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2. SUMMARY 

The Al-V binary system is one of the most important sub-systems of the α-β Ti-based alloys 

designed and used in diverse applications. The Al-V master alloy is used as a semi-finished product 

in the production of Ti-6Al-4V alloy. The alloy is receiving much attention in the automobile and 

aerospace industries due to its lightweight and excellent mechanical properties, i.e., the 

combination of high strength and fatigue resistance at elevated temperatures. In this work, an 

aluminothermic reaction process was proposed for the production and development of the Al-V 

master alloy. Al metal and vanadium pentoxide (V2O5) were mixed in a proportion that produced 

an exothermic reaction capable of generating the master alloy and Al2O3 rich slag. The target was 

to produce a 60 wt. % Al and 40 wt. % V master alloy through the aluminothermic process. The 

thermodynamic calculations, as well as the characterisation of the 60Al-40V master alloy, were 

carried out in order to understand and improve the production process of the master alloy. 

The study was aimed at determining the thermodynamic parameters using thermodynamic 

computer software and analytical characterisation techniques to assist in the development and 

production of the Al-V master alloy. 

The CALPHAD package within Thermo-CalcTM software was used to predict the equilibrium 

phase diagram, thermodynamic properties such as the Gibbs free energy, enthalpy and /or entropy 

of formation and activities of constitutive elements in the Al-V system. The aluminothermy 

produced master alloy was experimentally characterised using techniques such as light optical 

microscopy (LOM), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy 

(EDX), and X-Ray diffraction (XRD) analyses. These techniques were employed to assess the 

viability of the aluminothermic process in terms of microstructure, chemical composition, 

crystallographic structure, and phases present in the produced master alloy. The differential 

scanning calorimetry (DSC) and thermogravimetry (TG) thermal analysis techniques were used to 

determine the phase transformations and phase stability.  

The Al-V equilibrium binary phase diagram that was predicted by the Thermo-CalcTM software 

agreed with some of the phases that were observed in this work, i.e., the following phases were 

observed as predicted by the Thermo-CalcTM: the Al (fcc), the V (bcc) and three intermetallic 

compounds namely the Al23V4, Al3V and the Al8V5 phases. The maximum solubility of V in liquid 
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Al of 1.2 wt. % was found at a temperature of 664 °C. The liquidus line was fairly reproduced and 

the invariant temperatures of the melting temperature of the five intermetallic phases were 

determined. The value of the integral molar Gibbs energy of mixing was found to be negative, 

about -25 J/mol-atom for the most stable phase (Al3V), indicating that the reaction was 

spontaneous and was favoured by the change in the entropy and enthalpy. The activities of both 

constitutive elements in the Al-V system showed a strong negative deviation from the ideal 

behaviour which indicates that a good mixing ability existed between components. The enthalpies 

of formation of all intermetallic phases were negative for the entire composition range. The 

predicted phase diagram and thermodynamic properties determined in this work were fairly in 

agreement with what is reported in the literature.  

The microstructural analysis through both LOM and SEM indicated the dendritic structure, the 

same morphology was observed after the DSC-TG test. The quantitative determination of the 

elemental composition of each phase by EDX analysis revealed that the average elemental 

composition of the alloy was 63 ± 0.05 wt. % and 37± 0.05 wt. % for Al and V, respectively. With 

this composition, the master alloy produced was close to the theoretical 60Al-40V master alloy. 

The XRD technique revealed diffraction peaks principally of two intermetallic compounds, 

namely, the Al3V and Al8V5 phases, and was confirmed by SEM/EDX analysis. Phase transitions 

of the intermetallic phases formed in the material were observed and their invariant temperatures 

were determined by the DSC-TG analysis. The DSC-TG trace curves showed peaks during both 

the heating and cooling process and the peritectic temperatures obtained correspond with the 

invariant reactions of the intermetallic Al21V2, Al3V and Al8V5 phases as predicted by the Thermo-

CalcTM software. The obtained results show that the most stable phase found at high temperature 

was identified to be the Al3V phase. A good agreement between the calculated phase diagram, 

using the Thermo-CalcTM software, and experimental data was achieved.  
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CHAPTER 1. INTRODUCTION 

1.1  Background  

The structural performances required for automobile and aerospace components are mechanical 

properties such as high strength retention, and corrosion resistance at ambient and high 

temperatures [1]. Alloys are designed to principally reduce the weight of materials and the overall 

cost of production of constituent materials while upholding their important properties. The 

optimisation of the alloy design is achieved when the overall cost of manufacturing is achieved 

while improving the properties of the alloy [2], [3]. Metal alloys are designed for applications 

requiring specific mechanical properties such as high strength, high-temperature resistance and 

high corrosive resistance [4]. However, the improvement of mechanical properties such as high 

strength comes at the expense of lowering the ductility and toughness of materials which is the 

penalty to be paid. Over the last two decades, there has been an increased interest in the use of Ti-

based alloys for various applications due to their lightweight, oxidation resistance and high-

temperature strength retention [5]. The wide range of industries in which light metals have gained 

increased attention in regards to these alloys includes automobile, aerospace [6], the general 

transport industry [7], households [8], and medicine [9]. One area that is attracting research is the 

design of alloys, in particular of their intermetallic phases due to their beneficial mechanical 

properties. Intermetallic phases exhibit superior characteristics such as low density, mechanical 

properties such as high strength and resistance against oxidation at elevated temperatures [4], [10].  

Alloys with predominantly intermetallic phases are considered to fill the gap between superalloys 

and ceramics with respect to high-temperature applications and mechanical properties [11]. 

Intermetallic systems that have been studied widely include N3Al, NiAl, Pt3Al, PtAl, Ti3Al, TiAl, 

Al3V and AlV [12]. Ti and its alloys can also be defined as newly developed materials of very high 

tensile strength and toughness required applications [13]. Ti alloys stand out due to two main 

properties: high strength retention and outstanding corrosion resistance [14]. Ti and its alloys are 

widely investigated because of their attractiveness and abundant availability as an ore [15]. 

Amongst Ti alloys, the Ti-6Al-4V is considered as a workhorse metal that is used in a wide range 

of applications such as in the automobile [16], aerospace [17]–[19], marine, chemical and 
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biomedical industries [9], [20]–[22]. The Ti-6Al-4V has good tensile strength and toughness at 

temperatures below 600 °C, therefore, it is considered a high-temperature resistant material in this 

specific range of temperature.  

In the production of Ti alloys, three classes of powder metallurgy (PM) feedstock can be 

distinguished namely, commercially pure (CP), pre-alloyed (PA) and blended elemental (BE) [23]. 

For the Ti-6Al-4V alloy, the two latter distinct PM methods can be used [24], namely the pre-

alloyed (PA) and blended elemental (BE) approach. In the first method, the 60Al-40V alloy is used 

as raw materials and added to pure Ti to produce the Ti-6Al-4V [25]. Hence the pre-alloyed 60Al-

40V, which is a master alloy is considered as a semi-finished product in the Ti industry [26]. 

Depending on the desired properties to be achieved, a specific production route is chosen for the 

manufacturing of the semi-finished product. The master alloy to be produced must contain 60 wt. 

% Al and 40 wt. % V, respectively. Master alloys are mainly used to adjust the alloy composition, 

to influence the as-cast-structure [27] and grain structure [28]. In Al-V alloys, the V is added to Al 

to improve the resistance to fatigue and homogeneity. The V also raises the crystallisation 

temperature and retards grain growth at elevated temperatures [29], [30]. Methods used to produce 

Al-based master alloys include mixing processes [31]–[33], sintering and mechanical alloying 

methods [34]. However, the high cost of the alloying elements and high material loss during the 

alloying process are the main disadvantages of these processes [35]. The two-steps process namely 

the aluminothermic-vacuum melting method allows obtaining Al-based master alloys that are 

highly pure, homogeneous, and with the lowest possible content of impurities [36]. However, these 

processes are complicated, and the cost involved is also high [37]. Therefore, the aluminothermic 

reaction process has been considered as an effective technique to use in the production of master 

alloys [38]–[40] because of reduced production costs.  

The Al-V alloys are important pre-alloyed elements that use Al and V as basic elements in the 

making of the famous Ti-6Al-4V alloy, generally produced through an aluminothermic smelting 

process in which a refractory-lined or water-cooled copper vessel is used [41]. The 60Al-40V 

master alloy has been in considerable demand to develop Ti-6Al-4V and the aluminothermic 

reaction process can be proposed as a technique that can be used to produce the 60Al-40V master 

alloy. 
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The aluminothermy is a process for reducing metal oxides such as vanadium pentoxide (V2O5) 

using Al metal, the ignition of the mixture of Al and oxides causes the Al to be oxidised and the 

metal oxide to be reduced to the metal [42]. In the production of the alloy, V2O5 and Al metal 

needed to be mixed in such proportions to produce an exothermic reaction capable of generating 

the Al-V master alloy [43], [44]. The greater the affinity of oxygen to Al to form a metal oxide, 

the higher is the rate of reaction [40]. On the other hand, V can readily react and absorb oxygen 

(O), nitrogen (Ni), and carbon (C) [45], which are considered impurities. The reduction of V oxides 

in the electrical furnace leads to high carbon content, hence the aluminothermy technique is 

considered as an effective way to produce the 60Al-40V master alloy provided a suitable reaction 

vessel is available. In the process, an exothermic reaction in which Al metal and V2O5 mixed in 

the right proportion occurs to yield 60 wt. % Al and 40 wt. % V and slag rich in Al2O3.  

However, it can be noted that experimental investigation to produce new alloys can be expensive 

and time-consuming because of the multiple possible combinations of the composition, the 

process, and the parameters for their production. Therefore, computational analysis using 

thermodynamic computer software and simulation [46] such as Thermo-CalcTM can be an effective 

way to resolve the problem. Thermodynamic calculations using Thermo-CalcTM software and 

database [47] prove to be a powerful tool that has long been used to quantitatively predict 

microstructural evolution [48] and the phases present in the material and thermodynamic 

properties of materials both in academia and industry [49]–[51]. This method gives expected 

results while greatly reducing experimental work through the selection of optimal compositions 

and temperatures. During the past decades, investigations on the development of thermodynamic 

models for the so-called binary and multicomponent alloys have been investigated and developed 

[47], [52]. These models are aimed at facilitating an easy prediction of microstructures, phases, 

and thermodynamic properties of materials.  

1.2 Problem statement 

The phase diagram and thermodynamic properties of systems are determined by empirical and 

numerical methods. However, there are deviations from the predicted phases and properties under 

non-equilibrium conditions. In the case of the Al-V system [53], although the basic phase diagram 

of the system has been fairly well-characterised, in which the solubility limit of V in Al liquid is 

well known, details of the liquidus line on the Al-rich side of the system remain unclear. The phase 
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diagrams available in the literature still show many uncertainties, particularly of the intermetallic 

phases. Therefore, due to the contradictions reported in the literature, the Al-V binary system’s 

phases, thermodynamic properties, and activities of the elements in the system need to be more 

accurately established in order to achieve a more efficient production process of the Al-V master 

alloy for the production of the Ti-6Al-4V alloy. The aluminothermic process which is industrially 

used for the production of superalloys and iron-based alloys has been proposed to be used for the 

production of Al-V master [54], [55]. There is, however, limited information on the feasibility and 

the reliability of the aluminothermic process as a technique for the production of the 60Al-40V 

master alloy. This study seeks to present the phases and microstructures which are major 

determinants of the properties of the Al-V alloy that have not been identified for this alloy 

produced through the aluminothermic process.  

1.3 Motivation  

During the production of Al-V master alloy, intermetallic phases such as Al21V2, Al45V7, Al23V4, 

Al3V, and Al8V5 are expected to form during phase transformations. To develop and produce the 

Al-V master alloy, it is necessary to determine the thermodynamic parameters (pressure, 

temperature, volume, etc.) at which thermodynamically distinct phases occur and coexist at 

equilibrium. This is in general presented in the form of a phase diagram. Phase diagrams’ 

calculation of systems is proven to be principally based on thermodynamic models. Therefore, the 

phase diagram has become one of the most used and important tools for the development and 

improvement of materials. In this regard, this study focused on investigating the microstructures, 

phases, and thermodynamic properties of the Al-V binary system through experimental and 

computational calculations. 

1.4 Aim of the study. 

The study aims to calculate thermodynamic parameters using thermodynamic prediction software 

and analytical characterisation techniques to assist in the development and production of the 60Al-

40V master alloy.  

1.5 Objectives 

The objectives of this study were:  
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- To produce the Al-V master alloy which must contain 60 wt.% Al and 40 wt. % V through 

the aluminothermic process; 

- To predict the phases in the Al-V system using thermodynamic software; 

- To calculate thermodynamic parameters such as Gibbs free energy and enthalpy of 

formation of Al-V intermetallic phases; 

- To calculate the activities of the Al and V elements in the Al-V binary system;  

- To determine the phases and characterise the microstructures of the 60Al-40V master alloy 

through thermal analysis and advanced material characterisation techniques and;  

- To experimentally confirm thermodynamic predictions of the phases in the Al-V alloy 

system.  

1.6 Thesis outline. 

The thesis is subdivided into the following chapters: Chapter One is an introduction that provides 

the background of the study, problem statement, motivation, research aim and objectives, and 

outline of the research project. Chapter Two gives a literature review of the Al-V phase diagram, 

thermodynamics, microstructure and phases in the Al-V alloys, characterisation methods and 

thermal analysis of the Al-V master alloy as well as possible manufacturing techniques of Al-V 

intermetallic compounds. Chapter Three presents the methodology followed in this research work, 

which consists of thermodynamic calculations using Thermo-CalcTM software, material 

characterisation techniques and thermal analysis. Chapter Four presents the research findings. 

Chapter Five discusses the results of thermodynamic calculations using the Thermo-CalcTM 

software and those obtained experimentally. Chapter Six focuses on the conclusions and 

recommendations drawn from this work.   
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CHAPTER 2. LITERATURE REVIEW 

2.1 The Al-V phase diagram. 

The Al-V phase diagram is significant in the design and development of the Al-V alloy, with 

respect to the improvement of the manufacturing process [56]–[58]. The Al-V binary system is an 

essential subsystem of the ternary Ti-Al-V system and, therefore, a good knowledge of the binary 

phase diagram and thermodynamic data of the system is essential [59]. The different Al-V phase 

diagrams reported in the literature by several authors [56]–[64] contains eight stable phases 

namely, the liquid, the fcc (Al) and bcc (V) solid solution, and five intermetallic phases, namely 

the Al21V2, Al45V7, Al23V4, Al3V, and the Al8V5. Figure 2-1 illustrates the assessed Al-V phase 

diagram based on experimental data [56]. 

 

Figure 2-1: The Al-V phase diagram according to Murray [56] 
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Several authors have investigated the Al-V binary system. Supplementary investigation of the 

phase diagram was essential because of significant disagreement between the calculated phase 

diagrams [56] and the experimentally reported data [57], especially for the peritectic melting point 

of the two high-temperature intermetallic phases, i.e. Al3V and the Al8V5. Furthermore, according 

to Okamoto [53], the intermetallic Al3V phase has not been discussed in all its thermodynamic 

models, the reason being that the phase boundaries of the intermetallic Al3V phase were merely 

copied from the phase diagram constructed by Murray [56]. A detailed review of the Al-V phase 

diagram based on that Al-V phase diagram proposed by Murray is given by Willey [62], illustrated 

in Figure 2-2. 

 

Figure 2-2: The Al-V phase diagram according to Murray and adopted by Willey [62] 

 

Figure 2-2 provides a detailed review of the Al-V phase diagram adopted by Willey according to 

the Al-V phase diagram proposed by Murray and reported in Massalki’s handbook of Binary Alloy 

phase diagrams [62]. Further investigations were needed because of the disagreement with the 
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experimental results that were reported in the Murray assessment [56]. The Al-V phase diagram 

was reviewed by Okamoto [61], using techniques such as differential thermal analysis (DTA), X-

Ray diffraction (XRD) and electron probe microanalysis (EMPA). In the phase diagram as 

illustrated in Figure 2-3, Okamoto reinvestigated the Al-V phase diagram developed by Murray 

(dashed lines) and Richter (solid lines) for a composition range between 0-50 wt. % V. It was 

observed that the difference between the two-phase diagrams is significant considering the melting 

temperatures of Al3V and Al8V5 phases [61]. Additionally, experimental data is required for the 

(V) liquidus and solidus in the completion of the phase diagram proposed by Richter [57].   

 

Figure 2-3: The Al-V phase diagram by Okamoto comparing Murray (solid lines) and Richter 

(dashed lines) [57], [61]. 
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Several groups of researchers have repeatedly investigated the Al-V phase diagram based on 

microstructural observations, XRD and thermal analysis. In their study, Carlson et al. [63] 

determined the phase diagram of the Al-V system for the temperature of 600 °C and above. The 

change of the lattice parameter of the bcc (V) was considered and the phase boundary of the solid 

solution of Al in V was determined. It was observed that for the temperature of 600 °C, the 

composition of Al in V was 42.0 at. % and for the temperature of 800 °C was 43.5 at. %. The 

compositions for higher temperatures such as 900 and 1000 °C were 45.0 and 46.0 at. % Al, 

respectively. They also noticed the presence of a homogenous Al8V5 phase, although concise data 

was not proven [63]. 

Richter and Isper [64], on the other hand, investigated the system for the temperature range of 630 

and 1050 °C and noticeable differences in the invariant reaction temperatures were observed. It 

was also observed that all the intermetallic phases melt peritectically except the two intermetallic 

phases, namely the Al3V and the Al8V5, for which a small homogeneity range was observed. The 

measurements of the solubility of the Al in V have been found to be 48.5 at. % for the temperature 

of 1050 °C. Gong et al. [65] performed a thermodynamic reassessment of the Al-V phase diagram 

by optimising the results of Carlson [63] and Richter [64], on the maximum solubility of Al in bcc 

(V), reaching the temperature of the peritectic decomposition of the Al8V5 for a composition range 

50 at. % Al compared to 54 at. % found by Carlson [63]. It was also found that there was a decrease 

in the at. % Al content in (V) to 46.5 and 39.0 for the temperatures of 1050 and 500 °C, respectively 

[65]. It was observed that the solubility limit of Al in bcc (V) increases with temperature increase.  

Considering the various Al-V phase diagrams reported in the literature by several authors, three 

peritectic points and five intermetallic line compounds of the Al-V can be distinguished. In the Al-

V phase diagram, eight distinct phases are formed, which includes the liquid, the Al (fcc) and V 

(bcc) and five intermetallic phases.  

The six invariant reactions are characterised and described by the following equations: 

L+Al21V2 →Al_fcc Equation 2-1 

L+Al45V7 → Al21V2 Equation 2-2 

L+Al23V4 → Al45V7 Equation 2-3 
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L+Al3V → Al23V4 Equation 2-4 

L+Al8V5 → Al3V Equation 2-5 

L+V_bcc → Al8V5 Equation 2-6 

The invariant phase reactions and peritectic melting temperatures of the compounds formed in the 

Al-V system are summarised in Table 2-1. 

Table 2-1: Invariant phase reactions and melting temperatures of compounds in the Al-V binary 

system. 

Phase reactions Melting temperatures [°C] Reference 

L+ Al21V2 → (Al) 660.45 

664 

665 

[37], [56] 

[53], [57] 

[61], [64] 

L+ Al45V7 → Al21V2 670 

687 

690 

[56] 

[53], [57] 

[61], [64] 

L+ Al23V4 → Al45 V7 688 

721 

730 

[37], [56] 

[53], [57] 

[61], [64] 

L+ Al3V → Al23 V4 734 

736 

[37], [61], [64] 

[53], [56], [57] 

L+ Al8V5 → Al3V 1249 

1270 

1360 

1362 

[53], [57] 

[61], [64] 

[56], [63] 

[37] 

L+(V) → Al8V5 1405 

1408 

1670 

1673 

[53], [57] 

[61], [64] 

[56], [63] 

[37] 
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2.2 Thermodynamic properties 

2.2.1 Theory and relationships between thermodynamic properties 

Thermochemical and thermophysical properties present only indirect information about the 

structure of liquid solutions. However, the thermodynamic study of systems also includes 

parameters such as the activity of the constitutive elements, the Gibbs free energy of solutes and 

heat of formations such as enthalpies and entropies. These thermodynamic properties are essential 

parameters that contribute to a better understanding of the role of solutes in the molten solvents 

and of systems in general.  

1. Gibbs free energy: enthalpy and entropy relation 

The Gibbs free energy of a system at any moment in time is defined as the enthalpy of the system 

minus the product of the temperature times the entropy of the system. The Gibbs free energy (G) 

therefore determines, the stability of a phase considering other thermodynamic quantities such as 

the enthalpy (H) and the entropy (S) [66]. 

G = H – TS Equation 2-7 

The free energy of a system is a state function because it is defined in terms of thermodynamic 

properties, which are state functions. The changes in the free energy of the system that occurs 

during a reaction measure the balance between the two driving forces that determine whether a 

reaction is spontaneous. These changes can be measured under any set of conditions. In 

the standard-state conditions, the standard-state free energy of reaction (ΔGo) is expressed as 

follows [67]: 

ΔGo = ΔHo - TΔSo                                                   Equation 2-8 

Considering equation 2-8, in which the free energy of the system is defined in terms of change in 

enthalpy and entropy, ΔGo is negative for any reaction for which ΔHo is negative and ΔSo is 

positive. ΔGo is therefore negative for any reaction that is favoured by both the enthalpy and 

entropy terms. We can therefore conclude that any reaction for which ΔGo is negative should be 

favourable, or spontaneous [66]. Conversely, ΔGo is positive for any reaction for which ΔHo is 

positive and ΔSo is negative which makes {-TΔSo} positive, and any reaction for which ΔGo is 

positive is therefore unfavourable. 
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2. Gibbs free energy: activity of components 

At a given temperature and pressure, the Gibbs free energy of a system also depends on the mole 

fraction (Xi)  and the chemical potential (ɑi) of the system for a certain number of components (i) 

in the system and it is given by the relationship [68]: 

ΔG = 𝛴𝑖𝑎𝑖 𝛥𝑋𝑖 Equation 2-9 

where ɑi is the chemical potential and Xi the mole fraction of component i, for i=1, 2, 3…. i 

The total change in the Gibbs free energy is given by the sum of the partials in which free energy 

changes with the change of the instantaneous mole fractions. 

𝛥𝐺 = (
𝛥𝐺

𝛥𝑋𝑖
) X2, X3…Xi ΔXi+(

𝛥𝐺

𝛥𝑋2
)X1, X3…Xi ΔX2+(

𝛥𝐺

𝛥𝑋𝑖
)X1, X2, X3 ΔXi Equation 2-10 

The chemical potential (ɑi) of any component (i) in which mole fraction (Xi) of the other 

component remains unchanged in the system, yields the following equations: 

ɑi=
𝛥𝐺

𝛥𝑋𝑖
X2, X3… Equation 2-11 

The thermodynamic parameters change in alloy prediction and existing models have been used to 

explain these changes. Thermodynamically, an ideal solution is defined as one in which the activity 

of each component (ai) is equal to the mole fraction of that component in the solution (Xi) at all 

concentrations and temperatures.  

ai= Xi, 0 ≤ Xi ≤1 Equation 2-12 

In an ideal solution, the enthalpy of mixing is zero for all ranges of composition and temperature 

while the entropy of mixing is equivalent to the perfect random mixing of the components. 

However, in practice, very few systems approach ideality. In intermetallic systems, an ideal 

solution is thus a limiting case, and deviations are physically interesting. The basic concept of zero 

excess entropy involving the random distribution of atoms is unrealistic where there is a large 

deviation from Raoult ‘s law. Many models used to describe systems such as the regular solution 

model and the sub-regular model, are used to qualitatively describe the heat of mixing with many 

binary alloys [69].  
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2.2.2 Thermodynamic data of the Al-V binary system 

Fewer investigations have been done on the Al-V binary system about the experimental 

determination and thermodynamic properties. Previously, the thermodynamic properties of the Al-

V system were studied through first-principle methods by Wang et al.[70], including the elastic 

properties by Wang et al. [71] and Jahnatek et al.[72]. There is a lack of adequate information in 

the literature on thermodynamic properties such as enthalpy, entropy, and Gibbs free energy of the 

liquid Al-V phase of the system. Enthalpies of formation (ΔHf ) for the Al-V alloy system have 

been experimentally determined using calorimetry by Kubaschewski et al. [73] for the composition 

range between 40-75 wt. % Al. Neckel and Nowotny [74], determined the enthalpies of formation 

of the solid alloys in the composition range between 24-38 at. % V.  

Meschel and Kleppa [75], on the other hand, measured the enthalpies of formation for the two 

intermetallic phases, Al3V and Al8V5 accurately. The enthalpy and entropy of formation of phases 

in the Al-V system were reassessed using density functional theory (DFT) and the Calphad method 

[76]. The partial Gibbs energies of mixing (ΔGm) of the wt.% Al composition in bcc (V) was 

estimated by Samkhval et al. [77] through electromotive force (EMF) measurements. The activity 

of V in the Al-rich liquid was studied by Batalin et al. [78] and the activity of Al between 12 and 

76 wt.% for the temperature of 1000 °C was measured by Johnson et al. [79]. They have suggested 

a solubility limit of Al in V to be ˃ 3 at.% V as determined by Carlson et al. [63].  

Thermodynamic data in Table 2-2 gives a summary of the enthalpy and entropy of formation of 

phases in the Al-V binary system found in the literature. 
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Table 2-2: Enthalpies and entropies of formation of phases in the Al-V binary system. 

Phases Temperature ΔHf 

[KJ/mol atoms] 

ΔSf 

[J/mol-atom] 

Reference 

Al21V2 

 

 

 

298 K 

 

 

0 K 

-8.40 

-10.73 

-8.30 

-8.91 

-6.30 

-2.13 

DFT [80] 

Calphad [80] 

Calphad [58] 

DFT [81] 

Al45V7 

 

 

 

298 K 

 

 

0 K 

-13.94 

- 16.50 

-12.90 

-14.65 

-9.03 

-3.40 

 

 

DFT [80] 

Calphad [80] 

Calphad [58] 

DFT [81] 

Al23V4 

 

 

 

298 K 

 

 

0 K 

-15.42 

-18.03 

-14.20 

-16.04 

-8.32 

-3.69 

 

 

DFT [80] 

Calphad [80] 

Calphad [58] 

DFT [81] 

Al3V 

 

 

 

 

 

298 K 

 

 

 

 

598 K 

0 K 

-26.91 

-28.11 

-27.80 

-27.20 

-23.90 

- 27.20 

-27.32 

-28.91 

-10.58 

-4.52 

 

 

 

 

 

DFT [80] 

Calphad [80] 

Calorimetry [82] 

Calorimetry [74] 

Calphad [58] 

Calorimetry [73] 

DFT [81] 

DFT [83] 

Al8V5 

 

 

 

 

298 K 

 

 

 

598 K 

706 K 

-22.93 

-34.00 

-35.00 

-23.40 

-22.60 

-44.60 

1.94 

 

 

 

 

Calphad [80] 

Calorimetry [82] 

Calphad [58] 

Calorimetry [74] 

Calorimetry [73] 

EFM [77] 
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2.3 Microstructures and phases in the Al-V system 

The Al-V phase diagrams described in section 2.1 have been reported based on thermal, 

microscopic, chemical and X-ray evidence. It can be observed that a series of straight lines 

represent the effect of the elemental composition upon density which also defines the phase 

boundaries, these phase boundaries correlate with discontinuities in the slope of the straight lines. 

The possible intermetallic compounds to form in the Al-V system based on the elemental 

composition were, therefore, determined. Different solid phases include five intermetallics namely 

the Al21V2, Al45V7, Al23V4, Al3V, and the Al8V5 were determined at ambient temperature with four 

of the intermediate phases being peritectic.  

The properties of phases in the Al-V system are summarized in Table 2-3. 

Table 2-3: Phase properties in the Al-V system 

Phase Wt.% V Crystal 

Type 

Space 

group 

Pearson 

Symbol 

Lattice 

parameters [Å] 

(Al) 0-0.05 Cu Fm-3m cF4 a=4.0496 

Al 21V2 8.7-14.65 Own Fd-3m cF184 a=14.496 

Al45V7 16.1 Own C2/m Mc104 a=2.563 

b=7.637 

c=11.088 

β=12.886 

Al23V4 21-24 Own P63/mmc hP54 a=7.6928 

c=17.04 

Al3V 24-38 Al3Ti I4/mmm tI8 a=3.838 

c=8.379 

Al8V5 ˃ 38 Cu5Zn8 I4-3m cI52 a=9.2345 

c=9.243 

V ˃ 51 W Im-3m cI2 a=3.0338 

 

Micrographs through microscopic (LOM and SEM) analysis and X-Ray diffraction patterns 

revealed the phases present in the Al-V system. The procedure for the designation of a phase has 

been proposed by Willey [84]. The combination of microscopic and X-ray analysis is an excellent 

technique in phase identification. However, uncertainty in the assigning of the exact composition 

is observed for samples containing 40-70 wt.% V in the Al-V alloy [85].  
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Therefore, chemical analysis was employed to determine the elemental composition of the alloy 

to assign the corresponding phases as determined in Table 2-3. Different micrographs with the 

assigned wt. % V and the corresponding phases present assigned are presented below.  

(a) The fcc (Al) phase 

Al dissolves a small amount of V in the solid solution; the maximum solubility has been reported 

to be 0.2 wt. % (620 °C) [86], 0.37 (630 °C) [87], respectively. Figure 2-4 shows typical 

microstructures of the fcc- (Al) solid solution phase. Because of the softness of Al and its chemical 

reactivity, the Al matrix is usually gouged and pitted in a two-phase region. The (Al) phase is 

isotropic and therefore, it is optically inactive under polarized light. Fewer investigations have 

been observed on this phase since an extremely high purity of Al is required and only 99.9 % Al 

is available [88].  

 

Al-0.4 wt. % V alloy quenched at 625 °C 

 

Al-1.6 wt.% V alloy quenched at 625 °C 

Figure 2-4: The (Al) solid solution phase in the Al-V alloy etched with KOH at 250 

magnification [88]. 

(b) The Al21V2 

The Al21V2 is the last intermediate phase to be detected in the Al-V system, the phase does not 

exist at a temperature above 685 °C and cannot be easily distinguished from the Al phase under 
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the microscope, occasionally found in the as-cast alloy. Figure 2-5 illustrates the typical 

morphology of the Al21V2 phase.  

 

Al-6.3 wt.% V alloy quenched at 625 °C 

 

Al-17 wt.% V alloy quenched at 625 °C 

Figure 2-5: The Al21V2 phase in the Al-V alloy etched with KOH at 250 magnification [88]. 

 

(c) The Al45V7 and Al23V4 

The Al45V7, denoted also as the Al7V and the Al23V4 phase ranged from between 16-24 wt. % V 

as shown in Table 2-3. The typical morphology of the phases was obtained in the macrograph of 

an Al-23.8 wt. % V alloy as shown in Figure 2-6 below. This phase is usually porous since it can 

only be formed by a diffusion mechanism and not by a casting operation. The phase exists only 

with temperatures up to 735 °C. 
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Figure 2-6: The typical morphology of the Al45V7 in Al-23. wt.% V alloy quenched at 710 °C, 

etched with Kroll reagent at 250 magnification [88]. 

 

(d) The Al3V 

The Al3V phase has been reported by several authors [37], [89], [90]. The phase has a much greater 

optical activity and can be immediately detected under polarized light unlike the Al phase and the 

Al45V7. Its peritectic reaction occurs at a temperature of approximately 1360 °C [85]. The Al3V 

phase exists in the two-phase region, the lattice parameter depending upon the other phase present, 

this is a classical illustration of a solubility range in an intermediate phase. Among the intermediate 

phases, the Al3V phase has a wide solid solubility range from 27-38 wt. % V for the temperatures 

up to 1360 °C and decreases with a temperature decrease. The micrographs of the Al-V alloy in 

Figure 2-7 shows the morphology of the Al3V phase. 



 
 

19 
 

 

 

Al-27.2 wt.% V alloy quenched at 750 °C 

 

Al-36.3 wt.% V alloy quenched at 710 °C 

Figure 2-7: The Al3V phase in the Al-V alloy etched with Kroll reagent at 250 magnification. 

[88] 

 

(e) The Al8V5 

Figure 2-8 illustrates typical micrographs of the Al8V5 phase, this phase shows no optical activity 

under polarized light and can be easily distinguished with other phases such as Al3V. The phase is 

stable up to 1670 °C, its incongruent melting point and has a considerable solid solubility range at 

1360 °C [56]. 
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Al-42.7 wt.% V alloy quenched at 900 °C 

 

Al-46 wt.% V alloy quenched at 650 °C 

Figure 2-8: The Al8V5 phase in the Al-V alloy etched with Kroll reagent, at 250 magnification 

[88]. 

  

(f) The (V) phase 

The (V) phase will remain in solid solution up to 25 wt. % Al when furnace cooled from high 

temperatures. For high vanadium alloys, the microstructure of the alloys is not satisfactory as the 

favourable etching procedure has not been obtained yet. In the microstructure of these alloys, the 

presence of small particles at the grain boundaries was observed in the 78.7 per cent V alloys, this 

was due to the precipitation mechanism occurring in the alloys [63]. From the observation, it was 

concluded that the limit of solubility of (V) was 78.7 %, then X-ray measurement limits the 

solubility to 73 wt.% V [85]. Figure 2-9 shows the one (V) phase in the Al-78.7 wt. % V alloy, in 

which small oxide or nitride impurities are observed at the grain boundaries. 
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Al-78.7 wt.% V at 75 magnifications 

 

Al-78.7 wt.% V at 250 magnifications 

Figure 2-9: The (V) phase observed in the V-rich Al-V alloy quenched at 900 °C at high and low 

magnification respectively [88]. 

 

2.4 Thermodynamic calculations 

Thermodynamic calculations are an essential tool for many areas of modelling of phase 

transformations in materials. Thermodynamic calculations provide a framework for the 

quantitative description of solubilities and relative stabilities of different minerals and metals [91].  

2.4.1 The Thermo-CalcTM software. 

The thermodynamic simulation software considered in this study for the calculation of 

thermodynamic parameters and phase diagram determination of the Al-V system is the “Thermo-

CalcTM software and its databases”[92]. Thermo-CalcTM is software designed for the calculation 

of thermodynamic properties and phase equilibrium of systems. Developed in the 1980s at the 

Royal Institute of Technology in Stockholm (Sweden), the method has undergone tremendous 

development and has become a worldwide benchmark in the field of computational engineering 

sciences. Calculations with the Thermo-CalcTM software require the selection of the database from 

which thermodynamic properties are obtained. These databases are developed based on the 
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CALPHAD approach, in which both the thermodynamics and phase equilibrium of systems are 

described as a function of composition and temperature in a self-consistent framework [93]. 

 

Figure 2-10: Frame-work of the Thermo-CalcTM software program based on the Calphad method 

[93]. 

 

Figure 2-10 presents the framework of Thermo-CalcTM software based on the Calphad method. It 

is an approach in which thermodynamic parameters of all phases in the systems are described 

through the determination of the Gibbs free energy, evaluated through critical assessment of the 

available experimental and theoretical information on phase equilibria and thermodynamic 

properties of the systems found in the literature.  
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The computational thermodynamic technique is a useful tool to critically design experiments. The 

accuracy of the calculations through Thermo-CalcTM software depends on the quality and 

completeness of the incorporated database [93]. The Calphad method within Thermo-CalcTM is 

used to construct databases that can predict the phases and property diagrams of systems, 

especially for cases where sufficient or adequate data is missing for accurate predictions. In this 

work, phase diagram determination using Thermo-CalcTM software was performed to permit the 

prediction and understanding of changes in the microstructure and its influence on the subsequent 

mechanical properties of the material. However, it is important to note that Thermo-CalcTM is used 

primarily as a guideline since the thermodynamic study of high-temperature systems such as the 

Al-V alloys has not been completely reported in the literature [62] and the calculations through 

Thermo-CalcTM are conducted under equilibrium conditions, which are different from reality (non-

equilibrium conditions).  

2.4.2 The Thermo-CalcTM database and usage. 

The most important aspects of a thermodynamic software package are the accurate and validated 

databases that it contains. Thermodynamic data used in the thermodynamic software is derived 

from available various experimental results such as phase diagram determinations, calorimetry 

measurements, EMF measurements and structural determinations. Thermo-CalcTM software uses 

many critically assessed and high-quality databases from diverse thermodynamic software 

developer groups such as SGTE, CAMPADA, USTB, Thermo-Tech, etc. These databases 

incorporate different thermodynamic models for each phase in a certain heterogeneous interaction 

system. Thermo-CalcTM databases cover a wide range of materials from steels, alloys, melts, 

glasses, aqueous solutions, organic substances, and polymers to geochemical and environmental 

systems. Thermo-CalcTM databases are created and maintained in the so-called Thermo-CalcTM 

database format (TDB), which is considered an international standard for CALPHAD calculations 

and simulations. 

The constant updates, as well as the many improvements, have resulted in the existence of various 

versions of Thermo-CalcTM software. Thermo-CalcTM is easy to use and does not require any 

expertise to perform thermodynamic calculations. It can be implemented on different platforms: 

Windows, Linux, or Mac OS. The latest version is 2020 b, existing in both the console mode and 

graphical mode. In this work, the limited version 2019 b [94] was used under the Windows 
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environment in console mode. It was composed of the following modules: Single Point 

Equilibrium, Scheil Solidification Simulation, Binary Calculator, Ternary Calculator, Property 

Model Calculator, Diffusion simulation, Precipitation simulation and, Process metallurgy. The 

BIN and TERN modules were designed to plot phase diagrams and property diagrams. More than 

30 thermodynamic and properties databases were available for use in Thermo-CalcTM. The Al-V 

binary phase diagram and property diagrams were constructed in this work using Thermo-CalcTM 

2019b. Databases that were used for the thermodynamic calculations include the TC binary 

solutions V1.1. and SSOL4: alloy solutions database V4.9g.   

2.5 Basic thermal analysis 

The most used thermal analyses techniques are differential scanning calorimetry (DSC), 

differential thermal analysis (DTA), and thermogravimetry analysis (TG) [95]–[98]. In these 

techniques, both temperature and time dependency are covered and both the thermodynamic and 

kinetic properties are evaluated, resulting in a large spectrum of possibilities [99]. The non-

isothermal temperature program commonly used for which the temperature can be increased or 

decreased linearly in proportion to time is described by the equation: 

T = T0  + C * t Equation 2-13 

where T is the actual temperature, T0 is the initial temperature, C is the heating/cooling rate and t 

is the time. 

In the DSC equipment, for example, the maximum temperature varies depending on the DSC 

manufacturers. The increase or decrease in temperature results in microstructure transformation as 

a consequence of shifting the stage of energy as the energy is released or absorbed. Differential 

thermal techniques are constructed to analyse how the change in energy is related to properties and 

affected in each specific case. The general significant properties to be obtained are enthalpy, heat 

capacity, thermal emissivity, and purity of metals.  

2.5.1 Differential scanning calorimetry (DSC) 

The DSC technique measures the heat flow of a sample as related to reference material. In the 

abbreviation of DSC, the term “calorimetry” refers to the technique that involves the heat flow 

measurement or evaluation of a sample, and the technique that is termed as “differential” is the 
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one that measures the heat flow of a sample compared to a reference [100]. The output is both time 

and temperature-dependent. The DSC is a rapid tool that is used to measure properties such as heat 

capacity, enthalpy and, most importantly, phase transformations [101].  

Two types of DSC exist, namely the heat flow DSC and the power compensated DSC [101]. In 

the former, the crucible samples (test samples) and a reference crucible (reference) are located at 

specific crucible areas indicated with the symbol “S” and “R” in the DSC chamber (Figure 2-11). 

A thermocouple junction is situated just underneath the two crucibles (the test and the reference 

samples) [102] with an optimum contact for optimal heat transfer and precise measurements as 

illustrated in Figure 2-11. In the heat flow DSC, the heat flow between the sample and the reference 

is compared to the temperature changes according to the temperature program imposed [103].  

 

Figure 2-11: Schematic diagram of heat flux differential scanning calorimetry (DSC) 

 

The thermocouples are the most useful instruments to measure the temperature both in the DSC 

and DTA equipment and are placed just underneath the test and reference samples respectively 

[103] and electrically connected as shown in Figure 2-11.   
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However, in the compensated DSC both the sample and the reference are kept at the same 

temperature throughout the complete temperature program. A slight deviation in heat flow from 

either the sample or the reference will result in power adjustment by proceeding with the balance 

between the two. This adjustment corresponds to an endothermic or exothermic reaction which is 

shown on the DSC trace as illustrated in Figure 2-12. 

 

Figure 2-12: DSC plot for polyethylene terephthalate (PET) showing both the exothermic and 

endothermic reactions occurring during a temperature scan from 50 -300 °C [104]. 

 

Due to the temperature difference between the two samples, an electron loop is created. Given the 

sample and the reference of different heat conductivity, it is implied that with any increase in 

temperature, a different amount of heat will be conducted to the respective thermocouple junction. 

Therefore, a temperature potential will be generated proportional to the heat flow in the DSC. In 

the function of thermocouple, an instant temperature difference creates a current due to free 

electron density. According to Le Chatelier’s principle [105], the energy is either absorbed or 

released from the system and the phase transformation rather than temperature change is recorded. 

Therefore, first-order transitions occur isothermally. This explains why sharp peaks are observed 
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in the melting and solidification process. However, ideal conditions would result in a straight 

vertical line in the DSC curves. This is not the case due to kinetic reasons. Electric resistance is 

used to heat the DSC furnaces, a technique based on electronic movement in electrically resistant 

materials which result in energy dissipation. The heat generated by frequent collisions in the lattice 

and the energy that is created is proportional to the current and the material resistance. Since 

increasing temperature increases the electric resistance, additional power must be generated to 

increase the temperature.  

2.5.2 Simultaneous thermal analysis (STA) 

STA, an acronym for “simultaneous thermal analysis”, is a standard term used to indicate a 

simultaneous application of different types of techniques and most generally refers to the 

concurrent application of the DSC and TG [98]. The technique allows for the obtaining of a real-

time measurement and analysis of the sample through the manipulation of one single instrument. 

Less time is required to perform the simultaneous measurements and properties recorded on one 

device than measuring and recording these properties on separate devices. In the STA, the test 

conditions are perfectly identical for the DSC and TG signals (same atmosphere, same gas flow 

rate, heating rate, thermal contact of the sample crucible and sensor, etc.). An accurate correlation 

of the different observed events is guaranteed. The total amount of information that one can obtain 

about the sample in the STA is greater than the summation of individual information obtained from 

the separate instruments. Equipped with innovative sensor technology and compact furnace design, 

STA’s are suitable techniques to be implemented because of their possibilities of resulting 

measurements. 

2.6 Manufacture technologies of high-temperature materials. 

In the manufacturing of high-temperature resistant materials, which include ceramics, metals, 

alloys, and composites, two basic technologies such as melting and casting, and powder metallurgy 

(PM) methods are used. Therefore, high-temperature resistant alloys such as Ti-6Al-4V alloy, and 

its sub-system, the Al-V alloys can be produced through these methods. All these methods have 

their pros and cons.  
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2.6.1 Melting and casting technology 

In metals processing, the melting, casting, and solidification processes are used to produce semi-

finished products. The molten metals and alloys are cast by continuous methods or into individual 

ingot moulds. Subsequently, these castings are rolled or forged into semi-finished shapes (sheet, 

plate, rod, bars, etc..) [106]. The melting method is widely used in industries to produce alloys 

[107]. The method uses two types of crucibles namely, hot crucibles and cold crucibles. The 

combination of furnaces, alloys, working practices, metallurgical treatments, pouring 

arrangements and end products are not likely to be duplicated at any facility. The choice of the 

optimal crucible to provide maximum performance is an individualised and complex task based 

on the relationship between the metal melting/holding operations and specific crucible 

characteristics. Crucibles are used in fuel-fired furnaces, in electric resistance furnaces, in 

induction furnaces etc. The type of metals and alloys to melt or hold decide the characteristics of 

the optimal crucible selection. In melting of copper-based alloys, roller formed silicon carbide 

crucibles are used; carbon-bonded and ceramic-bonded clay graphite and silicon carbide crucibles 

are used in melting and holding of Al, Al alloys, Al-bronze, etc. [108].  

Conventional alloy melting processes are typically used to produce ingots and casting. The most 

common ingot casting methods are vacuum-arc remelting (VAR), induction-skull melting (ISM) 

and plasma arc melting (PAM). In Al-V metal alloys, the melting and casting processing which 

has important advantages in terms of high purity alloys presents technical problems due to the high 

melting point of V [109] against the low melting point of Al and the potential of high-temperature 

reaction between the melt and the crucible. Crucible compatibility with metal alloys in the cold 

crucible (arc melting) is good enough to produce high purity alloys, however, no near-net-shape 

manufacturing is possible. For the hot crucible melting (induction melting), the reaction between 

the crucible and the metal leads to low alloy purity. However, near-net-shape manufacturing is 

possible with some alloys.  

In the manufacture of some alloys such as Ti alloys or Ti-Al based intermetallic alloys via 

conventional methods (casting, forging, sheet forming, extrusion, etc) [110],[111], the low 

susceptibility to plastic deformation and the high tendency for brittle cracking of the produced 

intermetallic alloys have made very challenging the use of these conventional methods to produce 

near-net-shape components [112]. Another strong contender of alloy melting processes is an 
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additive manufacturing (AM) using electron beam (EBM) melting and casting technology [113]. 

The EBM technology produces ingots and casting by melting powders of materials in furnaces 

using an electron beam, which acts similar to a laser beam [114]. Therefore, EBM parts 

manufacturing necessitates finer metal powders as feedstock [115]. Commercially available 

materials produced by EBM technology are pre-alloyed metal powder of commercially pure (CP) 

Ti, and Ti- alloys (such as Ti-6Al-4V, Ti-6Al-4V-ELI, and Ti-Al based alloys) [116], Co-Cr-Mo, 

and Inconel 718 [117]. Others reported EBM-manufactured materials are stainless steel 316L [118] 

and high entropy alloys [119]. As compared to conventional manufacturing techniques such as 

machining, casting, and welding, the EBM technique significantly reduces the time, cost and 

challenges of machining or investment casting are disregarded [120]. In the principle of AM using 

powder bed fusion (PBF) in metal, the powder is distributed over a thin layer and then melted 

using a laser or an electron bean according to a computer-assisted design (CAD) model. A laser 

beam can propagate in an air or gas atmosphere, while electrons require a vacuum to propagate 

[114]. Moreover, in principle EBM components are near-net shape, like those made via casting 

processes. However, the surface roughness required some light secondary machining or grinding 

operations to refine the surface.  

2.6.2 The possible manufacturing processes of the Al-V alloys in industry. 

Various methods are used to produce Al-based master alloys. The mixing processes, the most basic 

one is that in which the molten Al and other elements are simply mixed. For example, with the 

addition of elements such as Mn, Ti, and Si to molten Al, the production of Al-Mn, Al-Ti, and Al-

Si master alloys are possible [31], [38], [39]. Other methods for the production of the Al-based 

master alloys are sintering and mechanical alloying [34]. However, the high cost of the alloying 

elements and material loss during the alloying process are the main disadvantages of these 

processes [35]. 

Al-based alloys such as the Al-V master alloys have attracted the attention of researchers [121]–

[123], with the 60Al-40V master alloy being in considerable demand to produce the Ti-6Al-4V 

alloy. The aluminothermic reaction is a process for reducing metal oxides using Al powder [54], 

[55]. During the reaction, the mixture of Al and oxides is ignited, causing the Al to be oxidised 

and the metal oxide to be reduced to the metal [42] resulting in the formation of the alloy metal. 

Al and vanadium pentoxide (V2O5) are used as starting materials in the production of the Al-V 
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alloys. In the aluminothermic reaction process, V2O5 and Al metal need to be mixed in such 

proportion (with the Al: V2O5 mass ratios 0.8:1 to 1:1) [124], [125], to produce an exothermic 

reaction capable of generating the master alloy [44]. However, the reaction rate is too fast and 

consequently, the control of the quality of the product becomes laborious. Furthermore, the amount 

of Al required to produce Al-V and Al2O3 slag is higher than the stoichiometric amount of Al to 

avoid the contamination of Al-V master alloy [124]. 
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CHAPTER 3. RESEARCH METHODOLOGY 

Thermodynamic calculations and experimental procedures for the development and production of 

the Al-V master alloy are provided in this chapter. Thermo-CalcTM predictions were performed 

considering the master alloy to be produced which must contain 60 wt. % Al and 40 wt. % V, 

respectively. The Thermo-CalcTM software was used to predict the phase equilibria and 

thermodynamic properties of the Al-V alloy system. The basic experimental procedures that were 

used in this study for the characterisation of the targeted 60Al-40V master alloy are also described. 

The aluminothermic reaction process, the material’s composition, equipment, and experimental 

procedure used for the investigation of the produced master alloy are also provided. The samples 

were prepared for microstructural analysis and characterised using techniques such as light optical 

microscopy (LOM), scanning electron microscopy (SEM), scanning electron X-ray spectroscopy 

(EDX), and X-Ray diffraction (XRD). The thermal analysis was conducted using the differential 

scanning calorimetry and thermogravimetry (DSC-TG) technique. Microhardness testing was 

performed to determine the hardness of the material. 

3.1 Thermodynamic calculations 

The thermodynamic calculations were done to predict the Al-V phase diagram and thermodynamic 

parameters such as Gibbs free energy, enthalpy/ entropy, and activities of the constituents in the 

Al-V binary system. The equilibrium phase diagram of the Al-V binary system and the expected 

stable phases, as well as property diagrams of the Al-V binary system, were determined in this 

work using Thermo-CalcTM, version 2019b. The phase diagram with the intermetallic phases 

formed and the property diagrams of the Al-V binary system were predicted using TC binary 

solutions V1.1 and SSOL4: alloys solutions database V4.9g, respectively. The predicted phases 

were calculated based on the 60 wt.% Al and 40 wt.% V, in the temperature range up to 2000 °C 

(2273 K). The activities of the constitutive V and Al elements as a function of Al/V concentration 

were calculated in the temperature range between 373 and 2273 K. 

3.2 Raw materials and master alloy preparation (using the aluminothermic process) 

The aluminothermic process was used to produce the master alloy. A bottom melt alloy was 

produced for the microstructural, chemical and phase composition analysis’s interest. The starting 
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materials used in the process were pure Al metal (99 % purity), vanadium pentoxide (V2O5) and 

fluxes. In the production of the pre-alloyed 60Al-40V, an exothermic mixture consisting of V2O5, 

Al metal (99 % purity) and fluxes was melted in a water-cooled copper vessel. This type of vessel 

is found to be widely used for the production of high purity master alloys by the thermal process 

[126]. It is well known that water cooling affects the quality of the product by controlling the rate 

of heat transfer, thermal gradients and resulting thermal stresses [127]. 

Commercially produced vanadium pentoxide (V2O5) particles with a diameter of 7-20 mm and 99 

% purity aluminium (Al) with particles sizes of diameter 1-3 mm and CaO powder (≤ 50 µm), as 

by suppliers, were used in the current study. Pure Al metal (99 % purity) and V2O5 were mixed in 

a ratio of 1:2 (Al: V2O5) and then placed in a crucible. The CaO as an additive was used to flux 

the alumina forming during the reduction of vanadium oxide. High purity electrodes were used to 

ignite the mixture in the furnace. The measured furnace temperature reached 1900 °C due to the 

exothermic nature of the reaction which made the melting of the starting elements to form the Al-

V alloy. The electrode voltage was ensured to be at 1.1kV while the material was continuously 

charged in the furnace. On completion of the reduction, the furnace was allowed to cool for 72 

hours. The slag was observed to be separated from the alloy on cooling. The overall reactions in 

the aluminothermic process can be represented by the following equations: 

Flux + 3 V2 O5  +10 Al → 6 V(metal) + 5 Al2 O3 + heat                 Equation 3-1 

V (metal) + 3 Al (molten) → Al3 V                 Equation 3-2 

3.3 Characterisation of the produced 60Al-40V master alloy 

3.3.1 Chemical analysis 

The 60Al-40V master alloy samples produced by the aluminothermic process were analysed using 

inductively coupled plasma mass spectrometry (ICP). This technique allows the determination of 

the level of elemental contamination in metals and alloys. In this report, the Leco TCH 600 inert 

gas fusion technique was used on the pre-master alloys to determine the level of oxygen content 

in the produced master alloys according to ASTM standard [128] because cast alloys are subjected 

to elemental contamination such as oxygen, nitrogen and hydrogen. 
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3.3.2 Microstructural and phase analysis 

Samples of the aluminothermically produced master alloy were sectioned using high-quality 

carbide cutting blades. The sectioned samples were hot mounted using Polyfast (black Bakelite 

hot mounting resin with carbon filler) and mechanically grounded and polished to 0.25 µm 

diamond finish up to colloidal silica (OP-S) suspension until all mechanical scratches were 

removed. The samples were etched using “Kroll's reagent” made up of distilled water, hydrofluoric 

acid, and nitric acid. The polished specimens were chemically etched for approximately 1-2 

minutes in the Kroll’s reagent.  

The light optical microscopy (LOM) and scanning electron microscopy (SEM) were used to study 

the morphology and phases of the master alloy. The computer-interfaced Olympus optical 

microscope and a JEOL scanning electron microscope were also used in this study.  

The X-Ray diffraction (XRD) analysis was carried out using the Bruker X-ray diffractometer 

equipped with the detector and Cu Kα radiation. The sample was pulverised to a homogenous 

powder before XRD analysis according to the standardised PANalytical backloading system, 

which provides an almost random distribution of the particles. The sample was analysed using a 

PANalytical X’Pert Pro powder diffractometer in 2-θ configuration with an X’Celerator detector 

and variable divergence-and fixed receiving slits with Fe filtered Co-Kα radiation (λ= 1.789 Å). 

The crystal structure was determined by selecting the best-fitting patterns according to the standard 

X-ray diffraction powder patterns (ICCD database) [129], [130] to the measured diffraction using 

X’Pert High Score Plus software. The relative phase amounts and, the weight percentage of the 

crystalline portion were estimated using the Rietveld method using the same X’Pert High Score 

Plus software. The XRD and EDX were used to study the crystal structure and composition of the 

samples. In this work, the same SEM was used to perform energy-dispersive x-ray spectroscopy 

(EDX) on the as-cast samples. The EDX point analysis and mapping were carried out to analyse 

the chemical composition of the samples.  

3.3.3 Thermal analysis 

To investigate the phase transition temperatures of the master alloy, thermal analysis was 

performed using the TA Instruments SDT Q600 Thermogravimetric analyzer (TG) and differential 
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scanning calorimeter (DSC) in a Nitrogen-controlled environment at NECSA where two sets of 

experiments were successively performed namely,  

- double heating from room temperature to 1100 o C at 20 o C /min and,  

- double heating from room temperature to 1300 o C at 20 o C /min. 

The NETZCH 404 DSC thermal analysis was performed by heating the master alloy from room 

temperature up to 1400 °C at the rate of 20 °C/ min in an argon-controlled environment.  

Three sets of experiments in total were performed. The masses of the specimen used for DSC-TG 

analysis were successively 11.48, 11.06, and 55.70 mg. The high purity Al2O3 pan was used as 

reference material. The samples were heated from room temperature to 1100, 1300 (at NECSA) 

and 1400 °C (at CSIR) at 20 °C /min and, cooled down to room temperature. The heating and 

cooling cycles were repeated once. 

3.3.4 Microhardness testing 

One of the most used methods to measure the hardness of materials in very localised areas i.e., 

different microstructural phases, is the Vickers micro-hardness test method, which was performed 

in this study. The Vickers hardness test with a specifically applied load (P) of 50 g was performed 

on the samples, with a dwell time of 15 s and different indentations were made. The Micro Met 

Scientific cc digital microhardness tester was used to measure the hardness values of the samples 

according to the ASTM E-384 [131]. 
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CHAPTER 4. RESULTS 

This chapter presents the thermodynamics, material characterisation, and thermal analysis results 

of the as-cast Al-V master alloy produced by the aluminothermic reaction process. The equilibrium 

phase diagram and expected stable phases, as well as property diagrams of the Al-V binary system, 

were determined in this work using Thermo-CalcTM software. Samples of the produced 60Al-40V 

master alloy were prepared and characterised through LOM, SEM, EDX, and X-Ray diffraction 

(XRD) analysis. The thermal analysis of the material was conducted through the simultaneous 

DSC-TG technique. The hardness values of the samples were measured through microhardness 

testing. The phase transformation predictions, microstructural characterization and hardness 

measurement results are presented in sections 4.1, 4.2, and 4.3, respectively.  

4.1 Phase transformation predictions using Thermo-CalcTM software. 

4.1.1 Phase diagram 

The phase diagram of the Al-V binary system and the expected intermetallic phases are given in 

Figure 4-1. The predicted reactions and their invariant temperatures are summarized in equations 

4-1 to 4-6.  
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Figure 4-1: The Thermo-CalcTM predicted Al-V phase diagram. 

 

664 °C: L+ Al21V2 → Al_fcc Equation 4-1 

672 °C: L+Al45V7 → Al21V2 Equation 4-2 

696 °C: L+Al23V4 → Al45V7 Equation 4-3 

735 °C: L+Al3V    → Al23V4 Equation 4-4 

1370 °C: L+Al8V5 → Al3V Equation 4-5 

1660 °C: L+V_bcc → Al8V5 Equation 4-6 

The summary of the structural information in the Al-V phase diagram is given in Table 4-1. 
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Table 4-1: Structural information in the Al-V phase diagram using Thermo-CalcTM. (This work) 

Phase 

names 

Other 

names 

Weight 

range 

(%) 

Structure Space 

group 

Pearson 

symbol 

Model 

liquid      (Al, V) 

(Al) fcc 0-0.05V A1 Fm-3m cF4 (Al, V) 

Al21V 2 Al10V 8.7-15.9  Fd-3m cF184 (Al)10(V)1 

Al45V 7 Al7V 16 V  C2/m Mc104 (Al)7(V)1 

Al23V 4  21-24V  P63/mm hP54 (Al)23(V)4 

Al3V  27-38V D022 I4/mmm tl8 (Al)3(V)1 

Al8V 5  38V-54V D82 I4-3m cl2 (Al)8(V)5 

(V) bcc 62.6-

100V 

A2 Im-3m cl2 (Al, V) 

Table 4-2. presents a comparison of the phases and the invariant temperatures found in this current 

work by DSC-TG and as predicted by Thermo-CalcTM versus available data in the literature. As 

maybe seen in Table 4-2, there is a good agreement between what was found and what was 

predicted in this work and in the literature. 

Table 4-2: Peritectic melting temperatures of compounds in the Al-V system 

Phase fcc Al21V2 Al45V7 Al23V4 Al3V Al8V5 Process  Ref 

Melting T 

(°C) 

660 685  735 1360 1670 Optical 

pyrometry 

[63], [132] 

 660 688  736 1362 1673  [37] 

 661.8      XRD [133] 

 661.8 670     XRD [134] 

  727  ˃850    [135] 

 665 690 730 736 1270 1408 Calorimetry  [57] 

      1405  [65] 

 660 672 696 735 1334 1539  [136] 

Melting T 

(°C) 

664 672 696 735 1370 1660 Thermo-

CalcTM. 

This work 

 656/661 - - 728 1272 - DSC-TG This work 
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Figure 4-2 presents the variation of the volume fraction of phases as a function of temperature. 

The phases of interest in the Al-V binary system for high-temperature applications are the 

intermetallic phases namely the Al3V and Al8V5, respectively. 

 

Figure 4-2: The volume fraction of all phases in the Al-V binary system as a function of 

temperature. 

 

4.1.2 Thermodynamic properties 

Through the same Thermo-CalcTM software, thermodynamic parameters of the Al-V binary 

system such as the Gibbs free energy of mixing, enthalpy of mixing and activities of the 

components in the system were determined. 
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4.1.2.1 Gibbs free energy of mixing 

The calculated Gibbs free energies of mixing of the system are given in Figure 4-3. The negative 

and lower Gibbs free energy values as a function of the V content are an indication of the more 

stable phases. As observed the more negative Gibbs free energy which indicates the most stable 

phase in the system is that of the Al3V intermetallic phase. 

 

Figure 4-3: The variation of the calculated Gibbs free energy (phase stability) of the phases as a 

function of the mole fraction of V. 

 

4.1.2.2 Enthalpy of mixing 

Figure 4-4 shows the calculated enthalpy of mixing of the Al-V binary system. Negative values 

were observed for the Al3V intermetallic phase above 0.2 moles of vanadium indicating that the 

Al3V is the product of an endothermic reaction. 

V-rich 

phase 

Al-rich 

phase 
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Figure 4-4: The change in the calculated enthalpy of formation of the Al-V binary system as a 

function of the mole fraction of V. 

 

4.1.2.3 Activities of the components in the Al-V binary system 

The activity of vanadium and aluminium in the Al-V binary system is calculated in this work using 

Thermo-CalcTM thermochemical software and databases [92]. The activity of V and Al as a 

function of Al/V concentration is calculated in the temperature range between 373 and 2273 K. To 

assess the stability of compounds in the Al-V binary system, the activities of V and Al as a function 

of temperature need to be determined, and the resulting equation used to express the activity-

temperature relationship is given by: 

ln ai= A+B/T                 Equation 4-7 

where A and B are coefficients to be determined. 

V-rich phase 

Al-rich phase 
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The activity (ai) relationship based on the composition (Xi) is also expressed as: 

ln ai = A+ B Xi+ CXi+ DXi                 Equation 4-8 

where T = constant; i = Al, V  

The activity-composition diagrams of V and Al compounds in the Al-V binary system at a 

temperature of 2273 K done in Thermo-CalcTM software are shown in Figure 4-5. 

Figure 4-5 presents the activity of V/Al components in the Al-V binary system as a function of 

mole fraction of Al and V, respectively. The activities of both constitutive elements in the Al-V 

binary system showed a strong negative deviation from the ideal behaviour. Therefore, a good 

mixing ability between the corresponding compounds was observed. It was also observed that the 

activity values of V increase proportionally with an increase in the V content while the activity 

values of Al decrease with the increase in the V content. Inversely the activity values of V decrease 

while the activity values of Al increase with the increase of Al content. 
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(a). 

 

(b). 

 

(c). 

 

(d). 

Figure 4-5: The activity of (a), (c) the V element and (b), (d) of the Al element, in the Al-V 

binary system as a function of mole fraction of V and Al, respectively. 
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4.1.3 Expected intermetallic phases in the Al-V alloy as a function of composition. 

The predicted Al-V phase diagram (Figure 4-1) and thermodynamic property diagrams (Figure 4-2 

to Figure 4-4) calculated by Thermo-CalcTM predictions software can be used to determine the 

expected intermetallic alloys to use for high-temperature applications. Therefore, intermetallic 

phases have attracted the attention of many researchers such as the Al3V and Al8V5 phases due to 

their mechanical properties which are required, are to be found in the alloys. Considering the 

Thermo-CalcTM predicted Al-V phase diagram in Figure 4-1, it can be observed that the expected 

phases to be formed in the theoretical 60Al-40V master alloys are the Al8V5 and Al3V intermetallic 

phases, with Al3V the most stable phase as this phase exists over a wide range of composition (27-

38 wt. % V) and temperature (800-1360 °C) as shown in Figure 4-2. The thermodynamic property 

diagrams in Figure 4-3 and Figure 4-4 also indicate that the most stable phase to form is the Al3V 

intermetallic phase in the interval of 0.27- 0.4 and 0.27-0.48 mole fraction V respectively. Based 

on the elemental composition of the theoretical master alloy which contains 60 wt.% and 40 wt.% 

of Al and V respectively as well as the actual composition of the aluminothermic produced master 

alloy, which contained 63 wt.% Al and 37 wt.% V, the presence of the Al3V intermetallic as a 

stable phase is expected in the produced master alloy. 

4.2 Characterisation of the aluminothermy produced 60Al-40V master alloy. 

4.2.1 Chemical composition 

The chemical composition of the aluminothermically produced 60Al-40V master alloy must 

comply with the specifications. Table 4-3 and Table 4-4 give the chemical composition according 

to the AMETEK standard specifications of the commercial 60Al-40V master alloy [137] and the 

elemental chemical composition analysis by ICP of the aluminothermically produced 60Al-40V 

master alloy, respectively. 

Table 4-3: The chemical composition AMETEK standard specification of the 60Al-40V master 

alloy [137]. 

Elements % Symbol Wt. [%] 

Aluminium Al 54-60 % 

Vanadium V 40-45 % 

Nickel Ni 0.05 % Max 

Boron B 0.003 % Max 

Carbon C 0.10 % Max 

Chromium Cr 0.20 % Max 
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Copper Cu 0.10 % Max 

Iron Fe 0.50 % Max 

Magnesium Mn 0.05 % Max 

Manganese Mg 0.05 % Max 

Molybdenum Mo 0.30 % Max 

Phosphorous P 0.02 % Max 

Silicon Si 0.50 % Max 

Sulfur S 0.03 % Max 

Tungsten W 0.05 % Max 

Hydrogen H 0.015 % Max 

Nitrogen N 0.05 % Max 

Oxygen O 0.10% Max 
 

Table 4-4: Elemental chemical composition analysis by ICP of the produced 60Al-40V master 

alloy (this work) 

Composition in wt. % 

Elements Al V Si Fe Cu Mn Mg Cr Ni Zn Ti Sn Pb 

Sample 1 62.9 36.1 0.31 0.17 0.02 ≤0.01 ≤0.01 ≤0.01 ≤0.01 0.008 0.054 0.013 0.072 

Sample 2 64.9 33.2 0.087 0.23 0.14 ≤0.01 ≤0.01 ≤0.01 ≤0.01 0.018 0.047 0.014 0.069 

 

Samples of the pre-master alloy produced by the aluminothermic reaction process were analysed 

in their as-cast conditions by ICP (inductively coupled plasma mass spectrometry) analysis. As 

may be seen in Table 4-4, the average compositions of the Al and V element content of the samples 

were found to be between 62.9 and 64.9 wt. % for the Al, and 36.1 and 33.2 wt. % for the V.  

The oxygen contamination is a major concern during the processing of these alloys, and thus, an 

analysis of the oxygen content was performed prior to commencing the experiments to determine 

the maximum and minimum oxygen content in the as-received master alloys using the gas fusion 

technique [138]. The oxygen content analysis using the Leco TECH 600 technique was performed 

and the results are shown in Table 4-5. 
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Table 4-5. Oxygen content in the 60Al-40V master alloy analyzed using Leco TECH 600, the 

values are an average of three counts. 

Name Description Method Mass H [ppm] O [%] N [%] 

60Al-40V Sample 1 SCAW 0.2861 258 0.222 0.00173 

Sample 2 0.2567 73.8 0.107 0.00011 

Sample 3 0.1078 34.3 0.189 0.00015 

 Average   0.2169 44.6 0.172 0.00066 

 

From the results of the Leco TECH analysis, the average oxygen content in the master alloy was 

found to be 0.172%, which is within the allowable limit of < 0.2% oxygen content in commercial 

Ti-alloys as required in the ASTM E-1409 standard specifications [139]. But this oxygen content 

can be considered very high in the production of Ti-6Al-4V ELI (Grade 23) with a maximum 

oxygen content of 0.13 % [140]. The oxygen content in the final product of Ti alloys is relatively 

dependent on the application as the oxygen influences their mechanical properties, i.e., the yield 

strength increases with an increase in the oxygen content, while the ductility inversely decreases. 

Therefore, the amount of oxygen in the final product of Ti alloys needs to be quantified and 

controlled. In the Leco TECH analysis, the hydrogen (H) content varied significantly in one of the 

investigated samples (Table 4-5). The levels of H content in Al and its alloys are responsible for 

gas porosities in casting and defects such as pores. The H dissolves in Al at high temperature and 

generates porosity as the temperature declines which in turn adversely influences the mechanical 

properties. Increasing the H content leads to an increase in both the number and the average size 

of the pores formed because H occupies interstitial positions in Al alloys causing expansion of the 

crystal lattices. The presence of H in the master alloy is because of the production process of the 

master alloy which uses elemental gas or water atomized powder. Therefore, precautions must be 

taken to reduce the exposure of the molten metal to atomic hydrogen.  

4.2.2 Microstructural and phases analysis of the as-received master alloy. 

The micrograph of the as-cast 60Al-40V master alloy produced by the aluminothermic process 

exhibited its microstructure, which is typically a dendritic structure, as illustrated in Figure 4-6. 



 
 

46 
 

 

Dendrite microstructures form by segregation solidification in most alloys during processes such 

as casting or welding. Therefore, the solidified morphology consisted of large dendrite grains in 

which primary dendrite grains form along the direction of the cooling and secondary dendrites 

form on both sides of the primary dendrite. 

 

Figure 4-6: Micrograph of the as-cast 60Al-40V master alloy produced by the aluminothermic 

process. 

 

In Figure 4-6, the microstructure depicts the dendritic growth of the dominant phase represented 

by the grey colour (primary dendrite) with secondary arms (secondary dendrites) forming on both 

sides of the primary dendrite. The SEM micrographs of the as-cast 60Al-40V show a similar 

morphology of Al-V intermetallic phases as was observed under the light optical microscope. This 

is a typical dendritic structure, characteristic of Al-based metals. Three phases were identified 

namely, the grey, light grey and dark grey (black) phases indicated by 1, 2, and 3 respectively as 

shown in Figure 4-7 (b). The details about the identity of these phases are given in Table 4-6. 
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(a). 

 

(b). 

Figure 4-7: SEM micrographs of the 60Al-40V master alloy at low and high magnifications, (a) 

and (b) respectively. 

 

Figure 4-8 shows the typical micrograph and the EDX spectrum taken from a large area, region 1 

of the as-cast master alloy. The EDX’s elemental analysis revealed that the alloy was dominated 

by Al and V elements with 61.8 wt. % Al and 38.2 wt. % V.  

 

(a).                                                              

 

 

                                              (b). 

Figure 4-8: (a) Micrograph and (b) the EDX spectrum taken from region 1. 
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Results of several EDX analyses carried from the same sample in order to establish the 

homogeneity of the alloy are presented in Figure 8-1 to Figure 8-16 in (Appendix A). Table 4-6 

gives a summary of all the observed elemental compositions of Al and V in the alloy following 

the EDX analysis done on the samples. The results further confirm the microstructural findings 

which reveal three phases namely the grey, light grey and dark grey (black) to be dominated by 

the Al and V elements. The intermetallic phases were found to be the  Al21V2, Al23V4, Al3V and 

Al8V5.  

Table 4-6: Summary of phases and elemental compositions according to the EDX analysis 

Region  Spectrum Phase 

description 

Composition Phases 

Al [wt.%] V [wt.%] 

1 1 Grey phase 61.77 38.23 Al3V + Al8V5 

2 Dark grey phase 96.61 3.39 Al_fcc +Al21V2 

3 Dark grey phase 97.21 2.79 Al_fcc + Al21V2 

4 Grey phase 62.58 37.42 Al3V + Al8V5 

5 Grey phase 62.90 37.10 Al3V + Al8V5 

6 Light grey phase 71.33 28.67 Al23V4 + Al3V 

7 Grey phase 62.98 37.02 Al3V + Al8V5 

8 Dark grey phase 98.30 1.70 Al_fcc +Al21V2 

9 Dark grey phase 98.90 1.10 Al_fcc +Al21V2 

2 16 Grey phase 61.20 38.80 Al3V + Al8V5 

17 Dark grey phase 92.20 7.80 Al_fcc +Al21V2 

3 22 Grey phase 61.22 38.78 Al3V + Al8V5 

23 Light grey phase 48.23 51.77 Al23V4 + Al3V 

 

The EDX mapping analysis, typically, shown in Figure 4-9, was performed on four selected 

regions and their spatial elemental composition is summarised in Table 4-7.  
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(a). 

 

(b). 

 

(c ). 

 

 

 

Voltage:15kV 

Time of each analysis: 10 min (maps) 

 

Element wt.% % Error Atomic % 

Al 65.00 ± 0.03 77.81 

V 35.00 ± 0.03 22.19 

Total: 100.00  100.00 

(d). 

Figure 4-9: SEM-EDX electron image (Scan 1), (a) elemental distribution, (b) Al K series, (c) V 

K series of the master alloy, (d) the average elemental composition of the scanned area (scan 1). 
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Figure 4-9, shows the typical SEM/EDX electron image (Scan 1) and the elemental distribution in 

the material. The selected regions on the sample were scanned to reveal the spatial distribution of 

the Al and V elements contained in the material. Different EDX spectra were taken on similar 

micrographs of the 60Al-40V master alloy and their respective spatial elemental distribution in the 

material (scan 2 to 4) are presented in Figure 8-17 to Figure 8-19 in (Appendix A). Table 4-7 

presents the EDX- analysis’ summary of the elemental chemical compositions in the produced 

60Al-40V master alloy. 

Table 4-7: EDX mapping analysis- Summary of the elemental chemical composition in the 

produced Al-V master alloy. 

Analysis Elements Wt. % % Error Atomic % 

EDX scan 1 Al 65.00 ± 0.03 77.81 

V 35.00 ± 0.03 22.19 

EDX scan 2 Al 62.13 ± 0.07 75.60 

V 37.87 ± 0.07 24.40 

EDX scan 3 Al 61.44 ± 0.06 75.05 

V 38.56 ± 0.06 24.95 

EDX scan 4 Al 63.05 ± 0.03 76.31 

V 36.95 ± 0.03 23.69 

Average Al 62.91 ± 0.05 76.20 

V 37.09 ± 0.05 23.80 

 

As may be seen from Figure 4-9 and Table 4-7, the average composition of Al was found to be 63 

wt. % and that of V 37 wt. % with a standard deviation of 5 and 4 wt. % respectively. The average 

elemental composition of the produced alloy was found to be comparable to the theoretical 60Al-

40V master alloy as well as the ICP analysis. 
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4.2.3 Microstructures and EDX results after DSC-TG thermal analysis. 

Figure 4-10 compares the optical microstructures before and after the DSC-TG tests and as may 

be seen, the dendritic morphology remained the same. In other words, the dendrites 

microstructures did not dissolve after the two heating/cooling cycles during the DSC-TG tests but 

simply globularised. The three phases depicted as grey, light grey and dark grey (black) in the as-

cast microstructures were still observed after the two DSC-TG heating/cooling tests. 

 

(a). 

 

(b). 

Figure 4-10: The optical micrographs a) before the DSC-TG test, and b) after the DSC -TG test 

at a temperature of 1300 °C 

 

Figure 4-11 compares the SEM micrographs of the 60Al-40V alloy before and after the thermal 

phase stability DSC-TG tests at temperatures of 1100, 1300 and 1400 °C respectively, after the 

double heating-cooling cycles. The phases identified in the SEM images are grey; labelled as A 

(the Al3V and Al8V5 phases), light grey; labelled as B (the Al21V2 phase) and (black) or dark grey 

as C (the Al-rich phase) in Figure 4-11. 

Figure 4-11 (a) shows the dendritic structure of the dominant Al3V phase in the Al-matrix before 

heat treatment (as-cast conditions), the same dendritic morphology is observed after DSC-TG tests 

in the material shown in (b) at 1100 °C (c) at 1300 °C, and (d) at 1400 °C, respectively.  
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(a). 

 

(b). 

 

(c). 

 

(d). 

Figure 4-11: SEM micrographs of the 60Al-40V master alloy, (a) before DSC-TG test; (b) after 

DSC-TG test at 1100, (c) at 1300, and (d) at 1400 °C, respectively. 

 

Combined with SEM images, EDX (point count) analysis was performed on the samples of the 

produced master alloy after DSC-TG tests at temperatures successively of 1100, 1300 and 1400 

°C. Figure 4-12 shows a typical micrograph and EDX analysis after the DSC-TG test at the 

temperature of 1300 °C. 
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(a). 

 

 

(b). 

 

(c). 

 

(d). 

Figure 4-12: (a) SEM image, and EDX- spectra of (b) the grey (A), (c) light grey (B) (d) dark 

grey phase (C) after the DSC-TG test at the temperature of 1300 °C 

 

Figure 4-12 shows the microstructure and EDX spectra after DSC-TG tests at the temperature of 

1300 °C. Figure 8-20 and Figure 8-21 in (Appendix A) at temperatures of 1100 and 1400 °C, 

respectively. Similar observations were obtained for the three successive temperatures. It indicates 

that the three phases depicted as grey, light grey and dark grey were dominated by Al and V. The 

grey phase (A) was V rich (˂ 40 wt.% V), the light grey phase (B) and the dark grey phase (C) 

were Al-rich phases. The elemental composition of the Al and V in the material after DSC-TG at 

a temperature of 1300 °C is given in Table 4-8.  
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Table 4-8: Summary of phases formed in the material and elemental chemical compositions of 

the intermetallic phases obtained after the DSC-TG test at the temperature of 1300 °C. 

Phase description Elemental composition Phases 

Al [wt.%] V [wt.%] 

Grey (A) 61.2 ± 0.2 38.8 ± 0.2 Al3V + Al8V5 

Light grey (B) 84.2 ± 0.2 15.8 ± 0.2 Al-fcc + Al21V2 

Dark grey (C) 98.7 ± 0.1 1.3 ± 0.1 Al-fcc + Al21V2 

 

As indicated, the dominant grey phase (marked as A) was confirmed by the EDX analysis to be 

the Al3V intermetallic with small homogeneous Al8V5. The light grey and dark grey phases which 

are Al-rich phases marked as B and C respectively consisted of the Al_fcc, with traces of V in the 

solution, namely the Al21V2 phase that did not dissolve completely in the alloy. 

The microstructural evolution was determined using the thresholding, with the aid of Image J® 

software, and the linear intercept method after the heat treatment between 1100 and 1400 °C. The 

volume of the dominant Al3V phase was determined through a combination of manual point count 

and thresholding methods. The results revealed the stability of the phases during heat treatment 

between 1100 and 1400 °C, Figure 4-13. The volume fraction of the Al3V phase was determined 

to be between 78 and 81 % as shown in Figure 4-14. As may be seen, there wasn’t a significant 

change in the volume fraction of this phase which confirmed its stability in this temperature 

interval. This agrees with the Thermo-CalcTM predictions, i.e., the Al3V phase was predicted to be 

the most stable phase in the Al-V system in the temperature range of 800 to1360 °C, (Figure 4-2). 
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(a). 

 
(b). 

 
(c). 

 
(d). 

Figure 4-13:An illustration of the volume fraction of the Al3V phase through thresholding 

procedure using the Image J ® software (a) before, and after DSC-TG test, (b) at 1100, (c) 1300, 

(d) 1400 °C, respectively. 
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Figure 4-14: The Volume fraction of the Al3V phase as a function of temperature 

 

Figure 4-15 shows the X-ray diffraction (XRD) 2Ɵ scan of the alloy in the as-cast conditions. The 

XRD patterns showed peaks of diffraction, which corresponded to the crystalline intermetallic 

phases. The intensity peaks of the two intermetallic phases, namely the Al3V and Al8V5 were 

detected in the analysis. However, the identified dominant peaks were of the Al3V illustrated by 

high-intensity diffraction peaks and some low-intensity peaks of the Al8V5. The crystal structures 

were analysed to be cubic Al3V (I4/mmm, tl8) and cubic Al8V5 (I-43m cl2) as illustrated in the 

International Centre of Diffraction Data (ICDD) [141]. It was observed that the main phases of the 

material both in the as-cast conditions and after reheating by the DSC-TG tests were the Al3V and 

the Al8V5 intermetallic phases which were detected without any additional phase forming in the 

material.  
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Figure 4-15: XRD spectrum of the as-cast 60Al-40V master alloy obtained by X' Pert High Score 

Plus software. 

 

4.2.4 Thermal Analysis  

Figure 4-16 shows, a typical DSC-TG graph showing the change in the heat flow as a function of 

temperature and the stability of phases in the material after the double heating-cooling cycle up to 

the temperature of 1300 °C. Figure 8-22 and Figure 8-23 in (Appendix A) show the change in the 

heat flow as a function of temperature and the stability of phases at the studied temperatures of 

1100 and 1400 °C, respectively. As shown in Figure 4-16, the heating and cooling curves show 

peaks of transition temperatures, and no significant differences were observed between the two 

cycles. The same trend was observed in Figure 8-22 and Figure 8-23 in (Appendix A), for 

temperatures of 1100 and 1400 °C, respectively. 
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(a). 

 

(b). 

Figure 4-16: The change in the heat flow of the 60Al-40V master alloy as a function of temperature 

showing the phase stability, (a) for the 1st heating-cooling cycle, (b) for the 2nd heating-cooling 

cycle up to the temperature of 1300 °C. 
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The DSC trace curves in Figure 4-16(a) show that the phase transformations occurred at 

temperatures of 656, 728, 973 and 1272 °C for the heating process and 643 and 1248°C for the 

cooling in the 1st heating-cooling cycle. For the 2nd heating-cooling cycle, Figure 4-16(b) shows 

the transition temperatures occurring at 661, 728 and 1272 °C for the heating and 643 and 1248 

°C for the cooling cycle, respectively. It also shows that phase transformations at 643 and 1248 °C 

were observed during both cooling processes which explain the presence of the Al_fcc with traces 

of V in the solution (the Al21V2 intermetallic phase) that did not dissolve completely in the material 

and the transformation of the Al8V5 intermetallic to Al3V phase, respectively. The transformation 

temperatures with their corresponding phases are presented in Table 4-9. As expected, the 

transformation temperatures are not exactly the same due to the fact the Thermo-CalcTM assumes 

equilibrium conditions while the DSC-TG does not. Furthermore, there was a slight deviation in 

the V content from the ideal 60Al-40V master alloy.  

Table 4-9: Peritectic temperatures [°C] of the compounds in Al-V alloys obtained by DSC-TG 

tests vs Thermo-CalcTM predictions. 

Phases fcc Al21V2 Al45V7 Al23V4 Al3V Al8V5 Process 

60Al-40V 664 672 696 735 1370 1660 Thermo-CalcTM 

63Al-37V 656/661 - - 728 1272 - 1st and 2nd heating 

cycles 

(DSC-TG) 

 643 - - - 1248 - 1st and 2nd cooling 

cycles (DSC-TG) 

 

4.3 Microhardness 

Intermetallic compounds provide higher hardness values in the material as compared to unalloyed 

metals. The hardness values of the dominant phases namely, the grey phase made of Al3V+ Al8V5 

ranged between 299 and 390 HV0.05 and that of the Al-rich phases ranged between 117 and 208 

HV0.05, respectively. Microhardness measurements indicated that higher hardness values were 

observed in the grey phases due to the two high-temperature intermetallic (Al3V and Al8V5) 

components as compared to the Al-rich phase which was composed of Al_fcc, which is a softer 
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Al21V2 intermetallic phase. In other words, the average hardness value of the grey phase (with the 

dominant Al3V) was found to be 337 HV0.05 while that of the softer phase was found to be 154 

HV0.05. The higher hardness value observed in the grey phase was due to the presence of the 

dominant Al3V which is known to enhance and improve the mechanical properties of the master 

alloy.  

From the obtained results, the hardness values of the various phases were found to be relatively 

lower as compared to the conventionally fabricated 60Al-40V master alloy. In conventional PM 

methods, the key factor in the compactability of the powder blend of the matrix CP-Ti is to form 

a continuous contact with the hard MA (60Al-40V) particles. The final alloy product must be 

controlled for the master alloy to make it into fine powder for laser AM.  
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CHAPTER 5. DISCUSSION 

5.1 Expected intermetallic phases based on the thermodynamic predictions. 

The Al-V phase diagram in Figure 4-1 and the volume fractions of phases in Figure 4-2 were 

constructed using Thermo-CalcTM software and databases, and the presence of intermetallics such 

as the Al23V4, Al3V and Al8V5 were predicted as phases to form in the Al-V system.  

It was observed that the predicted Al-V phase diagram did not show much difference in the 

compositions of the phases and the invariant temperatures (equations 4-1 to 4-6) as observed or 

calculated by [53], [63], [132], [142], [143] in the literature. The results of the peritectic 

temperatures of compounds compared to the literature (Table 4-2) are in agreement with the 

theoretical composition and experimental observations reported by other researchers [63],[37]. 

However, the main difference was in the solubility of Al in (V)_bcc at the invariant peritectic 

reactions of liquid + (V)_bcc → Al8V5 and liquid + Al8V5 → Al3V which agrees with results 

observed by Massalki [132] but deviates from the findings of Richter and Ipser [57] with the two 

peritectic melting temperatures found to be 100 and 252 °C below the previously observed 

temperatures in the literature. This is because Thermo-CalcTM presumed equilibrium conditions 

while in these experiments, non-equilibrium conditions were experienced.  

The Al3V phase with a large range of stability was observed in Figure 4-2, implying that the 

calculated Gibbs energy of the phase is stable too. The intermetallic phases in the Al-V system 

were described by the sublattice models, therefore, the values of the Gibbs free energy of mixing 

and enthalpy of formation of phases were found to be negatives as shown in Figure 4-3 and Figure 

4-4, respectively. In the system, the Al3V phase had the more negative values of the Gibbs free 

energy and enthalpy of formation, demonstrating its relatively higher stability. Negative values of 

the Gibbs free energy of the Al3V were also reported by Bonnie at al. [76], Samokhval [77] and 

Dragana et al [142], [144], and for the enthalpy of formation by [80], Kubaschewski and Heymer 

[73], Z. Chen et al. [145], and E. Ghasali et al. [146]. However, other workers [49], [74] suggested 

that the enthalpy of formation of the Al8V5 should be more negative than that of the Al3V phase. 

The argument is that the stable phase should be the one that can be found at low temperatures. In 

this work, from the predictions using Thermo-CalcTM software, it can be concluded that the most 
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stable phase found in the Al-V system is the intermetallic Al3V because a wide range of stability 

of the phase was found at lower temperatures as shown in Figure 4-2.  

The mixing ability of components in the Al-V system was also investigated as shown in Figure 

4-5. The results match very closely with the literature [76], [78], [79]. In the activity values of V 

and Al in the Al-V system, a strong negative deviation from ideal behaviour in the whole range of 

compositions was observed, as reported by many authors [126], [128]. The reason being, that the 

concept of zero excess entropy involving the random distribution of atoms for an ideal solution is 

unrealistic in practice, only a few systems approached ideality. Therefore, a deviation from 

Raoult’s law is observed in most of the systems such as the Al-V system which are described as 

non-ideal solutions. The deviation from Raoult’s law of activities of the Al and V components in 

the Al-V system indicates that a good mixing ability exists between the components. Therefore, it 

can be seen that the predicted Al-V phase diagram in relation to experimental data and 

thermodynamic properties of the system using the Thermo-CalcTM software and databases are in 

good agreement with results in the literature. 

5.2 Microstructures and phases in the produced Al-V master alloy 

Both LOM and SEM micrographs obtained in Figure 4-6 and Figure 4-7, respectively compared 

to microstructures found in the literature [85], revealed a dendrite morphology with three 

coexisting phases characteristic of intermetallic Al-V alloys and much bigger grains that grow as 

dendritic structure. The reason is that the dendrite microstructure is the main microstructural 

constituent that forms during the solidification process of most Al-based alloys [89]. In fact, in the 

aluminothermic production of a master alloy such as the 60Al-40V alloy, heat is projected out due 

to the exothermic nature of the reaction during the reduction process, and when the temperature in 

the furnace rises to about 1900 °C (the melting point of V), the material melts and forms the 

intermetallic phases upon cooling. First, the Al powder reduces the V2O5 to V metal, and then the 

latter reacted with the molten Al to form intermetallic compounds. Upon solidification, this 

aluminothermic reaction results in an inhomogeneous Al-V alloy of the required compositions and 

the intermetallic phases formed, based on the Al-V phase diagram in Figure 4-1 and peritectic 

reactions at the invariant temperatures illustrated by equations 4-1 to 4-6.  
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The growth of dendritic microstructures is realised by the movement of the liquid/solid interface 

as a result of the deviation of the chemical equilibrium state at the solidification front. To support 

this, considering the solidification process of metals and alloys, dendritic structures result from 

constitutional supercooling at the liquid-solid interface. The homogeneous dendritic 

microstructures obtained in this work agreed with what is observed in most Al-based metals [37], 

[84], [89]. The same morphology was obtained after DSC-TG analysis, i.e., the dendritic structure 

did not dissolve completely due to the fast-cooling rate as shown in Figure 4-10 and Figure 4-11. 

Therefore, after the DSC-TG tests, the dendrite structure transformed to the globular structure. The 

globularisation was attributed to the dendrite fragmentation obtained when heating the as-cast 

materials in the solid-liquid region. It has been reported that the microstructural features are 

cooling rate-sensitive [147]. In other words, fast cooling rates led to significant microstructural 

refinement of the dendritic structure as well as globularisation, the latter was contrary to what 

others observed [148],[149].  

The SEM was employed to determine the relationship between the composition of the phases and 

their final microstructures and to confirm the presence of the intermetallic phases. The analysis of 

the alloying elements by EDX spectra in Figure 4-8 and Figure 8-1 to Figure 8-16 in (Appendix 

A) show that the alloy’s microstructures consisted of only the Al and V, which were presented in 

the form of intermetallic phases (Table 4-6). In other words, no other trace element was analysed.  

Since the aluminothermic master alloy was non-stoichiometric, the EDX results showed that 

besides the expected Al3V and Al8V5 intermetallic phases, the Al-rich phases (Al23V4 and Al21V2) 

were also found, Figure 4-8 and Table 4-6, respectively. This is contrary to what was observed by 

Masikane [25] using SEM and XRD analyses in an exactly 60 wt.% Al and 40 wt.% V master 

alloy whereby only the Al3V and Al8V5 intermetallic phases were analysed. This master alloy was 

produced from the powder through the vacuum induction melting (VIM). This observation is in 

agreement with the Thermo-CalcTM predictions in Figure 4-1 and Figure 4-2 as well as what others 

have found [84], [89], [150]. Figure 4-9 and Figure 8-17 to Figure 8-19 in (Appendix A) show that 

the EDX elemental composition of scanned areas and the average composition in the alloy of 62.9 

wt.% Al and 37.1 wt.% V (Table 4-7) was found to be comparable to the theoretical 60Al-40V 

master alloy, this indicates that the aluminothermic process is an effective way of producing the 

master alloy when a suitable refractory-lined or water-cooled copper vessel is used.  
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However, after the DSC-TG tests, only the three intermetallic phases namely the Al21V2, Al3V and 

Al8V5 were observed. Therefore, the intermediate Al21V2 phase observed in this work (Table 4-8) 

can be attributed to the increased Al content, which was above 60%, and the cooling rate. In other 

words, the Al23V4 phase could either be Al content or cooling rate dependent or both. The Al21V2 

phase is occasionally found in as-cast alloys and cannot be easily distinguished from the Al phase 

especially under the optical microscope [63]. It is also worth noting that the Al21V2 phase and Al-

rich phase are very close in chemical compositions and, therefore their transformations are 

indistinguishable, Table 4-9 and Figure 4-16.  

The XRD patterns in Figure 4-15 show two major peaks of the intermetallic phases namely Al3V 

and Al8V5. These were indexed and identified based on the crystallographic structure of phases in 

the International Centre for Diffraction Data (ICDD) [141]. The Al3V consisted of a cubic crystal 

structure (a= 3.78 Å, belonging to the space group I4/mmm, # 139 space group number) and the 

Al8V5 reported had a cubic crystal structure (a= 9.234 Å, belonging to the space group I-4 3m cl2, 

# 139 space group number). The EDX technique was successfully used to analyse all the predicted 

phases namely, the Al3V, the Al8V5 and the Al21V2 phase, whereas the XRD technique could reveal 

correctly only major phases namely, the Al3V and Al8V5 phase. This can be attributed to the fact 

that compounds with lesser intensity peaks such as the Al21V2 and Al23V4 phases cannot be 

observed in the XRD patterns when in presence of the highly crystalline compounds such as the 

Al3V and Al8V5 with high-intensity peaks. The reason being that minor peaks can sometimes be 

lost in the background noise and, therefore, are not detectable [151]. 

It was also observed that the samples of the as-cast master alloy were brittle. This is observed in 

most intermetallic phases because high strength materials are expected to be brittle at room 

temperature [152]. The micro-Vickers hardness measurements on localized phases, namely the 

grey phase composed of the Al3V and Al8V5 phases were found to be higher than the light grey or 

dark grey phase which were composed of the softer phases namely the Al-rich phase (Al21V2) and 

Al23V4. This was expected because, in Al-V alloys, the hardness increases with an increase in the 

V content [153]. The high hardness values are attributed to grain refinement [154], [155] and solid 

strengthening by the V [156]. The 60Al-40V master alloy is considered a semi-finished product in 

the Ti industry for the production of the Ti-6Al-4V alloy. However, Ti is known to suffer from 

grain growth during annealing under continuous heating conditions and this affects the properties 
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including mechanical strength and hardness [25]. It is also known that the hardness of the 

intermetallic compounds is higher than the unalloyed metals [157], therefore, the presence of the 

Al3V and Al8V5 intermetallic phases with their higher hardness in the produced 60Al-40V master 

alloy will enhance and improve the mechanical properties and hardness of Ti-6Al-4V alloy.  

The DSC-TG analysis was performed to confirm if the transformation temperatures agreed with 

the Thermo-CalcTM phase transformation predictions. A slight difference in the transformation 

temperatures was observed (Table 4-9). As may be seen, all transformation temperatures measured 

by the DSC-TG were found to be lower than those predicted by the Thermo-CalcTM (Table 4-9). 

This was expected because the Thermo-CalcTM calculations assume equilibrium conditions. It can 

be seen that during the solidification process, undercooling occurred, and the temperature peaks 

tend to be lower during the cooling than during the heating cycle as shown in Table 4-9. Another 

reason has been that the transformation temperatures are heating/cooling rate dependent. A high 

heating rate generally tends to move the peaks to higher temperatures [158], while a high cooling 

rate tends to suppress the nucleation start temperature [159].  

Furthermore, it is worth noting that the transformation temperatures in Figure 4-16 observed at 

1272 and 728 °C, corresponded to the invariant reactions of the L+Al8V5 → Al3V and L+Al3V → 

Al23V4, respectively. This was found to be in agreement with Richter [57], especially for the 

invariant reaction L+Al8V5 → Al3V (1270 °C) and to the lesser degree L+Al3V → Al23V4 at 728 

instead of 736 °C. The peak that occurred at 643°C corresponded to the invariant reaction of the 

L+ Al21V2 → Al_fcc (664 °C) as predicted by Thermo-CalcTM. This suggests that these reactions 

are cooling rate and Al content-sensitive. 

In total, three phase transformations were observed using the DSC-TG and EDX methods as 

opposed to the XRD method. This could be attributed to the higher sensitivity of the two former 

techniques in detecting phase transformations and, therefore, it was possible to identify all the 

three possible phase transformations under non-equilibrium conditions in this 63Al-37V master 

alloy.  
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS  

6.1 Conclusions 

The thermodynamic calculation of the Al-V binary system, as well as microstructural, and phases 

characterisation analyses were performed on the 60Al-40V master alloy produced via the 

aluminothermic process. From the thermodynamic predictions, the production of 60Al40V master 

alloy and its phases analyses, the following conclusions were drawn: 

1. The thermodynamic parameters such as enthalpy, Gibbs free energy and activities of 

constituents and phases predicted in the Al-V binary system using Thermo-CalcTM software 

were found to be in good agreement with the experimental results from this work in 

particular the phase transformation temperatures of the constituent phases. 

2. A master alloy with an average composition of 63 wt.% Al -37 wt.% V was produced by 

the aluminothermic reaction process. 

3. The average EDX elemental analysis found agreed well with the average elemental 

composition range of the combination of the two major phases namely the Al3V and Al8V5 

phases of the Al-V alloy system.  

4. Besides the two major phases (Al3V and Al8V5 phases), the Al21V2 and Al23V4 phases were 

found to be prevalent in the 60Al-40V master alloy, although in small amounts during the 

aluminothermic production process. These phases were still persistent even after the two 

heating and cooling cycles to and from a temperature of 1400 oC respectively. 

5. The amount of Al8V5 phase formed was found to decrease with decreasing temperature and 

decreasing V content, while the converse was found to be true for the Al3V. 

6. The dendritic microstructures remained unchanged even after the two heating and cooling 

cycles to a temperature of 1400 oC and this signified the microstructural stability of this 

master alloy.  

6.2 Recommendations 

Based on results obtained from this work, the following recommendations have been made for 

further work:  
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1. Further work to quantitatively determine the volume fraction of the two major phases (Al3V and 

Al8V5 phases), and the Al21V2 and the Al23V4 phases prevalent in the 60Al-40V master 

alloy must be done through the EBSD technique. 

2. These persistent phases can be also measured and determined using TEM measurements 

(morphology or microstructure of phases) to provide further information on the Al21V2 and 

the Al23V4 phases which could not be detected under optical and scanning electron 

microscopy. 
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CHAPTER 8. APPENDIX A   

 

8.1 SEM-EDX analysis (point count analysis) 

The SEM-EDX point count analyses were performed on the selected regions of the aluminothermic 

produced master alloy. Spectra were selected as shown in the micrograph. The elemental 

composition was dominated by the Al and V elements. Similar observations were made on 

identical micrographs of the same 60Al-40V alloy on similar samples of the aluminothermy 

produced master alloy. The general trend of the elemental composition obtained from the different 

spectra is, therefore, presented below. 

Figure 8-1 represents the SEM-EDX electron image of the master alloy and the selected spectra 

(spectra 1 to 9 respectively) on which the elemental chemical determination was performed.  

Region 1- SEM electron image  

 

Figure 8-1: SEM-EDX electron image (region 1) 
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The corresponding chemical composition graph and table of EDX results for the selected spectra 

are illustrated below. 

 

 

Figure 8-2: Spectrum 1- chemical composition analysis. 

 

Table 8-1. EDX analysis results for zone 1- spectrum 1 

Element Line 

Type 

Apparent 

Concentration 

k Ratio Wt.% % 

Error 

Standard 

Label 

Factory 

Standard 

Al K 

series 

19.08 0.13701 61.77 0.07 Al2O3 Yes 

V K 

series 

9.21 0.09208 38.23 0.07 V Yes 

Total:    100.00    
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Figure 8-3: Spectrum 2 - chemical composition analysis  

 

Table 8-2. EDX analysis results for zone 1- spectrum 2 

Element Line 

Type 

Apparent 

Concentration 

k Ratio Wt.% % 

Error 

Standard 

Label 

Factory 

Standard 

Al K 

series 

37.01 0.26582 96.61 0.04 Al2O3 Yes 

V K 

series 

0.80 0.00796 3.39 0.04 V Yes 

Total:    100.00    
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Figure 8-4: Spectrum 3 - chemical composition analysis  

 

Table 8-3. EDX analysis results for zone 1- spectrum 3 

Element Line 

Type 

Apparent 

Concentration 

k Ratio Wt.% % 

Error 

Standard 

Label 

Factory 

Standard 

Al K 

series 

13.79 0.09907 97.21 0.07 Al2O3 Yes 

V K 

series 

0.24 0.00241 2.79 0.07 V Yes 

Total:    100.00    
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Figure 8-5: Spectrum 4 - chemical composition analysis  

 

Table 8-4. EDX analysis results for zone 1- spectrum 4 

Element Line 

Type 

Apparent 

Concentration 

k Ratio Wt.% % 

Error 

Standard 

Label 

Factory 

Standard 

Al K 

series 

19.80 0.14222 62.58 0.07 Al2O3 Yes 

V K 

series 

9.18 0.09183 37.42 0.07 V Yes 

Total:    100.00    
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Figure 8-6: Spectrum 5 - chemical composition analysis  

 

Table 8-5. EDX analysis results for zone 1- spectrum 5 

Element Line 

Type 

Apparent 

Concentration 

k Ratio Wt.% % 

Error 

Standard 

Label 

Factory 

Standard 

Al K 

series 

20.00 0.14366 62.90 0.07 Al2O3 Yes 

V K 

series 

9.13 0.09133 37.10 0.07 V Yes 

Total:    100.00    
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Figure 8-7: Spectrum 6 - chemical composition analysis  

 

Table 8-6. EDX analysis for zone 1- spectrum 6 

Element Line 

Type 

Apparent 

Concentration 

k Ratio % 

Error 

Wt.% 

Sigma 

Standard 

Label 

Factory 

Standard 

Al K 

series 

20.47 0.14700 71.33 0.07 Al2O3 Yes 

V K 

series 

6.02 0.06021 28.67 0.07 V Yes 

Total:    100.00    
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Figure 8-8: Spectrum 7- chemical composition analysis  

 

Table 8-7. EDX analysis results for zone 1- spectrum 7 

Element Line 

Type 

Apparent 

Concentration 

k Ratio Wt.% % 

Error 

Standard 

Label 

Factory 

Standard 

Al K 

series 

19.77 0.14199 62.98 0.07 Al2O3 Yes 

V K 

series 

8.99 0.08990 37.02 0.07 V Yes 

Total:    100.00    
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Figure 8-9: Spectrum 8 - chemical composition analysis  

 

Table 8-8. EDX analysis results for zone 1- spectrum 8 

Element Line 

Type 

Apparent 

Concentration 

k Ratio Wt.% % 

Error 

Standard 

Label 

Factory 

Standard 

Al K 

series 

38.68 0.27782 98.30 0.03 Al2O3 Yes 

V K 

series 

0.41 0.00406 1.70 0.03 V Yes 

Total:    100.00    
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Figure 8-10: Spectrum 9- chemical composition analysis  

 

Table 8-9. EDX analysis results for zone 1- spectrum 9 

Element Line 

Type 

Apparent 

Concentration 

k Ratio Wt.% % 

Error 

Standard 

Label 

Factory 

Standard 

Al K 

series 

15.08 0.10833 98.90 0.22 Al2O3 Yes 

V K 

series 

0.10 0.00101 1.10 0.22 V Yes 

Total:    100.00    

 

 

 

 

 

 



 
 

94 
 

 

Figure 8-11 represent the SEM/EDX electron image of the two selected spectra (spectra 16 and 17 

respectively) on which the elemental chemical determination was performed.  

Region 2- SEM electron image  

 

Figure 8-11: SEM-EDX electron image (zone 2) 

 

The corresponding chemical composition graph and table of EDX results for the selected spectrum 

are illustrated below. 
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Figure 8-12: Spectrum 16- chemical composition analysis  

 

Table 8-10. EDX analysis results for zone 2- spectrum 16 

Element Line 

Type 

Apparent 

Concentration 

k Ratio Wt.% % 

Error 

Standard 

Label 

Factory 

Standard 

Al K 

series 

18.11 0.13004 61.20 0.07 Al2O3 Yes 

V K 

series 

8.98 0.08985 38.80 0.07 V Yes 

Total:    100.00    
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Figure 8-13: Spectrum 17-chemical composition analysis 

 

Table 8-11. EDX analysis results for zone 2- spectrum 17 

Element Line 

Type 

Apparent 

Concentration 

k Ratio Wt.% % 

Error 

Standard 

Label 

Factory 

Standard 

Al K 

series 

18.11 0.13004 92.20 0.07 Al2O3 Yes 

V K 

series 

8.98 0.08985 7.80 0.07 V Yes 

Total:    100.00    
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Figure 8-14 represents the SEM-EDX electron image for the next selected area (zone 3)  on the 

specimen for elemental analysis. The last two spectrums from the 13 selected (spectra 22 and 23 

respectively) are illustrated.  

Region 3-SEM electron image 

 

Figure 8-14: SEM-EDX electron image (zone 3) 

 

The corresponding chemical composition graph and table of EDX results for the selected spectrum 

are illustrated below. 
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Figure 8-15. Spectrum 22- chemical composition analysis 

 

Table 8-12. EDX analysis results for zone 3- spectrum 22 

Element Line 

Type 

Apparent 

Concentration 

k Ratio Wt.% % 

Error 

Standard 

Label 

Factory 

Standard 

Al K 

series 

17.34 0.12454 61.22 0.07 Al2O3 Yes 

V K 

series 

8.59 0.08595 38.78 0.07 V Yes 

Total:    100.00    
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Figure 8-16. Spectrum 23-chemical composition analysis 

 

Table 8-13. EDX analysis results for zone 3- spectrum 23 

Element Line 

Type 

Apparent 

Concentration 

k Ratio Wt.% % 

Error 

Standard 

Label 

Factory 

Standard 

Al K 

series 

4.73 0.03400 48.23 0.11 Al2O3 Yes 

V K 

series 

4.32 0.04321 51.77 0.11 V Yes 

Total:    100.00    
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8.2 SEM-EDX analysis  

The EDX mapping analyses were performed on four different mapping scans on the selected 

regions and gave the spatial elemental distribution as shown below (Figure 8-17 to Figure 8-19). 

The selected regions on the sample were scanned to inform on the spatial distribution of the Al and V 

elements contained in the material.  

Scan mapping 2 

 

(a). 

 

(b). 

 

(c). 

 

Voltage:15kV 

 

Time of each analysis: 10 min (maps) 

Element wt.% % Error Atomic % 

Al 62.13 0.07 75.60 

V 37.87 0.07 24.40 

Total: 100.00  100.00 

(d). 

Figure 8-17: SEM-EDX electron image, (a) elemental distribution map, (b) Al K series, (c) V K 

series of the master alloy, and (d) the average elemental composition of the scanned area (scan 2) 
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Scan mapping 3 

 

(a). 

 

(b). 

 

(c). 

 

Voltage:15 kV 

Time of each analysis: 10 min (maps) 

Element wt.% % Error Atomic % 

Al 61.44 0.06 75.05 

V 38.56 0.06 24.95 

Total: 100.00  100.00 

(d). 

Figure 8-18: SEM-EDX electron image, (a) elemental distribution map, (b) Al K series, (c) V K 

series of the master alloy and (d) the average elemental composition of the scanned area (scan 3) 
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Scan mapping 4 

 

(a). 

 

(b). 

 

(c). 

 

Voltage:15kV 

Time of each analysis: 10 min (maps) 

Element wt.% % Error Atomic % 

Al 63.05 0.03 76.31 

V 36.95 0.03 23.69 

Total: 100.00  100.00 

(d). 

Figure 8-19: SEM-EDX electron image, (a) elemental distribution map, (b) Al K series, (c) V K 

series of the master alloy and (d) the average elemental composition of the scanned area (scan 4) 
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8.3 SEM-EDX analysis after DSC-TG tests 

The EDX analyses (point count) were performed on the samples after the DSC-TG tests for the 

temperature range between 1100 and1400 °C. Figure 8-20 represents the SEM micrograph and 

EDX spectra of the grey phase (spectrum 21), light grey phase (spectrum 22), and dark grey phase 

( spectrum 23) after the DSC-TG test at a temperature of 1100 °C. 

 

(a). 

 

 

(b). 

 

 

(c ). 

 

 

(d). 

Figure 8-20: (a) SEM micrograph, and EDX spectra of (b) grey phase, (c) light grey phase, (d) 

dark grey phase after the DSC-TG test at the temperature of 1100 °C 

 

Three spectra (spectrum 21-23) were selected on the micrograph in Figure 8-20 and their chemical 

compositions analyses are summarised in  Table 8-14. 
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Table 8-14 gives the elemental composition of the three phases namely the grey, light grey, and 

(black) or dark grey phase obtained on the micrograph in Figure 8-20 after the DSC-TG test at a 

temperature of 1100 °C. 

Table 8-14. EDX analysis after DSC-TG test at a temperature of 1100 °C 

Spectrum Phase description Composition 

Al [wt.%] V[wt.%] 

21 Grey phase 60.8 ± 0.2 39.2 ± 0.2 

22 Light grey phase 83.9 ± 0.2 16.1 ± 0.2 

23 Dark grey phase 89.9 ± 0.2 10.1 ± 0.2 
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Figure 8-21 represents the SEM micrograph and EDX spectra of the grey phase (spectrum 24), 

light grey phase (spectrum 25) and dark grey phase (spectrum 26) after the DSC-TG test at a 

temperature of 1400 °C. Their chemical compositions analyses are summarised in Table 8-15.  

 

(a). 

 

 

 

(b). 

 

 

 

(c). 

 

 

(d). 

Figure 8-21: (a) SEM micrograph, and EDX spectra of (b) the grey phase, (c) light grey and (d) 

dark grey phase after the DSC-TG test at the temperature of 1400 °C 
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Table 8-15 gives the elemental compositions of the three phases namely the grey, light grey, and 

(black) or dark grey phase obtained on the micrograph of the master alloy after the DSC-TG test 

at a temperature of 1400 °C. 

Table 8-15. EDX analysis after DSC-TG test at the temperature of 1400 °C 

Spectrum Phase description Composition 

Al [wt.%] V[wt.%] 

24 Grey phase 60.6 ± 0.2 39.4 ± 0.2 

25 Light grey phase 84.6 ± 0.2 15.4 ± 0.2 

26 Dark grey phase 98.3 ± 0.1 1.7 ± 0.1 

 

Table 8-16 represents the summary of the elemental composition obtained from the different 

spectra depicted of the three phases namely the grey, light grey, and (black) or dark grey phase on 

the micrographs of the 60Al-40V master alloy after the DSC-TG test at temperature of 1100 and 

1400 °C. 

Table 8-16. Summary of the elemental composition obtained from different spectra after DSC-

TG analyses at temperatures of 1100 and 1400 °C, respectively. 

Spectrum Phase description Elements Proposed phases 

Al [wt.%] V [wt.%] 

21 Grey  60.8 ± 0.2 39.2 ± 0.2 Al3V + Al8V5 

22 Light grey 83.9 ± 0.2 16.1 ± 0.2 Al21V2 + Al45V7 

23 Dark grey  89.9 ± 0.2 10.1 ± 0.2 Al21V2 + Al45V7 

24 Grey 60.6 ± 0.2 39.4 ± 0.2 Al3V + Al8V5 

25 Light grey  84.6 ± 0.2 15.4 ± 0.2 Al21V2 + Al45V7 

26 Dark grey  98.3 ± 0.1 1.7 ± 0.1 Al-fcc + Al21V2  
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8.4 DSC-TG thermal analysis 

Temperature- heat flow graphs of the 60Al-40V master alloy for the respective 1st and 2nd heating-

cooling cycle are given in Figure 8-22 and Figure 8-23 at the temperature of 1100 and 1400 °C, 

respectively. 

 

a. 

 

b. 

Figure 8-22: The change in the heat flow of the 60Al-40V master alloy as a function of 

temperature at the temperature of 1100 °C 

 

 

a. 

 

b. 

Figure 8-23: The change in the heat flow of the 60Al-40V master alloy as a function of 

temperature at the temperature of 1400 °C. 
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It can be seen that transformations occur at different points as illustrated in both the first and second 

heating-cooling cycles. The melting, as well as cooling curves, show peaks of transformations 

temperatures which were approximatively occurring at the same values. 


