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Abstract 

AlxCoCrFeMnNi high-entropy alloys with different aluminum concentrations (x= 0.5, 1, and 1.5 at. %) were 

synthesized by mechanical alloying followed by consolidation using two different sintering methods, 

conventional (CS) and high-frequency induction heat + conventional (HFIHS + CS). The results show the 

presence of FCC, BCC, and B2ordered phases in all systems, regardless of the sintering method. The BCC 

phase exhibits morphological changes (cuboidal-type and plate-like) associated with the two sintering 

methods involving different diffusion rates and affecting the hardness values. The M23C6 carbide is 

identified in systems sintered by the CS method; meanwhile, the M7C3 carbide is identified in the HFIHS + 

CS method. Finally, the HFIHS + CS method results in a higher level of densification (~95%) than the CS 

method (~80%). 
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1. Introduction 

Over the last decade, there has been increasing interest in studying the structure-mechanical property 

correlation of high-entropy alloys (HEAs) [1–3]. HEAs are alloys made out of five or more metallic 

elements with equiatomic or near equiatomic compositions, with concentrations from 5 to 35 at. % thus 

having a configurational entropy between 1.5R to 1.6R, where R is a universal constant [1, 4]. The chemical 

elements that constitute the HEAs, the processing methods, and the thermal treatments enable the tune of 

their crystalline structure and, therefore, the resulting properties [5, 6]. In this sense, phase transformations 

and their kinetics depend on the competition between entropy and enthalpy to minimize the Gibbs free 

energy [7, 8]. The first studies on HEA reported the formation of simple solid solutions (BCC, FCC and 

HCP). However, only some alloys satisfy the compositional requirement for simple solid solution formation. 

Most HEAs reported to date contain multiple phases and complex microstructures [9], including B2 + BCC 

phases and intermetallic phases, whose formation often competes with the formation of simple solid solution 

phases in HEAs [10]. 

The CoCrFeMnNi system is one of the most intensively studied among the numerous HEAs due to its 

physical properties and thermodynamic stability. It was first reported by Cantor et al. [11,12], and its 

microstructure consists of a single FCC solid solution. However, it has been reported that increasing the 

aluminum content in the CoCrFeMnNi system increases the proportion of the BCC and B2ordered phases [1, 

12-15]. The B2ordered phase is the alloy matrix, while the BCC phase exhibits a cubic-type morphology, 

which originates via spinodal decomposition [12-15].  

The formation of both BCC and B2ordered phases have been observed in equiatomic or non-equiatomic HEAs 

as major or minor phases [16, 17]. For example, Ma et al. [16-18] reported the presence of those phases in 

the Al2(NiCoFeCr)14 and AlxNiCoFeCr systems. They concluded that the morphology of the cuboidal-type 
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precipitates is attributed to lattice misfit ε between the matrix and the precipitates. They observed that a 

small ε (ε < 0.2 %) results in the formation of spherical/ellipsoidal-type precipitates. A moderate ε (ε ~ 

0.4%) generates cuboidal-type precipitates while large ε (ε > 0.6 %) induces the formation of a weave-like 

microstructure. Regarding the B2ordered phase becomes the primary phase for aluminum additions greater 

than 10 at. % [16-19], and it is generally observed in alloys containing Fe, Co, Ni and Al upon heat 

treatment [20-23].  

On the other hand, a subsequent sintering treatment step is required when HEAs are fabricated via powder 

metallurgy. The most common processes for sintering HEAs are spark plasma sintering (SPS), conventional 

sintering (CS) and hot isostatic pressing [24-28]. An alternative method that has been scarcely explored but 

is of great potential interest is High-Frequency Induction Heat Sintering (HFIHS). It enables quick 

consolidation of powders due to the characteristics of the method, pressure and temperature applied 

simultaneously [29-32]. However, the effect of these parameters on the microstructure, structure and 

precipitation kinetics and mechanical properties have not been appropriately evaluated. Thus, the purpose of 

this study is to figure out how the temperature, time, pressures and heating rates of the two different 

processing methods, CS and the combination of HFIHS + CS, affect the microstructure, structure and 

precipitation kinetics in AlxCoCrFeMnNi HEAs. 

 

2. Materials and Methods 

The raw materials employed were Al, Co, Cr, Fe, Mn, and Ni elemental powders with 99.5 % purity and an 

average particle size of 3-15 µm. A high-energy ball mill Spex 8000M was used to synthesize the 

AlxCoCrFeMnNi HEAs with different aluminum concentrations (x = 0.5, 1 and 1.5 at. % - Table 1, 

composition sintered samples). Milling media and containers were made of hardened steel (D2). Milling 

conditions were set to: i) 10 h of milling time, ii) powder mass 8.5 g, iii) ball-to-powder ratio of 5:1, iv) 

argon atmosphere, and v) n-heptane as a process control agent. 

The powders were consolidated under two different sintering methods, the conventional sintering method 

(CS) and the sintering method of induction + conventional (HFIHS + CS): 
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-The CS method was carried out under the following conditions: the alloyed powders were uniaxially 

compacted at 1.56 GPa for 10 min. Subsequently, the green samples were sintered at 1200 °C for 3 h with a 

heating rate of 10 °C/min and a cooling rate of 5 °C/min into a furnace. The resulting sample size was 

1x5mm (0.5g). 

-The HFIHS + CS method was carried out under the following conditions: the alloyed powders were pressed 

and pre-sintered under uniaxial compaction of 0.9 GPa at 600 °C for 3 min (HFIHS). The resulting sample 

size was 1x5mm (0.5g), the induction frequency and power were about 70 kHz and 1.5 kW, respectively, 

with a heating rate of 150 °C/min and a cooling rate of 40 °C/min under a forced flow of air. The pre-

sintering at 600 °C was carried out mainly to retain the nanometric grain size obtained during mechanical 

alloying and generate an incipient area of contact between particles. Pre-sintering at a minimum heating rate 

of 150 °C/min is required to generate fast enough thermal expansion rate to be able to break the oxide layer 

that forms on the surface of the powders, generating a larger contact area between the particles, which 

accelerates the processes of diffusion [33, 34]. However, high-temperature sintering is necessary to achieve 

high densification due to the low temperature employed by HFIHS, so additional sintering at 1200 °C for 1 h 

(CS) with the same heating and cooling conditions was carried out.  

The microstructural characterization of the consolidated samples was carried out using a HITACHI SU3500 

Scanning Electron Microscope (SEM) and Hitachi HT 7700 Transmission Electron Microscope (TEM). The 

structural characterization of the consolidated samples was carried out using a Panalytical X'Pert PRO 

diffractometer and a JEM 2200 FS + CS Transmission Electron Microscope. The x-ray diffraction analysis 

was performed considering FCC, BCC, BCC (B2ordedered), Sigma, M7C3, and M23C6 phases using FullProf 

software [35]. Finally, the hardness and density were evaluated by the LM300 AT microhardness tester and 

Archimedes method.  

 

3. Results  

3.1 Phase decomposition of the solid solution obtained by mechanical alloying during the sintering process 
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The structural stability in HEAs and its relationship to the physicochemical and thermodynamic properties 

of the constituent elements are studied using the following parameters: atomic radius difference (δ), enthalpy 

(∆Hmix) and entropy (∆Smix) of the mixture and the valence electrons concentration (VEC) [5, 6]. In this 

sense, the VEC is used to predict the phases present in HEAs due to its simplicity. This parameter can be 

calculated with the formula of VEC [5, 6]: 

    ∑   (   ) 

 

   

 

Where ci is the atomic percentage and (VEC)i is the VEC value for the i element, being 3 for Al, 6 for Cr, 7 

for Mn, 8 for Fe, 9 for Co, and 10 for Ni, respectively [5, 6]. According to the valence electron concentration 

(VEC), the Al0.5CoCrFeMnNi and AlCoCrFeMnNi systems should show a BCC phase and FCC phase 

because the values range from 6.87 to 8. In the Al1.5CoCrFeMnNi system, the resulting value was 6.75, so 

theoretically, a BCC phase should be obtained. The results obtained from the VEC of the HEAs are similar 

to those reported and calculated by Hu Cheng et al. with the following compositions Al0, Al0.1, Al0.3, Al0.5, 

Al0.7, and Al1 [12]. 

Fig. 1 and 2 show the XRD patterns obtained from the alloyed powder and the different consolidated 

systems. The patterns corresponding to alloyed powder show only BCC and FCC phases. However, the 

consolidated systems show the B2ordered, BCC, and FCC phases. In addition to carbides (M23C6 and M7C3) 

and sigma phase. In all systems, the phases resulted agree with those detected by other authors [12-15]. An 

important aspect is transforming BCC to FCC phase from the alloyed powder to sintered sample in the 

Al0.5CoCrFeMnNi system. In this sense, Wang et al. [36] have reported that aluminum stabilizes the FCC 

phase when it is less than 11 at. % and it promotes the formation of the BCC phase when it is present in 

more amount. This phenome is attributed to the phase transition from a metastable state (BCC phase) 

obtained by the mechanical alloying to a stable state (FCC phase) obtained after sintering.  

For the CS and HFIHS + CS methods, the dominant phase (FCC) changes as the concentration of aluminum 

increases, decreasing the intensity signals and increasing those of the B2ordered and BCC. Making a semi-

quantitative analysis for the AlCoCrFeMnNi system sintering by CS method, the phase fraction relation 
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(B2ordered / BCC) is 0.69, and for the Al1.5CoCrFeMnNi system, the relation (B2ordered / BCC) is 2.65, an 

analysis not was carried out for Al0.5CoCrFeMnNi system due to low transformed fraction of BCC phase. 

Small XRD peaks could be associated with the formation of the following carbides: M23C6 when sintering 

by the CS method and the M7C3 carbide for the HFIHS + CS method. The formation of carbides in high-

entropy alloys during sintering heat treatment has been reported by several authors [37, 38]. They associate 

this with carbon's presence in the material caused by the decomposition of the process control agent used in 

the mechanical alloying stage [38]. This formation is due to the lower number of electrons in the last orbital 

of each element that generates higher binding energy for the formation of carbides, in addition to the 

sintering temperature, which promotes diffusion. In the systems studied, the affinity of the elements present 

to form bonds with carbon is as follows: Al > Cr > Mn > Fe > Co > Ni, due to the high negative values in 

the Gibbs free energy [39]. In HFIHS + CS methods, the presence of M7C3 carbides is observed, which have 

been reported as non-equilibrium carbides. Their formation is attributed to the rapid heating rate and a short 

time of sintering treatment. However, for the CS method, the presence of M23C6 equilibrium carbides is 

observed, which are formed due to long sintering treatment time following the transformation: M7C3  

M23C6 [40]. Regarding the prediction of phases through the VEC, it is evident that the Al0.5CoCrFeMnNi 

and AlCoCrFeMnNi systems accomplish these predictions, i.e., XRD patterns present the BCC and FCC 

phases. However, in the Al1.5CoCrFeMnNi system, this prediction is not fulfilled since the same phases as 

the other systems are observed, and the VEC only predicts a BCC phase formation. This behavior can be 

attributed to the fact that the FCC-BCC region is wider in the Al1.5CoCrFeMnNi system than the values 

calculated by VEC [39]. 

Fig. 3 shows the backscattered SEM micrographs (SEM - BSE) obtained for the Al0.5CoCrFMnNi, 

AlCoCrFeMnNi and Al1.5CoCrFeMnNi systems after sintering by CS and HFIHS + CS methods. Three 

different phases are present. The first one exhibits light-gray tonality according to XRD patterns (Fig.2); it 

corresponds to the FCC phase. Its volume fraction decreases as the aluminum content increases, and it 

transforms into a B2ordered phase of dark-gray tonality, which is consistent with the low atomic weight of 

aluminum. Finally, precipitates (BCC) are observed within the B2ordered phase, which presents a cuboidal 

(CS) and plate-like (HFIHS + CS) morphology.  
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Fig. 4 shows micrographs, elemental mappings, and SAED and NBD patterns obtained by TEM / STEM 

from the AlCoCrFeMnNi system after sintering by CS and HFIHS + CS methods. This figure confirms the 

phases B2ordered, FCC and BCC mentioned in Fig. 2. The BCC and B2ordered phases reflections have the same 

interplanar distance. Hence, both signals overlap in XRD. Only the B2ordered phase reflection is observable at 

31°, so it is difficult to designate which phase corresponds to the precipitates or the matrix through this 

technique. However, by the SAED pattern obtained (Fig. 4a), the B2ordered phase is corroborated in the 

matrix, and the NBD patterns (Fig. 4b) obtained corroborates the BCC phase for the precipitates. Besides, it 

is observed that the precipitates with cuboidal morphology (CS) have a bimodal size distribution with a 

length of approximately 500 nm and less than 100 nm, and the precipitates with plate-like morphology 

(HFIHS + CS) has a size approximately of 2 m in length. The elements distribution between precipitates 

and matrix is shown in Fig. 4c. The Co and Mn are distributed homogeneously in precipitates and the 

matrix. However, chrome and iron are concentrated in the precipitated phase, and Al and Ni are 

concentrated in the matrix.  

3.2 Evolution of Vickers microhardness and density during the sintering process 

Fig. 5 shows Vickers microhardness values obtained in the Al0.5CoCrFMnNi, AlCoCrFeMnNi, and 

Al1.5CoCrFeMnNi systems after sintering by CS and HFIHS + CS methods. It is observed in this figure that 

the increase in the aluminum content generates higher hardness values. In addition, the highest values are 

obtained by the HFIHS method followed by the CS and HFIHS + CS methods. 

Fig. 6 shows the density and relative densities of the consolidated samples after sintering by CS, HFIHS, and 

HFIHS + CS methods. The density values increase for the CS and HFIHS methods compared to the value 

obtained in the green sample and reach similar values within the error range ( 80% densification). 

However, the maximum density is attained for the HFIHS + CS method ( 95% densification). According to 

K. A. Khalil et al. [32], the samples sintered using the HFIHS method exhibit higher densification than the 

CS method. Such behavior is attributed to two factors: an accelerated diffusion process generated by a high-

speed heating rate and the constant pressure applied to the material during heating and cooling, which causes 

a reduction in porosity and higher densification. In addition, a similar trend is observed for the 3 
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compositions, which indicates that the Al concentration in the systems did not significantly affect the 

sample's densification. 

 

4. Discussion  

The highest densification conditions were observed for the HFIHS + CS method; this behavior is mainly 

attributed to the simultaneous combination of pressure and temperature during the compaction of the 

powders. Thus, the 0.9 GPa pressure applied in the HFIHS method during sintering provides an additional 

driving force for densification, i.e., accelerate internal diffusion processes since it increases the sites and 

area of contact between particles [29-32]. On the other hand, the effect of temperature on rapid diffusion is 

mainly due to heating by radiation and conduction applied by electromagnetic waves and heating the 

compacting die [32, 41, 42]. 

Due to the increasing addition of aluminum to the CoCrFeMnNi system, two critical transformations occur. 

The first is that the FCC phase transforms into a mixture of FCC and B2ordered phases. The increase in 

aluminum generates a change from the FCC phase to the B2ordered phase. This is attributed to the BCC 

structure generally having a lower atomic packing density (68%) than the FCC and HCP structures (both 

74%) and therefore can more easily accommodate larger solute atoms like Al=1.43 Å (Co = 1.251, Cr = 

1.249, Fe = 1.241, Mn = 1.350 Ni = 1.246 Å) [12]. Besides, the excessive addition of aluminum changes the 

FCC phase to a compact B2ordered phase due to a large lattice distortion energy that destabilizes the FCC 

structure [22, 43].  

Regarding the second transformation, the BCC phase precipitates from the B2ordered phase due to the high 

number of aluminum atoms that incorporate into the crystalline lattice, which take random atomic positions 

within the ordered structure, excluding the other elements. In addition, other thermodynamic aspects such as 

negative enthalpy values of the mixture of Cr-Fe (-7 kJ mol
-1

) and the affinity between elements induce the 

formation of BCC phase precipitates [14, 44, 45]. The difference between the B2ordered and BCC phases is 

attributed to the periodicity of the arrangement of atoms in the unit cell [46]. The B2ordered phase is rich in 

Al, Ni, Mn, and Co, and the atoms have a preferential occupation in the atomic sites (000) and/or (1/2 1/2 
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1/2). According to the similar atomic radii and electronegativity values between Co, Ni, Mn, and Fe, these 

elements must occupy one of the mentioned sites, while Al and Cr are located in the other available sites 

[46, 47]. On the other hand, in the BCC phase, Al, Ni, Co, Mn, and Fe can occupy any atomic site in the 

lattice. 

Sutanuka Mohanty et al. [48] mention that it is possible to obtain precipitates in a sintering process from the 

supersaturated solid solution (i. e., atomization is a rapid solidification technique and therefore promotes 

solid solution) obtained through mechanical alloying in HEA. In this sense, the precipitation mechanism 

proposed in some HEA with Al is spinodal decomposition due to a miscibility gap in these systems [49-52]. 

The cuboidal morphology of the precipitates observed by the CS method is attributed to moderate lattice 

distortion between matrix/precipitate [16, 18, 51]. Besides, V. Soni et al. [49] mentions that a temperature of 

600 °C is sufficient to form the BCC phase with a cubic morphology. In addition, there are generally two 

main mechanisms to decrease the surface energy of the system: coarsening and coalescence. In this regard, 

coarsening occurs when the interfacial energy is reduced through a mass transfer process by diffusion from 

high interfacial energy precipitates to low interfacial energy precipitates, significantly altering their 

morphology [53-56]. This energy minimization leads to the growth of larger particles at the expense of 

smaller particles. Thus, the average size of the precipitates must increase with time, and the number of these 

must decrease, i.e., the change in morphology occurs due to the small particles dissolving and transferring 

their mass to the larger particles, which is corroborated by the observed bimodal distribution. On the other 

hand, the union between two precipitates due to the overlap of their interdifusional zones (coalescence) is 

also observed (Fig 4 b.) [53-56]. 

On the other hand, the morphology observed by the HFIHS + CS method can be attributed to a more 

complex phenomenon due to the speed of diffusion provided by the HFIHS method, i.e., application of 

induction heating significantly increases the heating rates. This behavior is due to the high frequency of 

electromagnetic waves that cause more significant vibration in the atoms within the lattice [57]. 

A possible explanation for this phenomenon is that the chrome of the B2ordered phase enriches the BCC phase 

due to the low solubility of Cr with Al and Ni [58]. Therefore, the high diffusion speed in the HFIHS 
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method and the time and temperature of sintering by the CS method generate a faster coarsening in the 

cuboidal precipitates, which results in coarse elongated plate-like precipitates. V. Soni et al. [49] mention 

that the growth of precipitates occurs in the soft directions (preferential orientations) of the crystal lattice 

due to the coarsening of the microstructures depending to a great extent on the interaction between the 

interfacial and elastic energies. 

The changes in microstructure with the increasing addition of aluminum affect the Vickers hardness (HV), 

which is attributed to the transformation from the FCC phase to the B2ordered phase (Fig.2). In addition, the 

low HV values obtained in the CS and HFIHS + CS methods are related to the coarsening of the BCC 

precipitates. The CS method is at an initial coarsening stage, and the HFIHS + CS method is at a more 

advanced coarsening stage. The high value in HV by the HFIHS pre-sintered method is attributed to an 

initial stage for the phase separation (the initial stage of precipitate formation) and small grain size, which 

was retained in the pre-sintered method. 

 

4. Conclusions 

The BCC phase precipitated in Al0.5CoCrFeMnNi, AlCoCrFeMnNi, and Al1.5CoCrFeMnNi systems show 

morphological changes associated with different coarsening kinetics that affect the hardness. The different 

diffusion rates between sintering methods induce two different morphologies in the BCC phase, cuboidal 

and plate-like. Cuboidal morphology is observed in the CS method due to slow diffusion, while for the 

HFIHS + CS method, the higher diffusion results in a plate-like morphology. Concerning behavior Vickers 

microhardness, the high value obtained by the HFIHS pre-sintered method is attributed to an initial stage of 

precipitate formation and nanometric grain size, which was retained in the pre-sintered method. The low 

values obtained by the HFIHS + CS method are attributed to the high coarsening kinetics. In addition, two 

types of carbides (M23C6 and M7C3) are observed. The M23C6 carbide is identified in systems sintered by the 

CS method, and the M7C3 carbide is identified in systems sintered by the HFIHS+ CS method. Finally, the 

sintering method of HFIHS + CS exhibited higher-level densification (~95%) than the CS method (~80%). 
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Figure Captions 

Fig. 1 Diffractograms obtained from the alloyed powder corresponding to the systems Al0.5CoCrFeMnNi, 

AlCoCrFeMnNi and Al1.5CoCrFeMnNi. 

Fig. 2 Diffractograms obtained from the systems Al0.5CoCrFeMnNi, AlCoCrFeMnNi and Al1.5CoCrFeMnNi 

after sintering by CS and HFHIS + CS methods. 

Fig. 3 Micrographs (SEM-BSE) from the systems Al0.5CoCrFeMnNi, AlCoCrFeMnNi and 

Al1.5CoCrFeMnNi in samples sintered using (a) CS and (b) HFHIS + CS methods. 

Fig. 4 Micrographs, elemental mappings, and SAED and NBD patterns obtained by TEM/STEM from the 

AlCoCrFeMnNi system after sintering by CS and HFHIS + CS methods.  
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Fig. 5 Vickers Microhardness obtained from the systems Al0.5CoCrFeMnNi, AlCoCrFeMnNi and 

Al1.5CoCrFeMnNi after sintering by CS, HFIHS and HFIHS + CS methods.  

Fig.6 Density and densification (%) obtained in green, and after conventional sintering (CS), high-frequency 

Induction heat sintering (HFIHS), and high-frequency Induction heat +conventional sintering (HFIHS + CS) 

in the different systems. 

Fig 1 

 

 

Fig 2 
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Fig 3 
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Fig 5 

 

 

Fig 6 
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Table. 1 Composition (at. %) obtained by SEM-EDS analysis of Al0.5CrCoFeMnNi, AlCrCoFeMnNi, and 

Al1.5CrCoFeMnNi systems after sintering. 

 

 Composition (at %) 

System Al ± Co ± Cr ± Fe ± Mn ± Ni ± 

Al0.5CoCrFeMnNi 9.3 0.1 18.3 0.2 18.5 0.2 18.3 0.2 18.6 0.2 17 0.1 

AlCoCrFeMnNi 16.3 0.1 16.5 0.1 16.8 0.2 16.5 0.1 16.9 0.2 17 0.1 

Al1.5CoCrFeMnNi 23.98 0.1 15.3 0.2 14.1 0.1 15.7 0.2 15.6 0.2 14.6 0.2 

±= Standard error. 
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Highlights 

 AlxCoCrFeMnNi (x= 0.5, 1 and 1.5 at. %) HEAs present B2ordered and FCC phases 

 BCC phase precipitates from B2ordered phase in Alx (x=1 and 1.5 at. %) 

 Precipitates (BCC) with cuboidal and plate-like morphology are observed 

 The coarsening kinetics of the BCC phase is dependent on the sintering method  

 The HFIHS + CS achieves higher densification than the CS and HFIHS alone 
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