. 

 

     (a)                                            (b) 
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CHAPTER 2. Production/processing techniques used in the 

manufacture/production of metal matrix composites 
 

 The choice of primary manufacturing process for the development of any metal matrix 

composite is dictated by several factors, the most important of which are [16]:  

 

1. Maintaining the strength of the reinforcement phase  

2. Minimising damage to the reinforcement phase  

3. Promote wetting and bonding between matrix and reinforcement  

4. Flexibility to allow proper support, spacing and orientation of reinforcement within the matrix 

[17]. 

2.1. Fabrication procedures 

Infiltration of liquid metal 

 

 Preforms are infiltrated with liquid metal using gravity, vacuum or high pressure (Fig 2.1). 
 

 
 

Figure 2.1. Infiltration technique of continuous fibre preform. 

 

Liquid state processing 

 

The simplest technique for dispersing ceramic particles in the liquid matrix is the VORTEX 

method, which consists of intense agitation of the melt with the solid particles (Fig. 2.6). 
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Figure 2.6. Mechanical agitation of ceramic particles in solid + liquid alloy mixture 
 

The incorporation of ceramic particles into the liquid matrix by the stirring technique takes 

place in several stages. The particles added in the vortex to the surface of the melt are gradually 

moistened and have an incubation period until they are incorporated into the melt. Partially wetted 

particles gradually penetrate through the gas layer between particles or clusters. Fully wetted 

ceramic particles are uniformly dispersed in the liquid matrix.  

Casting of composite materials (MMC) can be done gravitationally, in moulds from 

forming mixtures or in metal shells and centrifugal casting. 

 

Casting Processes (Liquid Forging) 

 

Squeeze casting is a technique used in the manufacture of liquid-phase composites using 

preforms made of reinforcing material. It consists of infiltration under unidirectional pressure 

(pressure 70 - 150 MPa). The final parts contain no porosities and have a microstructure with small 

equiaxial grains. The infiltration rate depends on the applied pressure, capillarity, distance between 

dispersed particles, liquid metal viscosity, shape permeability, mould, preform and melt 

temperatures.  

The infiltration technology flow is shown in Fig. 2.8. 

 

 
Figure 2.8. Technological flow of the Squeeze Casting infiltration process 
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In-situ production processes 

 

In-situ processes for obtaining MMC do not require initial reinforcing materials [18]. In 

these processes the reinforcing material is formed from in-situ reactions in the metal matrix in a 

single phase [18]. Another advantage is that the interfaces between the reinforcing material and 

the matrix are very clean, allowing better wetting and bonding between the matrix and the 

reinforcing material (no gas adsorption, no oxidation, no reactions at the interface) [18]. Costs and 

hazards are also reduced, as handling operations of fine particles of reinforcing material are 

eliminated [18]. 

The main processes are: injection of gases or salts into the metal matrix, reactive infiltration 

of the liquid matrix into a porous preform, unidirectional solidification of eutectic alloys [18]. 

2.2. Areas of use of composite materials 

 Due to the combination of excellent properties such as high mechanical strength and 

stiffness, high thermal stability, low coefficient of thermal expansion and high wear resistance as 

well as continuous cost reduction, MMC composites are becoming more and more popular in 

various fields such as: transportation industry, aerospace industry, electronics industry and 

production of sports materials (e.g. bicycles) [19] [20] [21] [22]. 

 

Applications in the transport industry 

 

 A large number of components for cars and other vehicles such as pistons, cylinder liners, 

connecting rods, brake discs and rotors, calipers, universal joints, are made of metal matrix 

composite materials, mainly aluminium-based. The main composite materials belong to the Al-

SiC, Al-Al2O3, Mg-SiC, Mg-Al2O3 systems, the reinforcement materials being ceramic particles 

or short fibres [23] [24].  

 Fig. 2.12 shows a diesel engine piston made by squeeze-casting from Al/Al2O3(short fibre) 

composite, and Fig. 2.13 shows brake rotors for high-speed trains in underground (subway) and 

rail transport as well as brake discs for cars. Brake rotors are made of AlSi7Mg/20% vol. SiC; their 

mass is only 76 kg compared to the mass of conventional rotors weighing 120 kg [25]. 

 

 
 

Figure 2.12. Short fibre reinforced aluminium matrix composite piston for diesel engines [12]. 
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Figure 2.13. Brake rotors for high-speed trains (a) and braking systems for cars (b) [12]. 

 

Applications in the electronics industry 

 

 Advances in microelectronics have led to the development of miniaturised devices in which 

aluminium matrix composites reinforced with ceramic particles play an increasingly important 

role [26]. This is due to low coefficient of thermal expansion, high thermal conductivity, low 

density and low cost [26]. 

 Fig. 2.14 shows a multichip module fabricated by pressure infiltration from Al/65-75%vol 

composite. SiC [27]. 
 

 

2.3. Recycling 

Important examples of MMC products currently marketed are diesel engine pistons [28], 

engine pistons [29] and automotive cylinder blocks [30] [31]. The volume of the composite part 

of these products is very small [32]. For example, in the case of diesel engine pistons, only the part 

surrounding the piston ring is made of composite. The reinforcing phase of this part consists of 

short alumina/silica fibres (diameter about 3 mm) and the volume fraction of the fibres is 7-8 %. 

The composite part of automotive cylinder blocks is the inner surface of the cylinder; they are 3 

mm thick and contain about 20 % vol. fibres. The fibres used for the cylinder block are short 

alumina fibres (diameter about 3 mm) and carbon fibres (diameter about 7 mm) [33].  

When the composite scrap is melted, the composite piece sinks to the bottom of the 

crucible, retaining its original shape, because the reinforcing fibers usually have a higher specific 

gravity than the matrix metal and each fiber does not move separately in the melt [34].  

However, technologies to separate the reinforcement particles from the matrix metal will 

be important for matrix metal recovery [31].  

 

 

 

   (a)                                                          (b) 

Figure 2.14. Electronic multichip 

module made of Al/SiCp composite 

[27] 
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CHAPTER 3. Development of AA6063/VB2 composites by in 

situ reactions 
 

 In the field of academic research, multiple studies have been documented on the production 

of aluminium alloy matrix composites of the AA7075, A356, AA2024, AA5052, AA2014 and 

AA6061 series, which have been reinforced by dispersion of zirconium diboride particles. These 

composites were synthesized by means of aluminothermic reactions at various temperatures 

(1000K, 1023K, 1123K, 1143K, 1158K, 1163K and 1173K). The process involved the use of 

different concentrations of KBF4 salts for boron introduction and AlV10 for vanadium 

contribution. 

In this study, in order to investigate the improvement of microstructures of AA6063/VB2 

metal matrix composites, VB2 reinforcement particles were obtained by in-situ synthesis method 

using AA6063 molten alloy with AlV10 pre-alloy and KBF4 salt. 

A number of composites have been successfully fabricated using the in situ method by the 

aluminothermic reaction:  

 

6KBF4 + 3V + 6Al = 3VB2 + 2K3AlF6 + 4AlF3   (3.1) 

 

Load calculation 

 

In order to obtain bars for tensile testing and samples for microstructure analysis, the 

composite melts were cast into pre-heated bar-shaped dies with ϕ = 12 mm and h = 90 mm at 

different VB2 concentrations (1%, 2%, 3%, 4%, 5% and 10%). 

Based on crucible capacity, it was determined that 300 g of aluminium alloy should be 

used for good in-situ processing of composites. 

 

Table 3.1. Impurity-free chemical composition profile according to the standard 

 Si Fe Cu Mn Mg Cr Zn Ti 

AA 6063 0.2-0.6 0.35 0.10 0.10 0.45-0.9 0.10 0.10 0.10 

Nominal 0.49 0.33 0.02 0.02 0.72 0.06 0.03 0.04 

 

 The stoichiometric calculations required to obtain Al/VB2 composites are: 

 

Calculation for required VB2 at 200g, 10% concentration: 

 
   6·125.908       3·50.941  6·26.98      3·72.563          2·25.824             4·83.975 

6KBF4+ 3V + 6Al = 3VB2+ 2K3AlF6 + 4AlF3 
       X           Y         Z         20g                              W 

 
Quantities of materials used:  

140 g alloy 6063 + 56 g, 140 g AlV10, 69,2 g KBF4 

 

 Gibbs free energy formations for aluminium and vanadium borides were tested using HSC 

Chemistry at temperatures between 500oC and 1000oC. Figure 3.1 shows the stability curves of 

the different possible reactions [35]. 

 Through thermodynamic analysis of the reactions occurring in the melt, we found that 

reaction (3.1) was the most likely reaction to occur during the development of the composite. 

 

6KBF4 + 3V + 6Al = 3VB2 + 2K3AlF6 + 4AlF3     (3.1) [35] 

 

2KBF4 + V + 2Al = VB2 + 2KF + 2AlF3      (3.2) [35] 
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3Al + 1,5V + Na3AlF6 + 3KBF4 = 1,5VB2 + K3AlF6 + 3AlF3 + 3NaF  (3.3) [35] 

 

 
Figure 3.1. Standard free enthalpy variation in the temperature range 500 - 1000 oC of reactions 3.1 ÷ 3.3 

[35] 

 

 The metallographic samples were processed using the DELTA Abrasimet cutting machine, 

the SIMPLIMET 1000 embedding machine and the Beta/1 Single grinding/polishing machine. The 

samples were then analysed using the Olympus UC30 optical microscope at different dimensions 

( Fig. 3.4, Fig. 3.7, Fig. 3.10, Fig. 3.13, Fig. 3.16, Fig. 3.19).. 

 

1% VB2 

  
VB2 1% x500 3 VB2 1% x1000 1  

 
Figure 3.4 Optical microscopy analysis of composites with a concentration of 1% reinforcement particles 

[35] 

Phase analysis:  

 

 Phase analysis was performed using DIFFRAC.EVA release 2019 software and the ICDD 

PDF4+ 2020 database. 

 
Figure 3.6. Graphical presentation of qualitative XRD phase analysis for Sample 1 [35] 
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Compound 

Name 
PDF reference Chemical formula 

Crystallization 

system 
Space Group 

Ss type A1 04-017-1423 
Ss Type A1- Al1-xMx 

(prototype Cu) 

Cubic (Cube with 

centered faces) 
Fm-3m (225) 

 

2% VB2 

  
VB2 2% x200 2 VB2 2% x500 5 

 

Figure 3.7 Optical microscopy analysis of composites with a concentration of 2% 

reinforcing particles 

Phase analysis: 

 

 
Figure 3.9 Graphical presentation of qualitative XRD phase analysis for Sample 2 
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3% VB2 

  
Figure 3.10 Optical microscopy analysis of composites with a concentration of 3% reinforcing particles 

 

 

0

100

200

300

400

500

In
te

n
s
it

y
 (

C
P

S
)

30 40 50 60 70 80 90 100 110

2θ (°)



 

13 

 

Phase analysis: 

 
Figure 3.12 Graphical presentation of qualitative XRD phase analysis for Sample 3 
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4% VB2 
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Figure 3.13 Optical microscopy analysis of composites with a concentration of 4% reinforcing particles 

 

Phase analysis: 

 
Figure 3.15 Graphical presentation of qualitative XRD phase analysis for Sample 4 
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5% VB2 

  
VB2 5% x200 VB2 5% x200 

 
Figure 3.16 Optical microscopy analysis of composites with a concentration of 5% reinforcing 

particles 

Phase analysis: 

 
Figure 3.18 Graphical presentation of qualitative XRD phase analysis for Sample 5 

Compound 

Name 

PDF 

reference 
Chemical formula Crystallization system 

Space 

Group 

Ss type A1 04-017-1423 
Ss Type A1- Al1-xMx 

(prototype Cu) 

Cubic (Cube with 

centered faces) 

Fm-3m 

(225) 

VB2 00-038-1463 VB2 Hexagonal  
P6/mmm 

(191) 

 

10% VB2 

  
VB2 10% x200 2 VB2 10% x500 2 

Figure 3.19 Optical microscopy analysis of composites with a concentration of 10% reinforcement 
particles 
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Phase analysis: 

 
Figure 3.21 Graphical presentation of qualitative XRD phase analysis for Sample 6 
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 In the study, VB2 and Al compounds were found in all composite samples. The D8 

ADVANCE diffractometer is a unique platform in the D8 family of diffractometers, ideally suited 

for a variety of X-ray diffraction and scattering applications, including X-ray diffraction (XRD), 

pair distribution function analysis (PDF analysis), wide and small angle X-ray scattering (SAXS, 

WAXS) (Figure 3.22). 
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Figure 3.22 SEM analysis of AA6063/VB2 composites with VB2 peaks [36]. 

 

 Using EDS Mapping (X-ray Energy Dispersive Mapping) on a composite with AA6063 

reinforced with VB2, the spatial distribution of the chemical elements present in the composite can 

be observed. This analysis technique allows mapping the chemical composition in different areas 

of the composite (Fig. 3.23). 

 The positions and distributions of VB2 particles in the AA6063 aluminium matrix can be 

identified. This can provide information about how the VB2 particles are distributed in the matrix 

and how they interact with the aluminium matrix. 
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Figure 3.23 EDS MAPPING analysis [35] 

 

 Figure 3.24 illustrates the scanning electron microscope (SEM) analysis of the composite 

with a high concentration of VB2, as well as the compositional analysis (EDS) of the vanadium 

(V)-containing particles. When the concentration of VB2 particles was increased to 10%, their 

tendency to form agglomerations in certain areas was observed [35]. 
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Element Wt % At % 
   

MgK 2.33 2.73 

AlK 86.7 91.36 

SiK 0.22 0.22 

V K 4.58 2.56 

FeK 6.17 3.14 

Total 100 100 
 

EDS analysis (Polyhedral Particles) VB2 

Figure 3.24 Electron microscopy and EDS analysis of VB2 particles [35] 

 

 During the analysis, we consulted the data resources available in the D8 ADVANCE 

diffractometer, specifically sheet 00-038-1463 for VB2. This sheet provides detailed information 

on the crystallographic characteristics of VB2, including the crystallographic systems in which it 

crystallizes, elemental cell parameters, interatomic distances, densities, molar masses, and more, 

relating to pure substances (Fig. 3.25). 

 



 

19 

 

 
Figure 3.25. Sheet 00-038-1463 for VB2 

 

 Isolation of VB2 particles from composites was achieved by solubilization in a 35% 

hydrochloric acid (HCl) solution, followed by the appropriate filtration and dehydration 

procedures [36]. 

 SEM analysis of the powders was performed using the SEM facility (VEGA II LMU) (Fig. 

3.26). The SEM is a fully PC-controlled system equipped with a conventional tungsten-heated 

cathode with a maximum resolution of 5 nm @ 30 kV [36]. 

 

   
Figure 3.26 SEM images of VB2 powders extracted from processed composite materials [36] 
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CHAPTER 4. Physico-mechanical properties of AA6063/VB2 

composites 
 

 The mechanical properties followed and determined for the developed composites were: 

hardness, mechanical strength at break, tensile strength, compressive strength. 

 Important properties of the reinforcement elements obtained in situ are shown in Table 4.1 

[36]. 
Table 4.1. Physical properties of vanadium diboride [36] 

IUPAC 

name 

Theoretical 

chemical 

formula, 
[CASRN] 

Crystal system, 

lattice 

parameters. 
Pearson symbol, 

Thermal 

conductivity 

(k.Wm-1K-1) 

Specific heat 

capacity (cp.J kg-1 

K-1) 

Coefficient of linear 

thermal expansion (α, 

10-6 K-1) 

Vanadium 

diboride 

VB2 

[12007-37-

3] 

72.564 

Hexagonal 

a = 0,2998 nm 

c = 0,3057 nm 

hP3, P6/mmm, 

AlB2 type (Z = 1) 

42,3 647,43 7,6-8,3 

4.1. Hardness 

 Hardness was determined using a Leco M-400-G microhardness tester, year of 

manufacture 2004 used for Vickers hardness measurement and two INNOVATEST Model 

hardness testers: FALCON 500, year of manufacture 2015 and BUEHLER - WILSON, Model: 

REICHERTER UH 250, year of manufacture 2015. 

 

HVmed = 2491,375 

 

The operating principle of the Leco microhardness tester is to apply a load (P) for a 

specified duration of time (e.g. 100gf / 30 sec) to a diamond pyramid to produce a cavity of size 

(d). The resulting cavity size is measured using a calibrated optical microscope and the hardness 

is evaluated as the average applied stress (Fig. 4.1). 

 

 
Figure 4.1 Determination of the size of cavities left after Vickers microhardness tests using optical 

microscopy measurement 

 

• VB2. Wear-resistant semiconductor films with density 5,070 g/cm3, melting temperature 

between 2450 ÷ 2747oC and Vickers hardness with values between 1750 and 4234 HV determined 

on particles obtained in-situ in composite AA6063/VB2, with Leco M-400-G microhardness tester, 

averaging HVmed = 2491.  
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4.2. Tensile strength 

Samples were taken from the specimens obtained for compositional characterisation and 

characterisation of the physical-mechanical properties.  

Data for tensile strength and elongation were taken from the results obtained with the 

Instron Universal Testing Machine 8872 at room temperature using cylindrical specimens of 15 

mm length and 5 mm diameter. On average, three specimens were used for each test. 

 

 
 

 Maximum Tensile stress 

[MPa] 

Tensile strain (Strain 1) at Maximum Tensile 

stress [%] 

Modulus (Segment 0.01 % - 0.02 

%) [MPa] 

1 31.39 0.25 44568.11 

2 97.32 4.59 60130.13 

3 119.46 7.11 70318.33 

4 90.28 2.57 66660.06 

5 84.87 2.62 65418.37 

6 128.99 20.04 71281.04 

7 107.51 13.92 67180.61 

8 80.58 1.80 66622.26 

9 175.56 0.81 79176.06 

10 68.81 0.12 79484.16 

11 124.69 0.40 76683.45 

 
Figure 4.7 Tensile strength for all composite samples AA6063/VB2 
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4.3. Compressive strength 

 
 

 Specimen label Diameter 

(mm) 

Anvil height 

(mm) 

Modulus (Segment 0.1 % - 0.15 %) 

(MPa) 

1 1.1 9.80000 15.10000 30617.17499 

2 1.2 9.81000 14.00000 18194.80939 

3 2.1 10.02000 15.11000 8700.41001 

4 2.2 10.00000 15.05000 48821.12209 

5 3.1 9.85000 15.03000 14251.73272 

6 3.2 9.82000 15.20000 3472.24019 

7 4.1 9.93000 15.20000 28332.52053 

8 4.2 9.83000 15.10000 22483.93191 

9 7.1 10.01000 14.90000 53292.16628 

10 7.2 10.14000 15.17000 85591.78304 

11 5.1 10.00000 14.98000 16851.39659 

12 5.2 9.99000 15.08000 14304.94640 

13 6.1 9.80000 15.20000 9009.85610 

14 6.2 9.84000 15.20000 21494.25000 

 

 Modulus (Segment 0.05 % - 0.15 %) 

(MPa) 

Modulus (Segment 0.17 % - 0.27 %) 

(MPa) 

1 28976.17925 13469.24064 

2 19942.22697 9606.30191 

3 4648.00278 47345.81666 

4 39769.84488 15616.19999 

5 12433.57746 21642.79971 

6 2424.22845 18380.52876 

7 28451.17130 22012.60604 

8 17419.98954 23934.82594 

9 59093.19946 45348.64477 

10 57608.13377 54728.30928 

11 21118.77748 8462.30480 

12 17702.33701 7866.49249 

13 9391.04219 7653.03388 

14 22768.00432 12321.55325 

 

Figure 4.14 Compressive strength for all composite samples AA6063/VB2 
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4.4. DSC-TGA analysis 

 DSC-TGA analysis of composites with different concentrations of reinforcing elements 

The straight portion between 0 and about 100MPa can be seen on all curves σ = f(ε%) in 

compression, after which the samples move into the plastic range. Rupture occurs at high values 

of composite strain, increasing with increasing VB2 content. 

 DSC analysis yields information on the peritectic transformation temperature at 660.452oC 

from the Al-V binary diagram. 

 

  
Figure 4.15 DSC (left) and TGA (right) analysis of AA6063 / 1% VB2 composite 

 

  
Figure 4.16 DSC (left) and TGA (right) analysis of AA6063 / 2% VB2 composite 

 

  
Figure 4.17 DSC (left) and TGA (right) analysis of AA6063 / 3% VB2 composite 

 

  
Figure 4.18 DSC (left) and TGA (right) analysis of AA6063 / 4% VB2 composite 
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Figure 4.19 DSC (left) and TGA (right) analysis of AA6063 / 5% VB2 composite 

 

  
Figure 4.20 DSC (left) and TGA (right) analysis of AA6063/10% VB2 composite 

4.5. Tribological abrasion test 

 The resulting samples were subjected to an abrasive wear test using the CSEM 

CALOWEAR facility. The residual trace diameters from the abrasive wear test were determined 

by optical microscopy using the same Olympus UC30 equipment. 

 The measuring principle of the equipment is based on a rotating bearing steel ball with a 

diameter of d = 25 mm, which applies a certain load (FN) on the tested surface. 

 
DEVICE NAME CSEM CALOWEAR 

ABRASIVE PASTE SiC 

TEST PARAMETERS • BALL DIAMETER: d=24.5 [mm] 

• BALL MATERIAL: special ball bearing steel 

• BALL PRESSING FORCE: FN[N] 

• NUMBER OF REVOLUTIONS OF THE DRIVE SHAFT: n 

• TIME: t[s] 

 

k =
V

FNLf
  ;     𝑉 =

𝜋𝑏4

32𝑑
 

where: 

 k = wear coefficient, [
mm3

Nm
]  

 V = volume of wear, [mm3], 

 b = the diameter left by the ball, [µm] 

 d = ball diameter, [mm] 

 
Table 4.3 Processed abrasive wear test data for 1% VB2 composite  

Nr.crt FN 

[N] 
FN 

Ball 

[N] 

n 
[rot] 

t 
[s] 

Vertical 
diameter 

[µm] 

Horizontal 
diameter 

[µm] 

Approximate surface area 
[µm2] 

1 0.355 0.538 4837 900 1460.58 1416.74 1684732 

2 0.358 0.593 4837 900 1227.65 1363.30 1505392.55 
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Table 4.4 Processed abrasive wear test data for 2% VB2 composite 
Nr.crt FN 

[N] 

FN 

Ball 

[N] 

n 

[rot] 

t 

[s] 

Vertical 

diameter 

[µm] 

Horizontal 

diameter 

[µm] 

Approximate surface area 

[µm2] 

1 0.415 0.600 4837 900 1963.43 2082.63 3228928.31 

2 0.410 0.607 4837 900 1374.26 1318.08 1372479.1 

 
Table 4.5 Processed abrasive wear test data for 3% VB2 composite 

Nr.crt FN 

[N] 

FN 

Bila 

[N] 

n 

[rot] 

t 

[s] 

Vertical 

diameter 

[µm] 

Horizontal 

diameter 

[µm] 

Approximate surface area 

[µm2] 

1 0.377 0.490 4837 900 1403.30 1519.50 1478802.65 

2 0.378 0.526 4837 900 1320.82 1204.36 1234357.31 

 
Table 4.6 Processed abrasive wear test data for 4% VB2 composite 

Nr.crt FN 

[N] 

FN 

Bila 

[N] 

n 

[rot] 

t 

[s] 

Vertical 

diameter 

[µm] 

Horizontal 

diameter 

[µm] 

Approximate surface area 

[µm2] 

1 0.373 0.557 4837 900 1090.64 1089.27 962898.62 

2 0.358 0.593 4837 900 1253.69 1156.41 1019322.70 

 
Table 4.7 Processed abrasive wear test data for 5% VB2 composite 

Nr.crt FN 

[N] 

FN 

Bila 

[N] 

n 

[rot] 

t 

[s] 

Vertical 

diameter 

[µm] 

Horizontal 

diameter 

[µm] 

Approximate surface area 

[µm2] 

1 0.368 0.530 4837 900 1189.29 1192.03 1053431.85 

2 0.366 0.545 4837 900 1303 1283.83 1133691.50 

 

Table 4.8 Processed abrasive wear test data for 10% VB2 composite 
Nr.crt FN 

[N] 
FN 

Bila 

[N] 

n 
[rot] 

t 
[s] 

Vertical 
diameter 

[µm] 

Horizontal 
diameter 

[µm] 

Approximate surface area 
[µm2] 

1 0.408 0.595 4837 900 1509.91 1546.90 1900232.30 

2 0.352 0.557 4837 900 1142.71 1131.74 1035079.35 

 

  
VB2 1% x50 VB2 2% x50 

  
3% x50 VB2 4% x50 
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VB2 5% x50 VB2 10% x50 

 

Figure 4.21 Optical microscopy analysis of abrasive wear test marks 

Conclusions 

 The present work led to new materials with special properties obtained in-situ and the 

following results can be considered: 

 

• Extensive literature study on composite materials - classifying them according to their 

basic matrix and reinforcing elements. 

• Documentary study on the structure and properties of composite materials in comparison 

with the structure and properties of classical metallic materials. 

• Thermodynamic study of the phenomena occurring in the AA6063 - AlV10 - KBF4 - 

Na3AlF6 system during the aluminothermic reaction at different concentrations. 

• Microstructural characterization of AA6063/VB2 composite materials by optical and 

electron microscopy (SEM, TEM and HRTEM). 

• Characterization of in-situ composites by X-ray diffraction (XRD) and energy dispersive 

spectroscopy (EDS) for different formed phases. 

• TEM analysis of VB2 compound to examine structure, composition and properties in detail. 

• Vickers microhardness in different areas of composites reinforced with VB2 ceramic 

particles. 

• Tensile strength of composites reinforced with VB2 ceramic particles. 

• Compressive strength of composites reinforced with VB2 ceramic particles. 

• DSC-TGA analysis of composites with different concentrations of reinforcing elements. 

• Tribological abrasion test of composites with different concentrations of reinforcing 

elements. 
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