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ABSTRACT: The feasibility of preparing high entropy alloys in the Al-Sc-Ti-V-Cr system has been evaluated 
taking into account the different criteria reported in the literature. Based on such criteria, three Al-Sc-Ti-V-Cr 
alloys were chosen with contents of each element varying from 10 to 35 at. %, and prepared by arc melt-
ing. All alloys exhibit a two-phase dendritic microstructure, with the major dendritic phase being a bcc solid 
solution enriched in Ti, V, or Cr. Scandium is strongly rejected from the dendrites towards the interdendritic 
regions to form Al2Sc in the three alloys. The bcc solid solution dendrites become harder with high Ti content 
and lower with high Cr content. The toughness of the alloys depends on the hardness of the dendrites, with 
alloys with harder dendrites becoming more brittle. The results indicate that neither empirical criteria used nor 
THERMOCALC calculus tool can predict properly the formation of a single solid solution nor the nature of 
the existing phases respectively.
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RESUMEN: Diseño y caracterización de tres aleaciones multiprincipales ligeras potencialmente candidatas a alea-
ciones de alta entropía. En este trabajo se estudia la posibilidad de preparar aleaciones de alta entropía del sistema 
Al-Sc-Ti-V-Cr. Para ello se han seleccionado los elementos y la composición utilizando los criterios conocidos 
y disponibles en la literatura y se han preparado mediante fusión por arco tres aleaciones con  contenidos que 
varían entre el 10 y 35 at.%. Las tres aleaciones tienen una microestructura dendrítica bifásica similar, siendo las 
dendritas una solución sólida bcc enriquecida en Ti, V o Cr. El escandio aparece únicamente en el espacio inter-
dendrítico formando el intermetálico Al2Sc. La dureza de las dendritas crece con el contenido en Ti y se hace 
menor a medida que es mayor el contenido en Cr. Además, la tenacidad de las aleaciones depende de la dureza 
de las dendritas siendo ésta mayor cuanto más blandas son las dendritas. Los resultados  obtenidos demuestran 
que ni los criterios empíricos utilizados ni los cálculos mediante THERMOCALC permiten  predecir la forma-
ción de una única solución sólida ni la naturaleza de las fases observadas experimentalmente.
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1. INTRODUCTION

The high-entropy alloys (HEA) are receiving 
great scientific attention over the last decade in view 
of the good balance of properties (Cantor et  al., 
2004; Cantor, 2011; Zhang et  al., 2014). Recent 
revisions on this class of metallic materials show 
evidences the discrepancies and existing contro-
versy about the definition of HEAs (Pickering and 
Jones, 2016; Miracle and Senkov, 2017). One of the 
most accepted definition is that HEAs alloys are 
not based around a single major element but rather 
contain several (≥5) major elements, present each in 
concentrations between about 5 and 35 at.%, that 
are expected to stabilize a solid solution with simple 
crystal structure in view of the high mixing entropy. 
Such lattices suffer significant lattice distortion due 
to differences in size among the atoms present, and 
are hence expected to show good strength and wear 
resistance, with low diffusivity and good thermal 
stability (Wu et al., 2006; Cantor, 2011; Zhang et al., 
2014). Apart from the requirement of high configu-
rational entropy of mixing (ΔSmix) and low mixing 
enthalpy (ΔHmix) considerable attention has been 
devoted to understanding what other parameters 
determine the stability of solid solutions in HEAs 
(Yeh et al, 2004; Zhang et al., 2008; Ren et al., 2010; 
Guo and Liu, 2011; Yang and Zhang, 2012; Zhang 
and Fu, 2012; Poletti and Battezzati, 2014; Zhang, 
et al., 2014; Lu et al., 2015). It has been widely used 
the three Hume-Rothery rules which are based on 
three parameters: average size difference (δ) between 
the atoms present, electronegativity difference (Δχ) 
and the valence electron concentration (VEC). Such 
criteria are not completely satisfactory to predict 
solid solution formation, however, and research 
continues to develop other possible criteria. Ye 
et  al. (2015) proposed a new elastic strain energy 
parameter coupled with the mixing enthalpy. Toda-
Caraballo and Rivera-Díaz-del-Castillo (2016) pro-
pose two new parameters, the interatomic spacing 
mismatch (sm) and bulk modulus mismatch (Km).

Despite a large amount of reported work on 
HEAs, very few HEAs are completely single phase 
solid solutions. Often minor amounts of second 
phases or two-phase dendrite-plus-eutectic struc-
ture are found (Cantor et al., 2004; Zhang and Fu, 
2012; Yue et  al., 2013; Zhang et  al., 2014; Cantor 
et al., 2005). The thermal stability of the simple solid 
solution is also unclear, with subsequent annealing 
leading to phase decomposition or total dissolution 
(Zhang and Fu, 2012). To date, research in HEAs 
has been carried out mainly on alloys containing 
high concentrations of transition metals with high 
densities, typically above 7–8 g·cm−3. Numerous 
studies have been reported regarding in these series 
of alloys, as found in the review by Pickering and 
Jones (2016), but research focused in light high 
entropy alloys is still scarce. Some of them are that 

by Youssef et  al. (2015) in AlLiMgScTi but most 
of them are included in the review by Kumar and 
Gupta (2016).

 The present study set out to obtain low density 
HEAs using conventional melting and casting tech-
niques to avoid complex processing methods and/or 
contamination (as it is often the case for mechani-
cal alloying or rapid solidification techniques). The 
objective was to achieve single phase alloys with 
simple crystal structures with densities close to 
5 g·cm−3. As a guide for likely suitable chemical com-
positions, standard thermodynamic data (Takeuchi 
and Inoue, 2005) and the criteria from Guo and Liu 
(2011) describing heat of mixing, atomic misfit, or 
electronic densities were considered. These criteria 
may be summarized as follows:

(i) a high entropy of mixing (ΔSmix), of the order of 
11–19 J/K/mol;

(ii) a low value of atomic misfit parameter (δ), in 
the range 0 to 8%;

(iii) a low value of heat of mixing (ΔHmix), of the 
order of -22 to 7 kJ·mol−1;

(iv) a moderate electronegativity difference (Δχ), in 
the range 0.1 to 0.35;

(v) a high value of valency electron concentration 
(VEC), about 5–9. 

After evaluation of a wide range of elemental 
compositions, according to the mentioned criteria, 
three alloys belonging to the AlScTiVCr system 
were chosen as possible candidates as light-weight 
HEAs. 

Figure 1 shows the results of such thermo-
dynamic calculations for heat of mixing (ΔHmix) 
 versus atomic misfit parameter for many alloys in 
the AlScTiVCr family, as well as the three alloys 
selected for the experimental study. Alloys 1 and 3 
were chosen because of their lowest values of the 
misfit parameter δ while the smallest value of ΔHmix 
was the criterion followed for selecting the alloy 2. 
Also indicated in this figure are those compositions 
where the density changes from below 5 g·cm−3 to 
above that value. 

In this work, after characterizing the micro-
structure and mechanical properties of the three 
AlScTiVCr alloys, calculus of new parameters pro-
posed more recently are compared with the conven-
tional used in this work. Furthermore, predictions 
of phases present at high temperature were done by 
means of Thermocal software and the results com-
pared and discussed with experimental observations.

2. EXPERIMENTAL PROCEDURE

Three Al-Sc-Ti-V-Cr alloys, whose nominal 
compositions are listed in Table 1, were prepared 
from pure elements in an arc furnace under argon 
atmosphere. Each sample, weighing about 5 g, was 
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re-melted five times turning over the button each 
time, to ensure homogeneous composition which 
was confirmed by Energy Dispersive X-ray (EDX) 
microanalysis at several areas.

Phase and microstructural characterization was 
carried out by X-ray diffraction, Scanning Electron 
Microscopy (SEM) and EDS microanalysis, and by 
electron backscattering diffraction (EBSD) carried 
out in a SEM. Observations of samples by back-
scattered electron images were conducted at 10 and 
15 kV but EDS microanalysis was always carried out 
at 15 kV. All the microanalytical results presented 
are the average at least of five separated areas. X-ray 
diffraction analysis was carried out with a Bruker 
AXS D8 Diffractometer using Co radiation at 40 kV 
and 30 mA on a polished section.

Thermal characterization of the alloys, especially 
to determine the temperature where melting started, 
was done by differential thermal analysis (DTA) in 
argon atmosphere using a heating rate of 10 K min−1.

Quasi-binary diagrams were simulated using 
Thermocalc software with SSOL5 database 
(Andersson et al., 2002) 

The macrohardness of  the alloys, as well as the 
microhardness of  different phases and an esti-
mate of  fracture toughness, were determined from 
Vickers hardness imprints on polished samples. 
Loads of  2 kg and 100 g, respectively, were used for 
macro and micro hardness testing, taking an aver-
age of  5 indentations. Fracture toughness, KQ, was 
estimated from the length of  cracks generated at 
the corners of  indentations at progressively higher 
loads, ranging from 200 g to 2 kg, noting the load 
when  cracking began, and using standard relation-
ships (Anstis et  al., 1981; Morris et  al., 1998) to 
determine toughness from the crack length at an 
applied load of  2 kg.

3. RESULTS

3.1. Microstructural characterization

The three alloys have a homogeneous dendritic 
structure as seen in the backscattered electron 
images of Fig. 2. The dendrites always appear in 

Figure 1. Map of ΔHmix and δ showing the influence of composition variations on parameters in the Al-Sc-Ti-V-Cr system. 
Compositions are indicated as atomic percent in the order indicated. ■ Indicate the compositions of a wide range of alloys, and ▲the 
alloys selected for experimental study. The range of suitable thermodynamic parameters for finding HEAs is found within the region 

enclosed by dotted lines. The composition range where a density of 5 g·cm−3 is expected, is indicated by the solid line.
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Table 1. Nominal composition of the three alloys, at. 
and wt.%

Al Sc Ti V Cr

Alloy 1 at. % 30 10 30 20 10

wt.% 19.1 10.6 33.9 24.1 12.3

Alloy 2 at. % 20 10 10 30 30

wt.% 11.8 9.9 10.5 33.5 34.2

Alloy 3 at. % 35 10 10 35 10

wt.% 22.6 10.8 11.5 42.7 12.5
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light contrast, indicating a high content of the 
heavier metals, while the darker, interdendritic 
phase shows some weak internal contrast for alloy 
1, indicative of the existence of two phases, possibly 
as a binary eutectic mixture. Such phase separation 
was not found for alloys 2 and 3. The volume frac-
tion of the dendrites was determined by quantitative 
metallography, counting on a point grid on several 
low-magnification images. Dendrite volumes of 
79%, 68% and 65%, respectively, were deduced for 
alloys 1, 2 and 3, as indicated in Table 2, while the 
dendrite arm spacing appeared about constant, near 
10 microns, for all three alloys.

The chemical composition of both dendrites and 
the interdendritic phase was determined by quali-
tative and semiquantitative analysis. According to 
X-ray map of alloy 1, shown in Fig. 3, the dendrites 
are enriched in Ti and V while a Ti-rich phase (bright 
phase) and a dark interdendritic phase enriched in 
Al and Sc are present at the interdendritic arms. The 
analyses reported in Table 2, however, indicate that 
dendrites are a solid solution of V, Al and Cr in Ti. 
Sc is strongly rejected from the dendrites into the 
interdendritic region. The high amounts of Sc and 
Al observed in the bright Ti-rich phase is related to 
the matrix effect due to its very fine size.

For alloy 2, the dendrites are a solid solution of 
Al and Ti in V and Cr, while again the Sc is strongly 

rejected from the dendrites to the interdendritic 
phase observing an Al-Sc single phase. Finally, the 
X-ray maps for alloy 3 (Fig. 4) shows dendrites 
enriched in V with Cr and minor amounts of Al 
and Ti while the interdendritic phase is once again 
enriched in Al and Sc, containing small amounts of 
V, Cr and Ti with no signs of any decomposition. 
The chemical analysis (Table 2) is consistent with 
the X-ray maps but dendrites seem to be a V-Al rich 
matrix containing in solid solution Cr and Ti. 

X-ray diffraction patterns of Fig. 5 evidence that 
the major phase, corresponding to the dendrites, is 
a bcc phase. The lattice parameter of this bcc phase 
changes somewhat with alloy chemistry since the 
identified phases were Ti-V, V and Al-V for den-
drites of alloys 1, 2 and 3, respectively. Moreover, it is 
noticed a slight displacement of the theoretical posi-
tions of the diffraction peaks of these phases due 
to the modification of the lattice parameter by the 
elements present in solid solution, as inferred from 
semiquantitative analysis in Table 2. Examination 
of these changes confirms that, for example, an 
increase in the Cr content tends to shrink the lattice 
parameter. Additional diffraction peaks were visible 
for each alloy, see Fig. 5, which must correspond 
to the interdendritic phases, but whose identifica-
tion could not be unequivocally done. From these 
diffraction peaks, the additional phases present for 

Figure 2. SEM images taken in Back-scattered electron images (BSE) showing dendritic  
microstructure for the three alloys: a, b, c correspond to alloys 1, 2 and 3, respectively.

Table 2. Semiquantitative microanalysis results of chemical compositions of phases in the three alloys, as determined by EDS 
(at. %). Vv indicates the volume fraction

Alloy Phase/Elements (at. %) Al Sc Ti V Cr

1 Dendrite, VV= 79% 24.5 3.4 37.6 24 10.5

Inter-dendritic dark 36.5 28.8 14.2 10.4 10.1

Inter-dendritic light 34.6 23.2 27 9.6 5.6

2 Dendrite, VV= 68% 12.7 1 8.7 41.6 36

Inter-dendritic 33.3 29.8 9.4 8.9 18.6

3 Dendrite, VV= 65% 25.3 1.5 13.6 47.6 12

Inter-dendritic 43.4 30.7 5.9 12.3 7.7
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alloy 1 are identified as Al2Sc and/or AlSc (dissolv-
ing other elements) and α-Ti. This two-phase struc-
ture could be formed as a binary eutectic reaction by 
the transformation of a liquid very enriched in Al, 
Sc and Ti, with small quantities of Cr and V, into 

Ti+AlSc or Al2Sc. For alloys 2 and 3, both Al2Sc 
and AlSc are also identified.

To confirm X-ray identification of phases on the 
basis of X-ray diffraction data, EBSD maps were 
obtained. At least three maps were obtained for 

Figure 3. X-ray maps of Al, Sc, Ti, V and Cr (using Ka lines) for dendrites and interdendritic phase in alloy 1.

Figure 4. X-ray maps of Sc, Al, V, Cr and Ti (using Kα lines) for dendrites and interdendritic phase in alloy 3.

https://doi.org/10.3989/revmetalm.147�
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each sample to confirm the homogeneous character 
of alloys since the maps were similar everywhere. As 
can be seen in Fig. 6, the bcc phase and Al2Sc were 
indexed leading to an almost complete description 
of the materials. It is also clear in Fig. 6 that for 
alloy 1 the interdendritic region is composed of a 
eutectic-like mixture of bcc–Ti and Al2Sc.

To determine the incipient melting temperature 
of the three alloys, DTA tests from room tempera-
ture up to 1400 °C at a heating rate of 10 Kmin−1 

were done. An endothermic reaction occurs at 
1264 ºC, 1324 °C and 1328 °C for alloys 1, 2 and 3, 
respectively (Fig. 7), which have to be related to the 
melting of the interdendritic phase.

3.2.  Mechanical characterization: Hardness and 
Toughness

Microhardness testing was carried out in an 
attempt to determine the hardness of the dendrite 
and the interdendritic material, while hardness 

Figure 5. X-ray Diffraction patterns of the tree alloys. 
♦ Ti-V (bcc, a = 3.14 Å); Δ V (bcc, a = 3.03 Å); ○ Al-V 

(bcc, a = 3.074 Å); ▲- aTi (hcp, a=2.92 Å and c=4.67 Å); 
■ AlSc (bcc, a = 3.45 Å); ● Al2Sc (fcc, a = 7.56 Å)
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Alloy 1

In
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n
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Figure 6. Phases identified by EBSD. Occasional small white and grey areas correspond to 
points not indexed because their Kikuchi maps were diffuse.
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Table 3. Results of hardness and toughness testing

Alloy 1 Alloy 2 Alloy 3

Microhardness (100 g) Dendrites 679 Hv 519 Hv 554 Hv

Microhardness (100 g) Interdendritic phase (too fine) 664 Hv 696 Hv

Hardness (2 Kg) 590 Hv 570 Hv 558 Hv

Imprint size (1–2 Kg) 25–80 µm 25–80 µm 25–80 µm

Cracking fine, above 500 g fine, above 2 kg fine, above 500 g

Average crack length 50 µm 7 µm 25 µm

Toughness (2 Kg load) KQ (MPa√m) 2.7 MPa√m 86 MPa√m 14 MPa√m

Figure 7. DTA curves for the three alloys obtained during 
heating at a rate of 10 K·min−1.

testing at progressively higher loads was carried 
out to obtain information on the toughness of the 
alloys. 

Test results, shown in Table 3, confirmed the 
higher hardness of the interdendritic material (with 
the exception of alloy 1, where the larger volume 
fraction of dendrites meant that the interdendritic 
region was too fine to allow the determination of a 
hardness value). The solid solution constituting den-
drites of alloy 1 was the hardest while that of alloy 
2 was softest according to microhardness testing. 
Hardness testing shown that alloy 1 is the hardest, 
in agreement with the highest values of microhard-
ness of dendrites in this alloy, and alloy 3 the softest.

Hardness testing at progressively higher loads 
showed the onset of fine cracking, initially within 
the interdendritic material, at relatively low load for 
alloys 1 and 3, and only at higher loads for alloy 2 
(see Table 3). Figure 8 shows examples of the onset 
and propagation of cracks, most easily in the inter-
dendritic phase and from the corners of the indent. 
The measurement of crack lengths at high loads, 
where the crack dimensions are similar to those of 
the imprint, allows the estimation of fracture tough-
ness, as indicated also in Table 3. Alloy 1, where 

cracking began early in the interdendritic material, 
had a low toughness, while alloy 2, requiring much 
higher loads for crack initiation, had a good tough-
ness value.

4. DISCUSSION

The present study has shown that it is possible 
to obtain alloys where the predominant phase is 
a simple bcc solid solution, constituting around 
65–80% of the material, corresponding the rest to 
intermetallic Al-Sc compounds. Low densities, close 
to 5 g·cm−3, are found for such alloys. 

It is of interest to compare the validity of the 
various prediction criteria with experimental result 
for the present alloys. Firstly, low values of the VEC 
parameter, below 5, have been found for all alloys 
which is consistent in predicting that the solid solu-
tion phase will have the bcc structure, not the fcc 
structure, but that this parameter alone is no enough 
in determining whether a HEA will be obtained. 
Most often the ability to form an essentially single 
phase solid solution is related to moderate values 
of the parameters ΔHmix (below about -20 kJ·mol−1) 
and δ (below 4–8%) (Yeh et al, 2004; Zhang et al., 
2008; Ren et  al., 2010; Guo and Liu, 2011; Yang 
and Zhang, 2012; Zhang and Fu, 2012; Zhang, 
et al., 2014; Lu et al., 2015). The three alloys studied 
here have suitable values of these two criteria (see 
Table 4). Recently other parameters such as Ω and 
g seem to be more precise to predict phase regions 
in HEAs (Yang and Zhang, 2012; Yang et al., 2012; 
Zhang et al., 2012; Fu et al., 2016). Thus, Ω param-
eter considers the entropy of mixing, the average 
melting temperature and the enthalpy of mixing. 
This parameter combined with δ parameter, being 
values of Ω higher than 1.1 and δ lower than 6.6%, 
the formation of a high-entropy stabilized solid 
solution phase can be predicted if  values of both 
parameters are accomplished simultaneously. As 
seen in Table 3, alloys 1 and 2 don’t fulfill this rule 
while alloy 3 has a value of both parameters in the 
limit of criteria although our experimental results 
indicate also a two-phase alloy. On the other hand, 
g parameter, which considers the packing angles 
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between various atoms, predicts the formation of 
single phase solid solutions or a mixture of solid 
solution with intermetallic phases for values lower 

than 1.175 or higher, respectively. As seen in Table 4, 
this parameter is larger than the critical value for 
all three alloys, and hence correctly predicts that a 
mixture of solid solution with intermetallic should 
be obtained, as has been experimentally proved.

The thermodynamic predictions using 
Thermocalc software for the three alloys are shown 
in the Fig. 9. The vertical red lines corresponds 
to the composition of the three alloys in wt% (see 
Table 1)

In the case of HEA1 alloy, the solidus tempera-
ture is around 1550 °C and corresponds to the melt-
ing of the BCC1 phase. Below the liquidus and until 
about 880 °C a single BCC1 phase is stable, validat-
ing the prediction obtained with the more conven-
tional criteria and confirming the hypothesis that 
this composition is appropriate for the formation of 
a single phase High Entropy Alloy. Below that tem-
perature various secondary phases are formed. The 
first phase that appears to be thermodynamically 
stable is the AlSc intermetallic phase which is stable 
down to room temperature. For the HEA1 composi-
tion, at temperature below 800 °C the matrix BCC 
phase segregates and two BCC phases with differ-
ent compositions are stable: BCC1 higher V and 
Cr contents and BCC2 that contains higher Ti and 
Al content. With decreasing temperature the BCC2 
phase disappears and hexagonal Ti2Al and TiAl and 
are more thermodynamically stable. 

However, there are some differences between the 
experimentally observed microstructure with the 
calculated. In the calculated phase diagram AlSc 
intermetallic phase appears to form, but Al2Sc 
intermetallic phase seems to be the only Al-Sc phase 
present in the alloy. Since the calculated BCC1 does 
not contain large amounts of Ti, intermetallic Ti-Al 
phases should be formed although it was not found 
in the interdendritic phase because Al is forming the 
Al2Sc intermetallic phase instead. 

The liquidus temperature for HEA2 is 1668 °C. 
Below this temperature, the BCC1 single phase is 
stable down to 950 °C. This single BCC phase is a 
high entropy alloy. Below 950 °C the matrix cubic 
phases segregates into two cubic phases BCC1 and 
BCC2 and in addition and AlSc2 intermetallic also 
appears to be stable. The BCC1 phase consists of 
Ti-Al Sc in similar amounts, whereas the BCC2 
phase consists mainly of Cr and V. As temperature 
decrease AlSc intermetallic appears. In addition, 
BCC1 phase disappears and BCC3 phase appears. 
At lower temperature Ti and Al form the interme-
tallic phase Ti3Al and the BCC3 phase is no longer 
stable. 

The phases experimentally observed for this alloy 
are a dendritic V-rich BCC phase and the interme-
tallic Al2Sc compound. Thermodynamic calcula-
tions predict the existence at low temperature of a 
V-Cr-rich phase, BCC2, as well as the AlSc interme-
tallic compound. This disagrees with experimental 

Figure 8. Examples of hardness imprints, all obtained 
with a load of 2 Kg, leading to crack formation: 

(a) back-scattered electron image showing alloy 1; 
(b) back-scattered electron image showing alloy 2; (c) secondary 

electron image showing alloy 3.

a)  

b)

c)
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observations, where Al2Sc was detected in the inter-
dendritic regions instead of AlSc. In addition, the 
presence of Ti3Al intermetallic is also predicted, 
which is not observed experimentally. It appears 
that all the Ti is contained in the dendritic phase. 

The solidus line for HEA3 occurs at 1500 °C and 
corresponds to melting of the single phase BCC1 
phase. This single BCC1 phase is stable down to 
temperature of 1164 °C, where it segregates into two 
phases, BCC1 which is enriched in V and Al and 
BCC2 which contains mainly Sc, Al and Ti. At tem-
peratures below 1100 °C the BCC2 phase disappears 
and the intermetallic AlSc appears, remaining stable 
down to room temperature. Also with decreasing 
temperature Al2Sc and TiAl intermetallics appear to 
be thermodynamically stable. At low temperatures 
the phases that are stable are: V-rich BCC1 phase, 
AlSc, Al2Sc and TiAl. 

The phases that are experimentally observed 
for this alloy are a dentritic Al-V phase and Al2Sc 
intermetallic. Thermodynamic calculations predict 
correctly the formation of the Al2Sc intermetallic. 
However, the thermodynamically stable BCC phase 
contains mainly V and therefore Ti forms the inter-
metallic TiAl phase, which is not observed experi-
mentally. In addition, formation of AlSc is also 
predicted, which is not formed. 

Similarly to previous HEA, DTA show an 
endothermic reaction at 1328  °C which does not 

correspond to any transitions in the calculated 
phase diagram. 

Considering the transitions observed in DTA for 
the three alloys, at temperatures that does not cor-
respond to any transitions in the calculated phase 
diagram, it is postulated that the endothermic reac-
tions corresponds to the dissolution of the Al2Sc 
intermetallic

A comparison of hardness and toughness levels 
with the phase compositions and their relative vol-
ume allows some interpretation of the mechanical 
behavior. From Table 3, hardness of the dendrites 
increases in the sense alloy 2 – alloy 3 – alloy 1, with 
compositions (at. %) that correspond to the phases 
BCC-(41V-36Cr-12Al-9Ti) – BCC (48V-12Cr-25Al-
13Ti) -BCC (37Ti-24V-24Al-10Cr). Here it would 
seem that Cr can play a role in softening the BCC 
solid solution, while Ti plays a significant hardening 
role. Furthermore, solid solution of Sc in dendrites 
seems to have also an important effect in reinforcing 
BCC solid solution phases. BCC-TiV solid solution 
dendrites in Alloy 1 dissolve 3 at.% of Sc whereas 
in BCC-AlV of alloy 3 and alloy 2 decreases to 1.5 
at.% and 1 at.%, respectively. The differences in the 
atomic sizes of this three elements to Al and V have 
to affect the lattice distortion in BCC-solid solution. 
Such distortion will be more or less severe depend-
ing on the element and thus varying its reinforcing 
effect.

Table 4. Mixing enthalpy (ΔH), atomic misfit (δ), mixing entropy (ΔS), valence electron concentration (VEC), W and g 
parameters calculated for the three alloys

Alloy/Parameter
ΔH

(kJmol−1) c (%)
ΔS

(JK−1mol−1) VEC W γ
Alloy 1 -20.32 6.37 12.51 4 1.04 1.30

Alloy 2 -12.2 7.67 12.51 4.6 1.9 1.31

Alloy 3 -18.26 6.58 11.85 4.1 1.09 1.30

Figure 9. Quasi-binary phase diagrams Ti-V for Alloy 1, Cr-V for Alloy 2 and Al-V for Alloy 3.
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Hardness of alloys is very similar although 
increases in the sense of alloy 3-alloy 2-alloy 1. 
Therefore the alloy hardness has to be related to de 
volume fraction of BCC dendrites since it varies in 
the same sense.

Finally, the toughness measurements show that 
alloy 2 exhibits the highest value of 86 MPa m1/2 
whereas alloy 1 is the most brittle. These results 
can be only explained as a function of hardening 
and softening element content, Ti and Cr, as in the 
microhardness results. Thus, alloy 1 has the high-
est Ti content of 31.5% and the lowest Cr of 10% 
(Table 1). On the contrary, alloy 2 exhibits the lowest 
Ti content of 10 % and 28 % Cr whereas alloy 3 is in 
between both alloys. 

5. CONCLUSSIONS

The main conclusions of this research work are: 

 - The three alloys exhibit a two-phase microstruc-
ture with a considerable fraction of interden-
dritic second phase material. 

 - The major, dendritic phase in all three alloys 
could be considered as a High Entropy Phase, 
since it is a solid solution as follows: α bcc solid 
solution rich in Ti, V for alloy 1, rich in V, Cr 
for alloy 2, and rich in Al, V for alloy 3. Sc is 
strongly rejected from the dendrites into the 
interdendritic material where it forms Al2Sc.

 - The hardest bcc solid solution dendritic phase 
is that containing large amounts of Ti (Alloy 1), 
with the softest being the dendrites containing 
large amounts of Cr (Alloy 2).

 - γ parameter, in the cut-off  value γ =1.17 explains 
perfectly the solid solution plus intermetallic 
structure of the three alloys studied. 

 - The thermodynamic predictions by using 
Thermocalc software with SSOL5 database 
agree with those from the criteria used in this 
work for the formation of a single phase High 
Entropy Alloy although it has been shown that 
predictions do not match the experimental 
results. 
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