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Abstract 

Aluminothermic reaction process was used to produce the 60Al-40V master alloy from pure 
Al metal and vanadium pentoxide (V2O5). Material characterization techniques including light 
optical microscopy (LOM), scanning electron microscopy (SEM), energy-dispersive X-ray 
spectroscopy (EDS), and X-ray diffraction (XRD) were employed to analyse the 
microstructural, chemical composition and phases present in the alloy. Thermal analysis was 
carried out on the alloy using simultaneous differential scanning calorimetry and 
thermogravimetry (DSC-TG) analysis to determine the phase transformations. The 
microstructural analysis through both LOM and SEM indicated that the starting material 
consisted of the columnar dendritic structure. After the double heating cycle during the DSC-
TG tests, the dendrite structure transformed to the globular structure. The globularization was 
attributed to the dendrite fragmentation obtained when heating the as-cast materials in the solid-
liquid region. This globular shape playing a positive role in enhancing the properties of the 
alloy. Through DSC-TG analysis, different peaks of transition temperatures were detected 
showing that the phase transformations occurred during the heating and cooling processes. The 
Al-rich phase (Al21V2) did not dissolve during homogenization. However, the intermetallic 
Al8V5 phase transformed to the Al3V phase during cooling. The chemical analysis of the 
produced master alloy was found to be 63 Al and 37 wt. % V. The phases in the alloy were 
principally identified to be Al3V and Al8V5 intermetallic phases. The analysis of the results 
shows that the most stable phase found at high temperature was the Al3V phase. 
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Introduction 

Ti-based alloys have gained significant attention in the aerospace, automotive and medical 
industries due to their excellent properties such as low weight, high strength, high toughness, 
and good property retention at elevated temperatures [1, 2]. The most commonly used Ti-based 
alloy is the Ti-6Al-4V which is widely used in many applications [3,4,5,6,7,8]. The blended 
elemental (BE) and the pre-alloyed (PA) approaches are the most widely used powder 



2 
 

metallurgy (PM) methods employed in the production of the Ti-6Al-4V [9]. In the latter 
method, the pre-alloyed 60Al-40V master alloy which is a semi-finished product is commonly 
used in the development of the Ti-6Al-4V alloy [10]. The methods used to produce Al-based 
master alloys include mixing processes [11,12,13], sintering and mechanical alloying methods 
[14]. However, the high cost of the alloying elements and high material loss during the alloying 
process are the main disadvantages of these processes [15]. The two-step process, namely the 
aluminothermic-vacuum melting method, allows obtaining highly pure, homogeneous Al-
based master alloys with the lowest possible content of impurities [16]. However, this process 
is complicated, and the cost involved is also high [17]. Therefore, the aluminothermic reaction 
process has been considered as an effective technique for the production of the Al-based master 
alloys [18,19,20] with reduced production costs. In more recent times, Al-V master alloy has 
been produced through the aluminothermic reaction process using either V2O5 or V2O3 and 
pure Al metal [20]. In the aluminothermic reaction process, Al metal and vanadium pentoxide 
(V2O5) are mixed in the Al: V2O5 weight ratio from 0.25 to 0.75 [21], resulting in an exothermic 
reaction capable of producing the Al-V alloys [22]. The V2O5 and Al powders are used as the 
starting material in the aluminothermic reaction to produce Al-V alloys, and the two elements 
are mixed to produce a reaction as described in Eq 1: 

3V2O5+ 16 Al → 6 AlV + 5 Al2O3+ heat        (1)  

The targeted alloy in the process described in Eq 1 is the production of a 60 Al and 40 wt. % 
V master alloy with intermetallic phases. The intermetallic phase alloys have attracted a lot of 
research interest due to their low density, high strength, resistance against corrosion and 
oxidation [17, 23,24,25,26]. Due to the high demand for high-quality titanium alloys, Al-V 
alloys of high homogeneous composition with high quality in terms of thermal conductivity, 
hardness and lowest content of impurities have received considerable attention [17, 
24,25,26,27]. The complicated process involved in the reduction and oxidation of elements 
leads to the production of different phases and less homogeneity in the alloy [22]. It is, 
therefore, necessary to study the homogeneity of the aluminothermy produced alloy by 
characterizing the phases and the microstructures formed to understand and optimize the 
process in order to improve the quality of the alloy. This study combined different techniques 
ranging from light optical microscopy, scanning electron microscopy, and X-ray diffraction to 
thermal analysis to study the microstructures and the phases formed in the 60Al-40V master 
alloy produced through the aluminothermic process. 

Experimental Materials and Procedure 

Materials 

Commercially produced vanadium pentoxide (V2O5) particles with a diameter between 7 and 
20 mm and 99 % purity aluminium (Al) with particles of diameter between 1 and 3 mm and 
CaO powder of ≤ 50 µm, as by suppliers, were used in the current study. 

Experimental Procedure 

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 
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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. 

Material Characterization 

The compositions of the materials were analysed by inductively coupled plasma mass 
spectrometry (ICP). The phase evolution was traced using a PANalytical X’Pert pro powder 
diffractometer equipped with the X’Celerator detector and Co-Kα radiation (λ=1.789A). The 
phase constitution was determined by the XRD analysis. The crystal structure was determined 
by the selection of the best-fitted patterns from the International Centre for Diffraction Data 
(ICCD) database. The X’Pert High Score Plus software was used to measure the diffraction 
patterns and determine the relative phase amounts (weight % of the crystalline) using the 
Rietveld method (X’Pert High score plus). 

The samples were prepared for image analysis following metallographic techniques according 
to the ASTM standard E3-11 [27] which included the mounting of samples, grinding using 
P400-P1200 SiC abrasive papers, fine polishing up to 0.25 µm and finished with an OP-S 
suspension and etched with diluted Kroll’s reagent. The microstructures of the samples were 
characterized by light optical microscopy (LOM) and scanning electron microscopy (SEM) 
techniques. The chemical composition of the phases was determined using SEM coupled with 
an AZtec X-Max energy-dispersive X-ray spectroscopy (EDS) by carrying out line scans of 
specific microstructure with an oxford instrument Si (Li) X-ray detector incorporated in a Jeol 
JSM 7500F equipment operating at 15 kV. The thermal analysis, using simultaneous 
differential scanning calorimetry and thermogravimetry (DSC-TG) analysis, was carried out in 
a calibrated DSC-TG apparatus SDT Q600 V20.9 under an argon-controlled atmosphere. The 
specimens for the DSC-TG tests were quite small and irregular in shape and therefore were 
simply weighed. In other words, the masses were 11.48, 11.06, and 55.70 mg. In the DSC-TG 
analysis, three sets of experiments performed were characterized by the heating of samples 
from room temperature to the estimated temperatures of 1100, 1300 and 1400 °C, respectively, 
followed by furnace cooling to room temperature in two successive cycles. In other words, the 
samples were placed in an Al2O3 crucible and heated from room temperature to the above-
mentioned temperatures then cooled to room temperature, reheated, and cooled similarly in a 
second cycle. The heating rate was maintained at 20 °C/min. 

Results and Discussion 

Theoretical Predictions 

The Thermo-CalcTM software was used to study the phases present at given compositions and 
conditions of interest to the study. The Thermo-CalcTM predictions showed that the 
predominant phases in the Al-V system at the compositions range of ~60 Al–40 wt. %V at the 
temperatures considered in this study are Al8V5, Al3V, and Al23V4. The full details of the 
Thermo-CalcTM predictions including the images are discussed elsewhere [28]. The predictions 
showed that the volume fraction of the Al8V5 phase appears to be decreasing with decreasing 
V content. The Al8V5 which has been reported to be a brittle phase was predicted to disappear 
with decreasing temperature [17]. On the other hand, the Al3V seems to become more 
pronounced with decreasing temperature and V content. 
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Chemical Composition 

Table 1 presents the results of the inductively coupled plasma mass spectrometry (ICP) analysis 
of the aluminothermy produced alloy. 

Table 1. Elemental composition of the alloy produced in wt. % 

 

The average compositions of the Al and V in the alloy based on the analysis were calculated to 
be 63.9 and 34.7, respectively. This result shows that the composition of the aluminothermy 
produced alloy is pretty much comparable to the theoretical 60Al-40V master alloy. 

Microstructural Analysis and Elemental Composition 

Figure 1a shows the optical micrograph of the aluminothermy produced 60Al-40V master alloy 
in the as-cast conditions which exhibited columnar dendritic structure. The solidified 
microstructure consists of large primary dendrite and secondary dendrite grains forming on 
both sides of the primary dendrite grains. Figure 1b shows the morphology of the alloy after 
the DSC-TG test. It can be observed that the dendrite microstructure did not dissolve 
completely after the two-heating cycle during the DSC-TG test but simply globularized. 
Similar morphology of the dendrite structures was observed under the SEM, in Fig. 2. As may 
also be seen, the dendritic structure was not only retained but the phase distribution remained 
homogeneous before and after heat treatment through the DSC-TG double heating tests. 

 
 
Fig. 1. Optical micrographs (a) in as-cast conditions, and (b) after DSC-TG double heating test at 1300 
°C 
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Fig. 2. The SEM micrographs (a) in as-cast conditions, (b) after the DSC-TG test at 1300 °C 

In Figs. 1 and 2, the microstructure depicted the dendritic growth of the Al-V intermetallic 
phases represented by the grey colour (primary dendrite grains) with secondary arms 
(secondary dendrite grains) forming on both sides of the primary dendrite grains. Typical 
dendritic structures, characteristics of Al-based metals as dendrite microstructure, are found to 
form during casting and welding processes [29,30,31,32]. 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 dark grey labelled as C (the Al-rich phase) in Fig. 2b. 

It has been reported that the microstructural features are cooling rate sensitive [33]. Therefore, 
due to the fast-cooling rate, only microstructural refinement of the dendritic structure was 
observed as well as globularization (Fig. 2b), but no significant improvement of their shapes 
as reported by others [34, 35]. 

Figure 3 shows the spatial distribution of the Al and V elements. 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 elemental composition of the alloy of 62.9 Al and 37.1 wt. % V was found 
to be comparable to the theoretical 60Al-40V master alloy as well as the ICP analysis. The 
atomic ratio of the Al to V (Al: V) of the dominant phases with dendrite morphology was found 
to be approximatively 3:1, Fig. 3, and this is in agreement with what others have found [17, 
31]. 
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Fig. 3. SEM/EDS micrographs showing (a) elemental distribution, (b) Al, (c) V in the master alloy (d) 
the average elemental composition of the scanned area was 65 wt. % Al-35 wt. % V 

Figure 4 shows SEM micrographs and EDS spectra of the alloy after DSC-TG tests at different 
temperatures. From the EDS analysis, based on the weight percentage of the dominant phases, 
the grey phase was identified to be V-rich, while the light and dark grey are Al-rich phases. 
The dominant phase labelled as A which is V-rich according to the analysis corresponds to the 
Al3V and Al8V5 phases. These phases are in agreement with the Al-V phase diagram by 
Thermo-CalcTM [28]. The light grey and dark grey phases were identified to be Al-rich phases 
(> 80 wt.% Al), with traces of V in solution such as the Al21V2 phase (8.7–15.9 wt.% V) that 
did not dissolve completely during the solution treatment. The presence of the Al21V2 phase 
which is occasionally found in as-cast alloys [29,30,31] is attributed to the increased Al content 
and cooling rate [29]. However, this phase could not be easily distinguished from the Al phase, 
under SEM as they have a very close chemical composition. 
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Fig. 4. SEM micrographs and EDS spectra analysis of the alloy after DSC-TG tests at (a)-(b) 1100, (c)-
(d) 1300 and (e)-(f) 1400 °C, respectively 

The results further confirmed the microstructural findings which reveal the stability of the three 
phases namely the grey, light grey and dark grey phases dominated by the Al and V elements. 
Table 2 presents the summary of the phases identified in the produced master alloy as well as 
the elemental chemical composition of the intermetallic phases after the DSC-TG analysis at 
the studied temperatures. 

The phases in the alloy were principally identified to be Al3V phase and Al8V5 intermetallic 
compounds based on the weight percentage and according to the Al-V equilibrium binary phase 
diagram [28]. The volume fraction of the dominant Al3V phase on the different micrographs 
before and after heat treatment was determined through a combination of manual point count 
and thresholding methods in Image J® software©. These methods helped in the assessment 
and explanation of the microstructural evolution and stability of the phases after heat treatment 
between 1100 and 1400 °C. 
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Table 2. Summary of phases and elemental composition after the DSC-TG analysis 

 

Figure 5 shows an illustration of the volume fraction estimation of the dominant Al3V phase. 
The volume fraction of the Al3V phase was determined to be between 78 and 81 % as shown 
in Fig. 6. As may be seen, there wasn’t a significant change in the volume fraction of the phase 
which explains the stability of the Al3V phase during this temperature interval. This agrees 
with the Thermo-CalcTM predictions, as the Al3V phase was found to be the most stable phase 
in the Al-V system in the temperature range of 800–1400 °C [28]. 

 
 
Fig. 5. An illustration of the volume fraction estimation of the Al3V phase through thresholding 
procedure using the Image J® software © (a) before and after DSC-TG tests at (b) 1100, (c) 1300, and 
(d) 1400 °C, respectively 
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Fig. 6. Volume fraction of the Al3V phase as a function of temperature 
 

Phase Transformations and Crystal Structures of the Produced Master Alloy 

According to the Thermo-CalcTM predictions, the intermetallic compounds in the 60Al-40V 
master alloy included the Al8V5, Al3V and Al23V4 [28]. These and all the other intermetallic 
compounds were expected to dissolve at melting temperature [17]. Based on the Al-V 
equilibrium binary phase diagram [28] and crystal structure of the phases, the liquidus 
temperature of the Al-40 wt.% V alloy is about 1910 °C. At this temperature, the V dissolves 
into the molten aluminium completely. With the drop of temperature, the peritectic reaction 
L+V→ Al8V5 occurs at 1660 °C [17, 31]. This is followed by V+ Al8V5→ Al3V at the 
temperature of 1360 °C and the transformation from Al3V to Al23V4 at the temperature of 735 
°C [28, 36]. In this work, the Al8V5 transformed to the Al3V phase at a temperature of 1660 
°C. Therefore, the Al3V phase was found to be the dominant and most stable phase due to the 
high Al content and cooling rate during solidification. However, due to the fast-cooling rate, 
there was not enough time for the transformation from the Al3V to the Al23V4 phase. 

The XRD patterns of the produced 60Al-40V master alloy in the as-cast conditions and after 
reheating by the DSC-TG analysis are shown in Fig. 7. 
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Fig. 7. XRD patterns showing the phases of (a) the starting material of the 60Al-40V master alloy and 
(b) after DSC-TG analysis 

The XRD patterns revealed the presence of high-intensity diffraction peaks of Al3V and Al8V5 
intermetallic phases principally. Minor peaks can sometimes be lost in the background noise 
and, therefore, are not detectable [37]. Therefore, the Al-fcc phase or other Al-rich phases such 
as the Al21V2 and Al23V4 characterized by peaks of lesser intensity could not be detected in the 
XRD patterns, but the presence of the high crystalline structure such as the Al3V and Al8V5 
with high-intensity peaks was observed. Their structures were analysed to be cubic (Al3V) 
(I4/mmm tL8) and cubic Al8V5 (I-43m cl2) as illustrated in the ICDD data [38] which indicated 
that the system was not amorphous but crystalline. Therefore, the dominant phases which were 
detected before and after DSC-TG analysis were the Al3V and the Al8V5 intermetallic phases 
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(Fig. 7). In other words, the stable phases detected by XRD analysis agreed well with the 
Thermo-CalcTM predictions [28] and the results of EDS analysis. 

Thermal Analysis—Simultaneous DSC-TG 

Figure 8 shows the DSC-TG curves illustrating the transition temperatures occurring in the 
material for the temperatures of 1100, 1300 and 1400 °C, respectively. It can be observed that 
phase transformations occurred at specific points in the temperature-phase transformations 
curves for both the first and the second heating–cooling cycles. 

 

 
Fig. 8. The heat flow curves during DSC-TG tests for (a) first heating–cooling cycle at 1100 °C, (b) second 
heating–cooling cycle at 1100 °C, (c) first heating–cooling cycle at 1300 °C, (d) second heating–cooling cycle at 
1300 °C, (e) first heating–cooling cycle at 1400 °C, (f) second heating–cooling cycle at 1400 °C 
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The high intensities of high-temperature transformations in the DSC-TG curves corresponded 
to the invariant reactions of L+Al8V5 → Al3V (at 1272 °C) and L+Al3V→ Al23V4 (at 728 °C). 
It can be observed that the peaks correspond with the invariant reactions as obtained by Richter 
[39], especially for the invariant reaction L+Al8V5 → Al3V (at 1270 °C) and the invariant 
reaction L+Al3V → Al23V4 (at 736 °C). The peak observed at a temperature of 643 °C 
corresponded to the presence of the Al-fcc with traces of V in solution (the Al21V2 which did 
not dissolve completely) as predicted by Themo-CalcTM (at 664 °C). The obtained reactions 
were cooling rate and Al- content dependent. Unlike the XRD, all three-phase transformations 
were observed during the DSC-TG analysis, and as expected for non-equilibrium cooling rates, 
all the transformation temperatures were found to be lower than predicted by Thermo-CalcTM 
[28]. In brief, the stability of the Al3V phase before and after DSC-TG analysis was fairly well-
established using EDS and was confirmed by XRD with only a small amount of the Al8V5 
phase. The volume fraction of the Al3V dominant phase was estimated to be about 80% and 
was evenly distributed in the specimen demonstrating the homogeneity of the microstructure 
produced through the aluminothermic process. 

Conclusion 

The 60Al-40V master alloy produced by the aluminothermic reaction process was investigated 
through different techniques, and the following conclusions were drawn: 

 A master alloy with an average composition of 63 Al -37wt. %V was produced by the 
aluminothermic reaction process; 

 The predominant stable phases were found to be the Al3V and Al8V5. 
 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. 
 The volume fraction of the dominant Al3V phase was estimated to be about 80% before 

and after heat treatment and was evenly distributed in the specimen demonstrating both 
the homogeneity and stability of the microstructures produced through the 
aluminothermic process for a given homogenization temperature. 

 However, the Al3V phase was found to increase slightly with an increase in the 
homogenization temperature. 
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