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b Czech Technical University in Prague, Faculty of Nuclear Sciences and Physical Engineering, Trojanova 13, 120 00 Prague 2, Czech Republic 
c Institute of Physics of the Czech Academy of Sciences, Na Slovance 1999/2, 182 21 Prague 8, Czech Republic 
d Charles University, Faculty of Mathematics and Physics, Ke Karlovu 5, 121 16, Czech Republic 
e University of Chemistry and Technology, Department of Inorganic Chemistry, Technická 5, 166 28 Prague 6, Czech Republic 
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A B S T R A C T   

Nearly equiatomic AlCoCrFeNi alloy samples were prepared by induction melting and mechanical alloying (MA) combined with spark plasma sintering (SPS). The 
cast sample showed a dendritic microstructure composed of spinodally decomposed nanometric constituents of the B2 and BCC phases. The spark plasma sintered 
sample exhibited an ultrafine-grained microstructure of B2 phase and FCC solid solution and Cr23C6 carbides. The MA + SPS sample was strengthened by compressive 
stress-strain test up to a yield strength of 2029 ± 5 MPa, resulting significantly higher compared to 1366 ± 32 MPa of the cast sample. In addition to the higher 
compressive yield strength, the sintered sample exhibited a hardness of more than 130 HV higher compared to the cast alloy. On the other hand, the cast alloy showed 
high plastic deformation (29%) and significantly high ultimate compressive strength of 3072 ± 122 MPa. Together with these mechanical characteristics, the MA +
SPS sample showed good thermal stability while preserving the mechanical properties even after annealing at 800 ◦C. This was not the case with the cast sample, in 
which ductility and ultimate strength significantly decreased upon annealing at 800 ◦C. A substantial yield strength reduction of both MA + SPS and cast samples was 
recorded when tested at 800 ◦C. Nevertheless, stress-strain curve trends were observed to be quite different between the two samples, thus suggesting dissimilar 
deformation mechanisms under high-temperature compression.   

1. Introduction 

High entropy alloys (HEA) have been gaining their position in the 
field of materials research since 2004 [1]. Thenceforth, the number of 
publications concerning these alloys is growing intensely every year. 
This is caused by a rather revolutionary concept of alloy design 
combining four or more elements in near equiatomic quantities 
compared to the majority of the presently used alloys, which are based 
on one main element. HEAs proved to be attractive in material research 
not only for mechanical properties [2–4] but also for corrosion resis
tance [5–7] or specific magnetic properties [8–10] as well. Starting from 
CoCrFeNiMn alloy, the research spectrum broadened to different alloy 
compositions, resulting in a whole new material research segment 
containing an immense variety of alloys, where the desired properties 

can be tailored by varying the amount of one or more elements. 
One of the alloys derived from the CoCrFeNi system is AlCoCrFeNi, 

which exhibits a transition in the phase composition with the amount of 
Al [11,12]. It shows the presence of only FCC solid solution when the 
molar ratio of Al is lower than 0.45. In the interval of 0.45–0.88, the 
microstructure is composed of a combination of FCC and BCC solid so
lutions and higher amounts of Al result in the complete transformation 
to BCC solid solution. However, the transition interval width differs 
depending on the processing of the alloy [11]. The phase transition is 
closely connected to a significant rise in hardness [13]. An increment of 
the Al molar ratio leads to higher lattice distortion and strengthening of 
the alloy, increasing the hardness of the alloy up to 740 HV when the 
molar ratio reaches a value of 3 [14]. The BCC solid solution in the cast 
alloys spinodally decomposes into ordered B2 and disordered A2 phases. 
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The B2 phase is enriched with Al, Ni, and Co, reflecting significantly 
negative mixing enthalpies of Al–Ni and Al–Co, whereas the A2 phase is 
enriched in Fe and Cr [12]. The phase composition of mechanically 
alloyed (MA) and sintered AlCoCrFeNi alloy is not in overall agreement, 
as stated in the literature. The MA is a strongly non-equilibrium process 
during which metastable phases are formed, and consequently, the 
phase composition of alloys prepared with PM is highly dependent on 
the processing parameters. The combination of FCC and BCC solid so
lutions, as well as the decomposition of the BCC phase into σ or both σ 
and α’ phases in sintered alloys, are reported [15–17]. As a consequence 
of such variating phase composition, post-process annealing can be 
applied to achieve a sort of equilibrium state of the material. Munitz 
et al. [18] showed an effect of short-term annealing on the phase 
composition of the cast alloy. Phase transformations started to occur at 
temperatures above 650 ◦C, at which both FCC and σ phases occurred. 
The σ phase dissolved above 975 ◦C, whereas FCC was stable until 
1100 ◦C [18,19], but eventually, it was found that at 1200 ◦C, the ma
jority of the phases were dissolved in the BCC solid solution [18]. 
Nevertheless, exceeding the maximum solubility level led to precipita
tion of the B2 phase during cooling. 

Regarding mechanical properties, the AlCoCrFeNi outperforms most 
of the other CoCrFeNi-based alloys, particularly in yield and ultimate 
strengths. Cast specimens reach compressive yield strength (CYS) and 
ultimate compressive strength (UCS) above 1200 MPa and 2000 MPa, 
respectively, with more than 15% of plastic strain [20,21]. The 
considerably high plastic strain provides space for reinforcing this alloy 
to achieve even better mechanical properties. Alloy prepared with the 
PM technique shows an even higher CYS value of 2400 MPa with UCS 
2780 MPa [17]. Interesting behaviour was observed when the 
stress-strain diagram was measured at cryogenic temperature. The alloy 
showed a rise in the CYS and the UCS with almost no decrease in plas
ticity [20]. A similar phenomenon was observed for the CoCrFeNiMn 
alloy tested at cryogenic temperatures [22]. 

Other Al-containing multi-phase high entropy alloys, apart from the 
Cantor-based Al alloy, are studied for their phase composition and me
chanical properties. Replacing Co, Cr and Ni with Al, Cu, Ti or Si to 
lower the overall price of the prepared alloys [23]. Alloys based on 
AlFeCuSiX show a variation of phases depending on the last added 
element and high values of microhardness reaching from 890 to 1150 
HV 2 [24]. Regarding the compression tests highest results were ach
ieved with X = Cr, reaching CYS of 1570 and UCS 2070 MPa [25]. 

As mentioned before, phase composition, microstructure and me
chanical properties are strongly dependent on the fabrication route of 
the alloy. Utilising a powder metallurgy approach could be highly 
beneficial for the mechanical properties of the alloy compared to con
ventional casting procedures. Enhancing the mechanical properties of 
AlCoCrFeNi alloy is of interest for possible industrial applications, with a 
combination of excellent oxidation resistance has predispositions for 
high-temperature applications, e.g. automotive or aerospace engine 
components, heat-exposed powerplant components etc. In this work, 
two specimens of the AlCoCrFeNi alloy were prepared with different 
methods, by an ultrashort-term MA followed by a spark plasma sintering 
(SPS) compaction and by induction melting. Both specimens were 
examined in terms of phase composition, microstructure, and mechan
ical properties to compare the preparation methods and their influence 
on the microstructure and mechanical properties of the alloys. 

2. Materials and methods 

One of the AlCoCrFeNi alloy specimens was prepared by short-term 
MA with subsequent SPS compaction. Pure powders of each element (Co 
99.8%, Cr 99%, Fe 99.9%, Ni 99.5%, Al 99.7%) were used in appropriate 
amounts to prepare the equiatomic alloy. A total amount of 20 g of the 
powder mixture was put in the jar along with milling balls, both made 
from AISI 420 stainless steel. The balls-to-powder weight ratio was 1:15. 
To decrease the undesired cold welding, 4 wt% of n-heptane was used as 

the process control agent (PCA). The sealed vessel was then flushed with 
argon of 99.996 purity (2 l min− 1 for 2 min) to prevent any oxidation 
during the alloying process. The MA was carried out in 30 min intervals 
followed by 10 min breaks between them until the straight time of the 
MA reached 8 h. The rotation speed was 400 rpm. 

The prepared powder alloy was sintered in SPS device FCT Systeme 
HP D 10. An amount of 10 g of the powder was put in a graphite mould 
with a diameter of 20 mm and sealed with graphite paper. The sintering 
temperature was set to 1000 ◦C with a heating speed of 200 ◦C min− 1 

and a pressure of 48 MPa being applied after reaching the sintering 
temperature. The sample was held under these conditions for 10 min, 
which prevents excessive coarsening of the microstructure. Eventually, 
the sample was cooled down to laboratory temperature with the maxima 
cooling speed of the machine, which is determined by the temperature 
gradient between the mould and both the water-cooled pistons of the 
SPS machine. 

The other AlCoCrFeNi specimen was prepared by induction melting. 
Small chunks of the individual base metals in precise weight ratios were 
melted in an Al2O3 crucible at 1800 ◦C under an argon atmosphere. The 
melted alloy was homogenized by eddy currents for several minutes 
before casting. Afterwards, the alloy was cast in a steel mould 14 mm in 
diameter. 

The chemical composition and phase composition of the samples 
were determined with X-ray fluorescence spectroscopy (XRF, PAN
analytical Axios) and X-ray diffraction spectrometry (XRD, PAN
analytical X’Pert PRO, Co Kα, λ = 1.7903 Å), respectively. The C and O 
analyses were performed with an electron probe microanalyzer JXA- 
8230 JEOL with LaB6 cathode equipped with five wavelength- 
dispersive X-ray spectrometers. Quantitative processing was per
formed using standards (CuO for O and SiC for C) and calculation by the 
XPP method of Pouchou and Pichoir. 

The microstructure was examined with light microscopy (LM, Nikon 
ECLIPSE MA 200), including the surface porosity, which was evaluated 
with the colour threshold method in ImageJ software. A more detailed 
examination was performed with scanning electron microscopy (SEM, 
Tescan Lyra, 20 kV) together with electron dispersive spectroscopy 
(EDS, OXFORD Instruments INCA 350, 80 mm2), and (scanning) trans
mission electron microscopy ((S)TEM, JEOL JEM-2200FS, 200 kV) 
equipped with energy dispersion spectrometer (EDS, JEOL Centurio) 
and NanoMEGAS ASTAR precession diffraction unit. Thin foils from the 
cast material were electropolished (T = − 30 ◦C, U = 15 V) in a TEN
UPOL 5 (Struers) unit filled with a solution of 20% HNO3 in methanol, a 
lamella from the sintered alloy was prepared by a Ga + focused ion beam 
(FIB, FEI Quanta DualBeam). 

Mechanical properties were examined by the Vickers hardness and 
compressive stress-strain tests. The hardness was measured with a load 
of 30 kg and a load time of 10 s. The average value was calculated after 
measuring 10 indents. The compressive tests were performed on the 
LabTest 5.250SP1-VM machine using block-shaped specimens with a 
height corresponding to 1.5 times the side of the base. The deformation 
speed was set to 10− 3 s− 1, and each alloy was tested using at least three 
samples to provide sufficient statistical reliability. The compressive tests 
were performed at room temperature, at 800 ◦C, and at room temper
ature after being annealed at 800 ◦C for 100h. 

3. Results and discussion 

3.1. Chemical composition 

The chemical composition of the samples was examined using XRF 
analysis. The results are shown in Table 1, from which it can be seen that 
although prepared by such different methods, both samples had similar 
chemical compositions. All the elements except Al are around the 
desired equiatomic composition. The lower amount of Al, which was 
slightly below 17 at.%, could be ascribed either to the pre-oxidized Al 
powder particles or to its oxidation during the preparation processes 
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since it has the highest affinity to the oxygen of the present elements. 
However, the induction casting, as well as the MA, was performed under 
an Ar atmosphere to prevent any unsolicited oxidation, and the sintering 
process was done in a vacuum. There is a possibility that the used ma
terials were pre-oxidized in their raw form, but that would not cause a 
decrease of more than 3 at.%, and this effect should be more emphasized 
in the MA + SPS process considering fine powders used for this process 
compared to small chunks for induction casting. Another reason for the 
lower Al content in both samples may be the absorption of the Al signal 
in other elements with higher atomic numbers. On the other hand, the 
MA + SPS alloy showed a slightly increased content of Fe, which is 
associated with the sudden hardness increase due to a formation of 
intended phases, which are characterized by significantly higher hard
nesses compared to individual powders. This increases the wear rate of 
the alloying jar, foremostly increasing the content of Fe, which is also 
shown in Table 1. 

3.2. Phase composition and microstructure 

The phase composition of prepared specimens was determined using 
XRD (Fig. 1). The cast alloy was double-phased, formed of BCC (A2) 
phase and B2 ordered cubic phase identified as Al(Ni0.5Co0.5) (ICDD 
card no. 01-071-5682, space group Pm-3m). Both phases were also 
detected by electron nanodiffraction, as will be shown further. That is in 
good agreement with other works on AlCoCrFeNi research, which 
frequently report the presence of the B2 phase along with other phases 
[4,26–31]. As shown in the difractogram (Fig. 1), the cast alloy is formed 
of the disordered BCC A2 (ICDD card no. 04-004-9051, space group 
Im-3m) and ordered B2 phase originating from the spinodally decom
posed BCC solid solution of the cast alloy [12]. These two phases are 
represented with the same reflections, as both have the BCC crystal 
structure. Hillel et al. [29] mentioned in their work that it is impossible 
to differentiate between the single B2 phase and B2/BCC mixture. These 
two phases are non-distinguishable with bulk XRD as the main peaks 
referring to the planes (110), (200), and (211) overlap, and other B2 
superlattice reflections (111), (012) have a low intensity to be distin
guishable with a bulk XRD. 

On the other hand, the MA powder alloy consisted of a mixture of B2, 
BCC, and FCC (ICDD card no. 04-022-2301, space group Fm-3m) phases. 
The B2 phase was found to be the same type of Al(Ni0.5Co0.5) as in the 
cast alloy. In addition to the B2 and A2 phases, the FCC phase was 
present as well, which is commonly found in cast alloys with an 
aluminium content lower than approximately 18 at.% [12]. Considering 
the actual amount of aluminium in the MA + SPS compact being 16.7 at. 
%, the presence of the FCC phase is reasonable, although it was not 
present in the cast alloy with an even lower aluminium content of 16.3 
at.%. Considering the amount of Al reaching up to 16.3 at.%, the content 
of residual FCC phase might be, considering the measurement error of 
XRF analysis, below the detection limit of XRD. The presence of the B2 
phase was not reported in the MA AlCoCrFeNi alloys [15,16,49]. Resi
dues of this phase were present in the MA AlCoCrFeNi0.3 [30] and in the 
equiatomic atomized alloy [32]. Otherwise, the MA powder alloys are 
formed of BCC or a combination of FCC and BCC solid solutions [15,16]. 
A small amount of chromium carbides was also detected in the powder 
alloy, which comes from the use of n-heptane as the PCA. Compared to 
the MA + SPS sample, there is a certain difference in the diffraction 
pattern of the sintered and powder samples. The reflections belonging to 
the FCC have a lower intensity in the compacted sample, resulting in a 
decrease in the FCC fraction in the sample. On top of that, no BCC solid 
solution was detected in the sintered sample, which might be caused by 
the complete overlapping of the characteristic peaks of the present B2 
and the BCC phase, which is reported in the work of others [15,17]. 
Thus, the presence of either B2 or BCC solid solutions considering the 
residual stress strains, which affects distortion of the crystallographic 
lattices of both phases, is even more difficult to resolve within such a 
prepared alloy. The situation is further complicated by a partial relax
ation of the lattice strain during the sintering process, although the 
sample is compacted only for a very short time. The change of the lattice 
parameters could shift the BCC phase reflections, resulting in their su
perposition with the reflections of the B2 phase. The Cr7C3 carbides in 
the powder alloy transformed during the sintering process to Cr23C6, a 
more thermodynamically stable form [33]. 

The LM micrographs of the MA, MA + SPS, and cast alloys are shown 
in Fig. 2. At first sight, there is an evident difference between the 
preparation methods. Fig. 2a is a micrograph of the 8h MA powder alloy. 
The microstructure of the particle is rather homogeneous, with several 
voids due to the continuous intensive plastic deformation and mutual 
fragmentation of the powder particles. Differences in contrast are 
associated with different phases or crystallographic orientations. The 
ultrafine-grained microstructure of the MA + SPS sample is in Fig. 2b, 
which shows a good homogeneity with non-distinguishable grains in the 
LM micrograph. Comparing Fig. 2a and b demonstrates the reduction of 
the porosity during the SPS process, which, together with no visible 
particle boundaries in the MA + SPSed sample, indicates an overall good 
optimization of the sintering parameters. The microstructure of the MA 
+ SPSed sample is significantly more refined than the cast sample 
(Fig. 2c). In addition, the average surface porosity of the MA + SPSed 
sample is also lower when compared to the cast specimen, although both 
samples showed extremely low porosity under 0.25%. On the contrary, 
the cast sample (Fig. 2c) shows an equiaxed dendritic microstructure 
with an average grain size of around 80 μm. Along the dendrite, there is 
a zone of darker grey colour, signifying a slightly different chemical 
composition caused by the coring effect, while the interdendritic region 
is of a lighter shade. These findings are coherent with previous results 
mentioned in Refs. [12,27]. 

SEM micrographs representing the microstructural constituents are 
in Fig. 3. Fig. 3a presents the homogeneous, ultrafine-grained micro
structure of the MA + SPSed sample with grains of an average diameter 
of around 500 nm. At least three different phases can be differentiated 
by the chemical contrast of backscattered electrons, which is in good 
agreement with the XRD results (Fig. 1), showing 4 phases in total. 
Noticeable black dots are pores, which were enlarged during the 
chemical etching of the sample. This distinct microstructure, where 

Table 1 
The element composition (in at.%) of the cast and sintered AlCoCrFeNi samples 
(XRF).   

Al Co Cr Fe Ni 

Cast 16.3 20.8 19.6 20.7 22.5 
MA + SPS 16.7 19.8 18.6 22.8 22.0  

Fig. 1. The XRD diffractograms of the cast, MA, and sintered AlCoCrFeNi alloy.  
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grains have discernible boundaries, was not described in other papers 
[15–17]. Comparing the LM micrographs, the microstructure is similar 
to Ji et al.’s work [15], although the SEM image was not provided. 
However, the microstructure in Ref. [15] is composed of grains up to 
200 nm, stating the FCC phase has larger grains compared to the grains 
of BCC. Increased microstructural refinement is caused by a lower sin
tering temperature of 900 ◦C compared to our work (1000 ◦C), as well as 

by the longer MA being 60 h in total. The paper of Mohanty et al. [16] 
reports a microstructure with apparent powder-to-particle boundaries, 
although sintered at the same temperature (1000 ◦C) as in our work. The 
cast sample (Fig. 3b) exhibits two distinct but subtle phase constituents 
with a maximal width of 100 nm. These phases seem to be inter
connected, with cuboidal precipitates in between, but at higher 
magnification (upper right corner of the micrograph), it is evident that it 

Fig. 2. The LM micrographs of AlCoCrFeNi alloy prepared by: a) MA (powder form); b) MA + SPS; c) induction casting after etching.  

Fig. 3. The SEM micrographs of the AlCoCrFeNi alloy prepared by: a) MA + SPS; b) induction casting.  
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represents a matrix with cervical-shaped precipitates, a typical modu
lated plate spinodal structure. The SEM micrograph confirms the exis
tence of two phases (B2 and BCC) discussed in the previous paragraph. 

This microstructure formed by spinodal decomposition is common 
for cast AlCoCrFeNi alloys [11,12,27,34,35]. The spinodal decomposi
tion also occurs in other HEA systems containing Al and Ni [36,37], but 
it is reported to appear in alloys with different compositions as well 
[38–40]. The difference in size and morphology of the spinodally 
decomposed phases B2 and BCC in the dendritic core and the inter
dendritic region was not observed, so only one SEM micrograph is 
shown in Fig. 3b. However, in the literature, dendritic and interdendritic 
regions in cast AlCoCrFeNi alloys are frequently reported to have 
different microstructure [21,26,27,34]. A slight difference was observed 
only in the chemical composition (Fig. 4), where the dendrite core is 
enriched in Ni and Al, and the interdendritic region, close to grain 
boundaries, is enriched in Cr. This is in good agreement with the work of 
others [21,26,27]. Visible black spots are enlarged pores or holes 
emerged during electrolytic polishing of the sample. 

The SEM + EDS distribution maps of elements of MA + SPSed and 
cast alloys are shown in Fig. 5. The MA + SPSed sample is homogeneous 
with more or less uniform distribution of alloy constituents, although 
grains enriched in Cr are apparent, whereas the concentration of other 
elements is decreased in these regions (Fig. 5a). Increased concentration 
of Cr is most probably connected with the formation of carbides in the 
sintered samples, as was shown by the XRD analysis (Fig. 1). This would 
also correspond to the depletion of the rest of the elements because 
element with the second highest tendency to form carbides would be Fe, 
but there is no evidence of higher concentration of Fe in the same re
gions as Cr. Nevertheless, the regions with higher Fe concentrations are 
present, but they seem to have larger dimensions compared to the 
grains. The most uniform distribution has Co, whose concentration is 
slightly lowered in the Cr-rich grains. 

The SEM + EDS element distribution map of the cast alloy is in 
Fig. 5b. When compared with the MA + SPSed sample, the micro
structure is completely different. The element distribution confirms the 
existence of two phases with dissimilar chemical compositions. The 
matrix depicted with a darker shade of grey is enriched in Al and Ni, and 
hence, it represents the B2 phase. Opposite to this phase, the bright 
precipitates show increased amounts of Cr and Fe, and thus it represents 

the complementary BCC (A2) phase. High mixing enthalpy of the Al–Ni 
pair diminishes the configuration entropy effect and tends to form or
dered B2 phases rather than disordered solutions. As opposed to this, 
segregation of the Fe–Cr-rich precipitates takes place in the B2 matrix, 
which was already demonstrated in precedent works [12,21,27,34]. The 
only homogeneously distributed element among the analyzed area is Co. 

The microstructure of both samples at a finer scale was examined by 
TEM/STEM. Fig. 6a shows a detail of the spinodally decomposed 
microstructure in the dark-field TEM image using the (010)B2 spot of the 
cast alloy. The B2 matrix thus appears bright, and the disordered BCC 
precipitates, with a maximal width of 100 nm, are dark. The MA +
SPSed sample shows a completely different microstructure. From the 
STEM high-angle annular dark-field (HAADF) image (Fig. 6b) taken at 
the same magnification it follows that the alloy is reinforced by a dense 
distribution of Al2O3 particles, having in the majority under 30 nm in 
diameter. The grain and phase boundaries cannot be well distinguished 
in the STEM-HAADF micrographs, so an Automated Crystal Orientation 
Mapping (ACOM) NanoMegas precession diffraction system was used to 
obtain phase and grain distribution maps (Fig. 7). From the phase map 
(Fig. 7a) it follows that the identified phases are FCC (green), B2 (red) 
and Cr23C6 (blue), points with no match are displayed as black. The 
grain size can be easily estimated from the grain orientation maps 
(Fig. 7b–d). The FCC phase grains and the Cr23C6 particles are around 
500 nm in size, while the grains of the B2 phase were overall bigger, 
showing a certain level of mutual interconnections. 

Fig. 8 presents the distribution of alloy constituents in the cast and 
MA + SPSed samples as found by STEM EDS. In agreement with the 
SEM-EDS results, the B2 ordered matrix in the cast alloy is rich in Ni, Al, 
and Co, while the BCC precipitates are rich in Cr and Fe (Fig. 8a). In the 
MA + SPSed alloy, the B2 phase has a similar composition, while the 
FCC phase is enriched in Fe and Co. 

STEM EDS mapping enables obtaining not only a qualitative distri
bution of elements in the microstructure but also quantifying the 
composition of the microstructure components. The average values, 
obtained from 10 read-outs (pop-up areas marked in Fig. 8a and b) on 
several EDS maps of the investigated alloys, are given in Table 2.. From 
the quantification, it follows that the content of Co, Fe, Ni, and Al in the 
bright B2 phase in the cast sample is practically the same as it was 
measured in the interdendritic region by Wang et al. [21]. In the case of 
the dark BCC precipitates, our results match with [21] only for Co and 
Fe, while we measured nearly double Cr concentration and lower con
tent of Ni and Al. If we compare the composition of the B2 phase in the 
cast and MA + SPSed sample, it is nearly identical, except for carbon and 
oxygen, which are not present in the cast alloy. Comparing the chemical 
composition of the latter main phases gives us about 20% higher content 
of Co, Fe, and Ni in the FCC solid solution in the MA + SPS sample, while 
the content of Al and Cr is roughly 50% lower than in the BCC phase of 
the cast alloy. Chromium in the Cr23C6 carbides is substituted by 10 at.% 
of Fe and 4 at.% Co, while the content of Ni, Al, and Si is significantly 
lower, ranging from 0.3 up to 1.5 at.%. Hence, the carbide should be 
more appropriately denoted as M23C6 (M = Cr, Co, Fe, Ni, Al). The 
majority of oxides are Al2O3, but particles containing chromium, iron, 
nickel, or silicon were found as well, which might correspond to the 
pre-oxidized powders used for their preparation. However, these results 
are often neglected in the recent works of others, although the usage of 
fine powders is often associated with some residual pre-oxidation, 
hardly to be dealt with. 

Due to the presence of carbide and oxide particles in the MA + SPS 
alloy, the overall content of C and O was analyzed in both of the samples. 
For this purpose, WDS analysis with 15 readouts across the whole 
sample was used to obtain an average value. As expected, the content of 
both elements in the cast sample was below 2 at.% with the origin in 
contamination of input materials, considering also higher error per
centage at lower concentrations. On the other hand, the concentration of 
O in the MA + SPS sample reached 4.13 at.%, although also originating 
as contamination of input powders, it resulted in the formation of 

Fig. 4. The cross-grain boundary EDS line analysis of the cast AlCoCr
FeNi alloy. 
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nanometric oxide particles in the sample. The content of C in the MA +
SPS sample was as high as 7.36 at.%, corresponding with the amount of 
carbide grains in the material. 

3.3. Mechanical properties 

The overall results of mechanical properties are summarized in 
Table 3. The highest hardness (635 ± 4 HV 30) was achieved by the MA 
+ SPS sample, exceeding the hardness of the cast alloy by 130 HV. This 
difference is caused mainly by the lattice distortion and internal strains 
accumulated during MA [41] that are partially maintained due to the 
short-term SPS compaction. Although the cast sample exhibits a more 

refined microstructure with constituents of about 100 nm wide, the 
main strengthening mechanism in the B2-A2 spinodal structure is the 
coherency strain strengthening of the matrix-precipitate interface. 
Considering the fine dimensions of present precipitates, the interactions 
between dislocations and precipitates result in a planar slip that does not 
provide enough strengthening to compete with the latter sample [42]. 
Compared to this, the MA + SPSed sample is composed of grains 
approximately two orders of magnitude smaller than the cast sample, 
which combined with other factors, has a higher impact on the resulting 
hardness. The carbides and oxides present in the MA + SPSed sample are 
another factor contributing to the hardness increase. The obtained 
hardness of the MA + SPSed sample is comparable with the results of Ji 

Fig. 5. The SEM + EDS distribution maps of elements in the MA + SPSed (a) and in the cast (b) AlCoCrFeNi alloy.  
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et al., reporting a hardness of 625 HV 10 [15]. Other papers record even 
higher hardness of MA + SPS samples, reaching the average values of 
710 HV 5 [17] or even 815 HV 0.05 [16]. It has to be noted that all the 
above-mentioned samples were prepared by MA, lasting for 60 h, pro
cesses far exceeding the 8 h process duration used for the preparation of 
the alloys investigated in the present work. Thus, the longer MA led to a 
different phase composition, establishing the equilibria between mutu
ally competing dynamic recovery and intensive plastic deformation in 
favour of higher imposed internal strains, as well as further grain 
refinement. The hardness of the cast sample was 504 ± 10 HV 30, which 
is in good accordance with the literature [11,27,43]. Considering the 
conformity of microstructure formation and phase composition, the 
main contribution to the hardness of the cast sample is the size of the 
microstructural constituents, which is in good accordance with the re
sults of hardness reported by others [11,27,43]. 

The stress-strain tests were performed at different temperature con
ditions, which comprised testing at room temperature (RT) of the as- 
prepared samples and of samples that underwent annealing (100 h/ 
800 ◦C) as well as samples being tested at an elevated temperature of 
800 ◦C. The effect of lattice strain and grain size of the MA + SPS sample 
is demonstrated also in the stress-strain compressive curves measured at 
RT (Fig. 10a). The MA + SPS sample reached a CYS of 2029 ± 5 MPa, 
which is nearly 700 MPa higher than of the cast sample, which reached a 
CYS of 1366 ± 32 MPa. Certainly, the presence of carbides and oxides in 
the MA + SPS alloy, bearing the role of particle reinforcements, has also 
pushed the CYS to higher values. Nevertheless, higher CYS was 
accompanied by lower ductility, and, in this case, lower UCS as well due 
to present carbides and oxide nanoparticles. While the MA + SPSed alloy 
possessed still a decent plastic strain of nearly 9%, the cast sample 
fractured at a significantly higher plastic strain of 29%, reaching the UCS 
of 3072 ± 122 MPa. This corresponds to a value 400 MPa higher than 
that of the MA + SPS sample. Both the investigated alloys showed 
different work hardening rates (Fig. 9). The work hardening rate of the 
MA + SPS was higher right after the yielding point, nevertheless due to 
the present internal strain and strengthening particles, its decline was 
faster, and thus, it soon decreased below the work hardening rate of the 
cast alloy. According to the literature, those microstructural character
istics and other objections to the dislocation movement in the MA + SPS 
sample are the cause of jogging and anchoring the dislocations and thus 
hindering them in their movement. Therefore, the activation energy for 
the dislocation glide is higher compared to the cast sample, which cor
responds with a higher yield strength of the MA + SPS sample. Inter
action between the dislocations and other structural components is more 
intense in the cast sample and that results in a higher flow stress of the 
sample, whereas high stress in the MA + SPS sample causes overcoming 
of the objections e.g. by cross-slip, which results in dynamic recovery 
and therefore reduction of the hardening. The hardening rate of the cast 

alloy decreased in an atypical manner at an almost constant rate until 
cracking. However, the difference in the overall plastic deformation 
might be also attributed to the presence of B2 phase intermetallics, 
which are known for their RT brittle behaviour due to not meeting the 
Von Mises criteria having only <100> slip mode active [44]. Never
theless, it was found that slip in the <111> direction is possible in other 
B2 intermetallics with low anti-phase boundary energy [45], which may 
be the case with B2 matrix in the AlCoCrFeNi as well as similar behav
iour was found in different B2-BCC phase HEA [42]. The B2 phase 
ductility may be also enhanced with the activation of mechanical 
twinning observed in AlNi alloys [46,47]. 

The MA + SPSed sample outperformed the alloy reported by Ji et al. 
[15] but had slightly lower UCS than the alloy reported by Rogal et al. 
[17] while exhibiting higher ductility. However, both samples were 
prepared with long-term MA (35 and 60 h) and variating SPS compac
tion temperatures; Ji et al. used 900 ◦C for 10 min, whilst Rogal et al. 
sintered their sample at 1050 ◦C for 15 min. The beneficial effect of the 
MA with a combination of SPS can be demonstrated, for example, with 
the comparison with a cast sample reinforced with WC particles [48]. 
The strengthening of 60 wt% of WC resulted in the increase of CYS and 
UCS to 1709 MPa and 2091 MPa, respectively, which is still 300 MPa 
and nearly 600 MPa less than the values of the MA + SPS sample 
investigated in our work. Such results confirm that the MA + SPS pa
rameters are well optimized and targeted on the mechanical perfor
mance of the alloys. Compared to the results of compressive tests of 
identical alloys obtained after 84 h of mechanical alloying, the UCS was 
significantly lower, reaching only 1947 MPa [49]. The CYS (1366 MPa) 
of the investigated cast alloy is comparable with the results of others 
ranging from 1209 MPa up to 1399 MPa [18,21,27,43], but the per
formance during the plastic stage is significantly different. Other alloys 
achieved a maximum UCS of 2065 MPa [18] compared to 3072 MPa 
reached in this work. More importantly, the total compressive strain 
was, in some cases, almost the same, which was probably caused by a 
slower deformation speed compared to ours 10− 3 s− 1. 

The significant difference in mechanical properties of the MA + SPS 
and cast alloy is based on the phase and microstructural composition of 
the compared alloys. It is generally known, that the strengthening of 
polycrystalline materials has four major contributions: solid solution 
strengthening, grain boundary strengthening, dislocation strengthening 
and precipitation/particle strengthening [50]. Solid solution strength
ening in HEAs is based on severe lattice distortion because there is no 
major solvent element [27]. It cannot be certainly said that one of the 
samples has a more distorted lattice since both have similar chemical 
compositions. The spinodal decomposition of the cast sample could lead 
to a possible decrease in lattice distortion due to the formation of an 
ordered B2 phase, but the presence of the B2 phase was detected in the 
MA sample as well. On top of that, the TEM EDS results of chemical 

Fig. 6. TEM/STEM micrographs of the AlCoCrFeNi HEA: (a) Dark-field TEM in the (010) B2 spot of the cast alloy with nano diffraction patterns of the light B2 and 
dark BCC phases in the inset, (b) STEM high-angle annular dark-field (HAADF) of the sintered alloy; numerous black particles in (b) are oxides. 
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composition (Table 2) did not reveal any essential differences leading to 
the solid solution strengthening. Nevertheless, it can be presumed that 
the MA + SPS sample has a more distorted lattice due to the nature of 
mechanical alloying, and thus it can benefit more from the solid solution 
strengthening. A similar principle can be applied to dislocation 
strengthening. Alloys prepared with MA have generally higher crystal
lographic defect density, therefore it can be presumed, that the dislo
cation strengthening is more significant in the MA + SPS alloy [51]. 
More evident is the effect of the grain boundary strengthening. 
Considerable differences in the grain size between the two samples 
favour the MA + SPS sample, which has two orders of magnitude smaller 
grains and thus a higher volume fraction of grain boundaries, which 
impede the dislocation movement. Since the microstructure of both 
samples is completely different, the precipitation strengthening has in 
either alloy different origin. The strengthening in the cast alloy is due to 
the spinodal decomposition based on the lattice constant mismatch be
tween the A2 and B2 phases. Owing to the nanometric size of both 
phases, it has a remarkable impact on the yield strength of the alloy 

[27]. On the other hand, the MA + SPS sample contains Cr23C6 particles 
and mainly intragranular nanometric oxide particles causing a micro
structural mismatch due to a difference in thermal expansion co
efficients, which is applied during the high-temperature compaction, 
strengthens the alloy considerably [52]. 

Stress-strain tests after the annealing process (Fig. 10b) showed su
perior performance of the MA + SPS sample compared to the cast 
specimen. One can see that the curve after annealing of the MA + SPS 
sample is almost identical to the one obtained at RT (Fig. 10a). Both the 
CYS and UCS even slightly increased in value, see Table 3. The same 
cannot be said about the cast alloy, the nicely distinguishable transition 
around yielding point at RT transformed into the gradual transition from 
elastic to plastic deformation. The effect of the annealing on the cast 
alloy resulted in a major ductility reduction by 60% of the initial value. 
As a consequence, the UCS reduced to 2733 ± 111 MPa, showing an 
overall worse performance than the MA + SPS sample, which retained 
its performance. The XRD analysis after annealing (Fig. 11) showed no 
formation of new phases in the structure of the MA + SPS sample, except 

Fig. 7. ACOM TEM images of sintered AlCoCrFeNi HEA: (a) phase distribution map - the identified phases are denoted by green (FCC), red (B2 ordered BCC) and 
blue (Cr23C6) colours, points with no match are displayed as black, (b–d) grain orientation maps corresponding to the x-axis (b), y-axis (c) and z-axis - electron 
incidence (d); orientation maps are coloured according to the cubic inverse pole figure in the top part of the figure. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 8. STEM-HAADF micrographs (a, b), matching Automated Crystal Orientation Mapping (ACOM) phase map (c), and corresponding energy dispersive spec
troscopy (EDS) maps of the cast (a) and sintered (b, c) AlCoCrFeNi high entropy alloy. Red circles in the inset in the micrographs (a, b) demonstrate pop-up areas used 
for the quantification of the chemical composition of relevant phases from EDS map data cubes; the results are summarized in Table 2. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
The average composition (10 readouts) of the dark (Co, Ni, Al-rich) and bright 
(Cr, Fe rich) phase in the cast AlCoCrFeNi high entropy alloy and Fe-rich FCC 
phase, Ni-rich B2 ordered BCC phase, carbides Cr23C6, and oxides in the sintered 
alloy (MA + SPS) evaluated from TEM EDS maps (at.%).  

Cast Co Cr Fe Ni Al Si C O 

bright 
B2 

21.5 
± 1.4 

5.2 
± 1.1 

16.5 
± 1.5 

29.2 
± 2.8 

20.3 
± 4.0 

0.6 
±

0.4 

– – 

dark 
BCC 

18.6 
± 1.7 

37.9 
± 8.9 

28.3 
± 3.8 

8.9 
± 6.5 

5.1 
± 5.3 

1.5 
±

1.9 

– – 

MA +
SPS 

Co Cr Fe Ni Al Si C O 

FCC 22.2 
± 1.6 

15.0 
± 0.4 

34.3 
± 1.6 

12.4 
± 0.5 

3.0 
± 0.8 

1.4 
±

0.3 

8.3 
± 3.2 

3.1 
± 1.6 

B2 20.8 
± 1.7 

4.2 
± 0.3 

17.5 
± 1.3 

26.8 
± 1.4 

16.5 
± 1.3 

0.8 
±

0.3 

7.6 
± 1.1 

5.7 
± 3.0 

Cr23C6 4.0 
± 0.8 

52.3 
± 3.2 

10.6 
± 1.2 

1.5 
± 1.4 

1.4 
± 0.4 

0.3 
±

0.3 

30.0 
± 1.0 

– 

Oxides 3.2 
± 5.2 

4.5 
± 5.1 

3.5 
± 4.4 

1.9 
± 2.2 

20.9 
± 2.5 

0.8 
±

1.5 

14.8 
± 4.9 

50.3 
±

17.9  

Table 3 
Summary of mechanical properties of the MA + SPSed and cast AlCoCrFeNi 
alloy accompanied by the confidence intervals.  

Cast CYS (MPa) UCS (MPa) HV 30 

RT 1366 ± 32 3072 ± 122 504 ± 10 
After annealing (800 ◦C 100h) 1448 ± 58 2733 ± 111 – 
At 800 ◦C 322 ± 30 – – 
MA + SPS CYS UCS HV 30 
RT 2029 ± 5 2659 ± 106 635 ± 4 
After annealing (800 ◦C 100h) 2119 ± 41 2782 ± 95 – 
At 800 ◦C 147 ± 11 – –  

Fig. 9. Work hardening rate comparison of MA + SPS and cast AlCoCrFeNi.  
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for the change in the volume ratio of the FCC phase. Despite the rise in 
the volume fraction of the FCC phase by 10 %, the performance of the 
MA + SPS alloy was the same as prior annealing, confirming its excep
tional thermal stability. 

A significant difference is notable when observing the microstructure 
of the samples after annealing compared to the as-prepared state 
(Fig. 12). The increase in grain size is visible in both the investigated 
alloys, however, the coarsening of the microstructure is far more 
extensive in the cast sample, in which the BCC particles grew about five 
times their original size (Fig. 12d). Moreover, a different structure is 
visible in some of the BCC particles interior, showing a presence of a 
grey-white dotted particles, which corresponds to the σ-phase precipi
tation within these particles. Besides coarsening, the microstructure of 
the MA + SPS sample changed in general, making the present grains 

hardly distinguishable, which can be a consequence of a different after- 
annealing etching response. 

The increase of the FCC fraction by 20 wt% in the MA + SPS alloy 
after heat treatment at 1000 ◦C for 2h was documented by Faraji et al. 
[53]. This increase resulted in enhanced ductility and an overall dif
ference in compressive response. However, compared to an increase of 
the FCC phase by 10 wt% in our alloy was not enough to promote any 
change in the compressive behaviour. In theory, the microstructure 
coarsening along with an increased amount of the FCC should lead to an 
increase in ductility and reduction of strength characteristics, which was 
not shown during the compressive tests nor the thermal stability anal
ysis. The hardness of the alloy was stable during the whole 100 h of 
annealing, and at the end, it even slightly rose. Since no new phase 
precipitation was shown by the XRD analysis, the microstructure after 
annealing was further examined with TEM (Fig. 13) as there was a 
possibility for σ-phase precipitation similarly to the cast sample. Neither 
the TEM proved the precipitation of the σ-phase as it is connected to the 
presence of the disordered BCC phase in the sample, which was not the 
case for the MA + SPS sample. Therefore, the thermal stability of the MA 
+ SPS alloy is attributed to the presence of carbides and mainly homo
geneously dispersed nanometric oxide particles. The oxide particles 
retained their size and density and thus limited any significant micro
structural changes during the annealing. As the phase composition and 
microstructure are very similar to the as-prepared sample, the overall 
compressive response is almost the same compared to the initial 
RT-tested sample. 

On the other hand, the phase composition of the cast sample un
derwent a significant change with a partial transformation of the BCC 
(A2) phase to the FCC phase and precipitation of the tetragonal (TG) 
Fe–Cr σ-phase (ICDD card no. 04-004-4324, space group P42/mnm) 
(Fig. 11). Precedent findings showed a formation of the FCC and σ-phase 
begin to occur at the interval of temperatures 550–650 ◦C at the grain 
boundaries of the B2-BCC microstructure [54,55], thus the main phase 
transformation takes place in the interdendritic region. As it was re
ported, the σ-phase precipitates were present in the form of round 

Fig. 10. The compressive stress-strain behaviour under different conditions comprising testing at a) RT; b) RT after annealing (800 ◦C 100h); c) elevated temperature 
of 800 ◦C (enlarged insight is marked by the red rectangle). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 11. The XRD diffractograms of MA + SPSed and cast AlCoCrFeNi alloy 
samples after annealing (800 ◦C/100 h). 
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particles contrary to the FCC phase, which creates elongated particles, 
which, during prolonged annealing, underwent significant coarsening 
along with the former B2-BCC phase [54]. The precipitation of the 
σ-phase is related to a substantial increase in the hardness of the inter
dendritic region, also promoting its brittleness. In the end, it is the 
interdendritic region in which the crack propagates during the failure of 

the alloy [18]. To conclude, the precipitation of the σ-phase within the 
interdendritic region forming sort-of interconnected areas has a negative 
influence on the ductility, reducing the UCS. In addition, the formation 
of a higher volume fraction of the FCC phase and overall coarsening of 
the microstructure changes the course of the stress-strain curve around 
the CYS, making it less prominent. 

The results of the compressive stress-strain testing at a high tem
perature of 800 ◦C are shown in Fig. 10c. It is evident that the temper
ature was extremely high for both samples and resulted in an enormous 
decrease in the CYS, especially for the MA + SPS sample. On the other 
hand, it allowed both samples to deform to higher strains due to 
continuous plastic deformation. The cast alloy achieved higher CYS 
however, after peaking out at 322 ± 30 MPa, the stress started to 
decrease gradually. On the other hand, the MA + SPS sample reached 
CYS of 147 ± 11 MPa and then gradually strengthened under plastic 
deformation. The alternative behaviour of the alloys signifies a different 
deformation mechanism. The activation of additional slip systems and 
deformation mechanisms at high temperatures caused the radical 
decrease in the CYS however, the sample still exhibited gradual work 
hardening during the plastic strain. The MA + SPS alloy has a very 
refined grain size, which contributes to the strengthening and more 
importantly, it is strengthened by carbides and nano oxides, which are 
stable at the temperatures of 800 ◦C and therefore contribute to the 
strengthening of the sample at high temperatures. On the contrary, the 
cast sample does not contain such structural constituents, thus after the 
yielding, the dislocations start moving through the sample without 
being hindered by a variety of particles found in MA + SPS alloy 
resulting in dynamic recovery, likewise, another B2-BCC structure alloy, 
as noted by Senkov et al. [42]. The total strain before the plastic 
deformation was nearly the same as in the case of the same alloy being 

Fig. 12. The SEM micrographs of AlCoCrFeNi alloy prepared by: a), b) MA + SPS; c), d) induction casting (a, c represent the as-prepared state; b, d represent 
annealed state). 

Fig. 13. STEM high-angle annular dark-field (HAADF) of the MA + SPS alloy 
after annealing at 800 ◦C for 100h. The dispersion of oxides remains high. 
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tested at RT, which signifies good chemical bonding among the structure 
of the sample compared to the MA + SPS alloy, where the plastic strain 
began at a lower stress. As Annasamy et al. [56] suggested for the 
Al0.9CoCrFeNi alloy, the progressive stress reduction with increasing 
strain is caused by continuous dynamic recrystallization, resulting in 
continuous softening. This might be also a similar case for our alloy 
because of nearly identical chemical composition and phase composi
tion, although the preparation techniques are different as Annasamy 
et al. [56] used arc melting and quenching. The softening may be also 
ascribed to modification of the interphase coherence, which might be 
distorted with the deformation [56]. 

4. Conclusion 

In this study, an AlCoCrFeNi alloy was prepared by MA + SPS and by 
induction casting to compare the effect of the preparation method on the 
properties of the alloy. The results show that the AlCoCrFeNi alloy ex
hibits a combination of great mechanical properties with excellent 
oxidation resistance. Moreover, these attractive properties might be 
improved by the short-term MA + SPS, having a positive impact on the 
refinement of the microstructure and strength characteristics. The cast 
sample comprised a dendritic microstructure with the spinodal internal 
structure composed of 100 nm wide constituents of Al–Ni rich B2 or
dered matrix and BCC Cr–Fe rich precipitates. On the contrary, the 
investigated MA + SPS alloy exhibited a three-phase composition 
detecting FCC in addition to the B2 and Cr23C6 phases. More impor
tantly, the MA + SPS alloy exhibited ultrafine-grained microstructure of 
sub 500 nm grains, two orders of magnitude smaller than in the cast 
alloy. Substantial strengthening of the MA + SPS sample, supported by 
the presence of carbide particles, resulted in higher hardness by 130 HV 
and CYS by almost 700 MPa compared to the cast sample. However, the 
cast sample achieved a higher UCS of 3072 ± 122 MPa, accompanied by 
29% plastic deformation. The MA + SPS sample showed excellent 
thermal stability when exposed to 800 ◦C, preserving its mechanical 
properties. The same cannot be said about the cast sample, as it un
derwent significant microstructure coarsening along with σ-phase pre
cipitation, resulting in major ductility and UCS reduction. 
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