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Abstract 

Powder metallurgy is a promising processing path to produce high entropy alloys (HEA) with improved mechanical 

properties. According to this, a bulk CoCrFeMnNi alloy was milled with a wide range of conditions. It was shown 

that a powder which is micronic, approximately spherical and with nanometric crystallites could be produced by a 

cryo-milling which was followed by a short duration planetary milling. Next, this powder was fully densified by spark 

plasma sintering. According to X-ray diffraction, the single phase of the bulk alloy remains stable during both milling 

and sintering. However, carbides and oxides precipitate during sintering, as shown by scanning electron microscopy 

coupled with energy dispersive spectroscopy. Electron backscattered diffraction evidence that those precipitates 

limit the growth of grains. By nanoindentation measurements, it was shown that preparing a CoCrFeMnNi HEA by 

milling and sintering significantly increases the hardness compared to conventional processing by melting and 

casting. Moreover, the different strengthening contributions were calculated and analyzed. It revealed that grains 

have a strengthening contribution as described by the Hall & Petch law, contrary to crystallites.  

 

 

Figure : graphical abstract 
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Highlights 

- A micronic and nearly spherical CoCrFeMnNi powder is produced by a two-step milling  

- This powder is fully densified by spark plasma sintering 

- The single phase of the bulk alloy remains stable during milling and sintering 

- Carbides and oxides limit the growth of grains 

- Grains are strengthening, contrary to crystallites 
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1. Introduction 

Since their discovery in 2004 [1, 2], high entropy alloys (HEA) have aroused an increasing interest. HEA are multi-

component alloys in which every component is very concentrated, or, in other words, in which the distinction 

between solvent and solute does not exist anymore. At first, studies focused on HEA compositions which were 

single-phased (ie : one solid solution), such as the quinary equimolar CoCrFeMnNi [3], also known as the Cantor 

alloy. Those single-phased HEA have the advantage to be thermodynamically stable at high temperature [4, 5]. 

Moreover, they exhibit an unprecedented combination of mechanical strength and ductility [6]. This is the case for 

example for the CoCrFeMnNi alloy whose yield strength and toughness at 293 K are respectively 500 MPa and 

200 MPa.m-1/2 [7]. A high yield strength was indeed expected due to the strengthening of this unusual multi-

component solid-solution [8]. However, for very demanding applications, an even higher yield strength is required. 

That’s why lately additional strengthening mechanisms have been explored and applied to HEA, such as 

precipitation hardening [9, 10], transformation and twinning induced plasticity (TRIP and TWIP) [11, 12] or grain 

size decrease [13].  

To begin, HEA were mainly processed by conventional melting, casting and thermomechanical treatments [14-16]. 

To further improve the properties, including the mechanical ones, new processing routes are now tested like the 

high pressure torsion [17] or swaging [18] in order to heavily deform alloys. Powder metallurgy is another 

alternative and promising processing route. Indeed, it can produce complex shapes and/or nanocrystalline alloys 

which can exhibit advantageous mechanical properties. Powder metallurgy has already been applied for various 

HEA systems [19-23] and ball-milling, which is a simple technique, was often used to produce powders. Most of the 

time, the alloy was formed via mechanical alloying (ie: using pure metals as starting materials) and complex, multi-

phased and sometimes metastable microstructures were formed. For example, milling Co, Cr, Fe, Mn and Ni 

powders in equiatomic proportion leads to the formation of several phases (fcc, bcc, σ, amorphous) [24-26], 

although a single fcc phase is thermodynamically predicted for this composition [5]. Sometimes, new phases are 

formed, or some phases disappear during subsequent sintering [24, 26, 27]. Thus, the capacity of ball-milling to 

produce metastable phases, which is often desired, becomes a drawback for HEA for which the stable phases are 

the ones of interest. For this study, ball-milling, which is a simple and not expensive technique, was selected to 

produce HEA powder. To avoid the formation of metastable unwanted phases, it was chosen to prepare the alloy 

by melting and casting and afterwards to produce powder by milling. Spark Plasma Sintering (SPS) was chosen to 

densify the HEA powders because of its capacity to quickly heat samples, which usually limits grain growth. 

The aim of this study is to contribute to assess the potential of powder metallurgy to produce HEA with improved 

mechanical properties. The equimolar CoCrFeMnNi composition was selected as a test case because it has already 

been widely studied as a bulk material. The objectives are: (i) to determine the processing conditions to produce a 

HEA powder and to fully densify it; (ii) to characterize the obtained microstructure and (iii) to compare the 

mechanical properties to a bulk HEA.  First, a wide range of milling conditions were tested and the obtained powders 

were characterized, with a focus on the evolution of crystallite size and of granulometry. Second, the most satisfying 

HEA powder was sintered by SPS and was deeply characterized by X-Ray Diffraction (XRD), Scanning Electron 

Microscopy (SEM) coupled with Energy Dispersive X-ray Spectroscopy (EDS) and Electron BackScattered Diffraction 

(EBSD). Third, the hardness of the sintered HEA was locally measured by nanoindentation. Finally, the contribution 

of the different strengthening mechanism was discussed.   

2. Material and methods 

The equimolar Cantor alloy CoCrFeMnNi was produced from bulk raw Co, Cr, Fe, Mn and Ni (purity > 99.9 wt.%). 

First, raw elements were melted by high frequency electromagnetic induction in a water-cooled copper crucible. 

Then gravity casting was performed to shape the ingots. One ingot was homogenized at 1373 K for 6 days under an 

Ar atmosphere. Those processing conditions are detailed in [5]. The processing path of this bulk homogenized 

sample is common for HEA and thus this sample serves as a reference. Another ingot was re-melted and quenched 



4 
 

using melt spinning in order to shape the ingot into a thin ribbon. The cooling rate was in the range 105-106 K.s-1. 

The obtained ribbon has a thickness between 30 and 50 µm and a length of around 1 m. The milling was performed 

on small pieces of ribbon (with a length of few millimeters), with two different types of equipment. The first one is 

a planetary Fritsch P7 premium with a 80 mL vial. A powder to ball ratio (BPR) of 1/15 was used, with steel balls 

with a diameter of 7 mm and a speed of 600 rotation per minute (rpm). The second one is a linear Retsch Cryomill 

which grinds at 77 K by impact and friction at a vibrating frequency of 20 Hz. The BPR was 1/8 with steel balls with 

a diameter of 12 mm. For both types of equipment, the vials were sealed under an argon atmosphere. The sintering 

equipment was the Fuji 515S Spark Plasma Sintering (SPS) equipment of the “Plateforme Ile-de-France de Frittage”. 

Graphite mold lined with graphite paper with a diameter of 8 mm was used. Sintering was performed under 

vacuum. The applied temperature and pressure cycles are given in Fig. 1. The temperature was increased up to a 

maximum temperature Tmax of 850°C with a heating speed of 100 °C.min-1. Once Tmax was reached, a uniaxial 

pressure of 100 MPa was applied to the pellet. Both the maximum temperature and the pressure were maintained 

during 4 min. Afterwards, load and temperature were decreased in a few minutes. 

All the samples which are presented in this study are listed in Table 1. They are named HEA-x where x is either b, r, 

m or s for bulk, ribbon, milled powder or sintered pellet respectively. For milled powders, additional information is 

added to the name to describe the milling conditions: C and P respectively stand for cryogenic and planetary milling 

while the number is for the duration of milling in hour. For example, HEA-m-C0.5 corresponds to a milled powder 

which was obtained by a cryogenic milling during 0.5 h.   

 

Fig. 1 (Color online): (a) Temperature (red dot line) and pressure (black straight line) applied during the SPS process to obtain the sintered 
HEA-s. (b) The shrinkage displacement (i.e. the relative displacement of the punch) is also plotted. The grey dashed areas indicate the large 

increase of the shrinkage displacement.   

 

Table 1 : List of the samples. The processing conditions and some of the characterization results are also listed. 

HEA ribbon and bulk 

Name Processing  Characterization 
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Starting 
material 

Conditions Phases 
Lattice 

parameter (nm) 
Crystallite size 

(nm) 

HEA-b 
Raw Co, Cr, 
Fe, Mn, Ni 

Induction melting, suction 
casting and homogenization 

annealing 
fcc 0.3603 ± 0.003 48 ± 34 

HEA-r 
Raw Co, Cr, 
Fe, Mn, Ni 

Induction melting and melt-
spinning 

fcc 0.3599 ± 0.0002 117 ± 28 

       

HEA milled powders 

Name 

Processing  Characterization 

Starting 
material 

Miller Duration (h) Phases 
Lattice 

parameter (nm) 
Crystallite size 

(nm) 

HEA-m-P1 HEA-r Planetary 1 fcc -* -* 

HEA-m-P2 HEA-r Planetary 2 fcc -* -* 

HEA-m-C0.5 HEA-r Cryo 0,5 fcc 0.3595 ± 0.0003 12 ± 3 

HEA-m-C1 HEA-r Cryo 1 fcc 0.3597 ± 0.0004 11 ± 3 

HEA-m-C2 HEA-r Cryo 2 fcc 0.3597 ± 0.0005 12 ± 5 

HEA-m-CP HEA-m-C1 Planetary 0,5 fcc  0.3597 ± 0.0004  12 ± 5 
       

HEA sintered pellets 

Name 

Processing  Characterization 

Starting 
material 

Conditions Phases 
Lattice 

parameter (nm) 
Crystallite size 

(nm) 

HEA-s HEA-m-CP 
SPS: graphite mold, 

Tmax=850°C, P=100 Mpa 

fcc + Cr 
carbide + Mn 

oxide 
0.3608 ± 0.0003 32 ± 13 

 * Because of very large powder grains, XRD characterization and thus lattice parameter and crystallite size 

computation were not possible. 

HEA ribbon 
 

Name 

Processing  Characterization  
Starting 
material 

Conditions Phases 
Lattice 

parameter (nm) 
Crystallite size 

(nm)  

HEA-r 
Raw Co, Cr, 
Fe, Mn, Ni 

Induction melting and melt-
spinning 

fcc 
0,3599 +/- 

0,0002 
117 +/- 28 

 
       

 

HEA milled powders  

Name 

Processing  Characterization  
Starting 
material 

Miller Duration (h) Phases 
Lattice 

parameter (nm) 
Crystallite size 

(nm)  
HEA-m-P1 HEA-r Planetary 1 fcc -* -*  
HEA-m-P2 HEA-r Planetary 2 fcc -* -*  

HEA-m-C0,5 HEA-r Cryo 0,5 fcc 
0,3595 +/- 

0,0003 
12 +/- 3 

 

HEA-m-C1 HEA-r Cryo 1 fcc 
0,3597 +/- 

0,0004 
11 +/- 3 
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HEA-m-C2 HEA-r Cryo 2 fcc 
0,3597 +/- 

0,0005 
12 +/- 5 

 

HEA-m-CP HEA-m-C1 Planetary 0,5 fcc 
0,3597 +/- 

0,0004 
12 +/- 5 

 
       

 

HEA sintered pellets  

Name 

Processing  Characterization  
Starting 
material 

Conditions Phases 
Lattice 

parameter (nm) 
Crystallite size 

(nm)  

HEA-s HEA-m-CP 
SPS: graphite mold, 

Tmax=850°C, P=100 Mpa 

fcc + Cr 
carbide + Mn 

oxide 

0,3608 +/- 
0,0003 

32 +/ 13 

 

 

At each step of the processing, the samples were characterized by X-Ray Diffraction (XRD) on a PANAlytical X’Pert 

Pro diffractometer using the Co-Kα radiation at a wavelength of 0. 178897 nm. For each pattern, the four diffracting 

peaks were fitted by a pseudo-Voigt function and the instrumental width, which was measured on a LaB6 reference 

sample, was subtracted. The lattice parameter and the crystallite size of the face-centered cubic phase were 

calculated using respectively the Bragg and Scherrer formula. The given values and uncertainties correspond to the 

average and standard deviation calculated from the data of the four peaks. Elemental, morphological and 

microstructural characterizations were performed using a Zeiss Merlin Field Emission Scanning Electron Microscope 

(FE-SEM) coupled with an Energy Dispersive X-ray Spectrometer (EDS) and an Electron BackScattered Diffraction 

detector (EBSD) from Oxford Instruments. Both detectors are driven by AZtec operating system. To investigate the 

crystallographic orientations by EBSD, a step size of 0.2 µm was chosen to map an area of around 4.104 µm². Some 

samples were characterized with a Zeiss Axio optical microscope, which is coupled with an integrated camera. The 

density of the pellet was also measured using the Archimedean method.  

Finally, a nanoindenter equipped with a Berkovich tip was used. For the HEA-s sample, thanks to optical 

observations within the nanoindenter, indents were positioned in areas with or without precipitates (which 

correspond to areas with respectively small or large grains). To obtain a similar indentation size effect and, thus 

comparable hardness, indents were performed with a constant depth of 1 µm. This corresponds to a maximum 

applied load of 55, 70 and 85 mN for respectively HEA-b, HEA-r in area with large grains and HEA-r in area with 

small grains. The hardness was determined using the Oliver and Pharr model [28]. The reported hardness H1µm and 

the corresponding uncertainty (Table 3) are respectively the average and standard deviation of the 20 

measurements performed for each sample. Moreover, around 50 indentations with depths varying between 0.5 

and 5 µm were performed for each sample. Those measurements were fitted on the Nix and Gao model [29] to 

deduce the hardness at an infinite depth H0, for which there is no size effect (Table 3). The given uncertainty of H0 

corresponds to the fit uncertainty. 

3. Results  

3.1. Milling of a bulk HEA 

At first, the bulk CoCrFeMnNi ribbon (HEA-r) obtained by induction melting and melt-spinning was characterized by 

XRD. It was checked that the alloy was composed of a single face-centered cubic (fcc) solid solution, with a lattice 

parameter of 0,3599 ± 0,0002 nm. This is in very good agreement with previous results on bulk CoCrFeMnNi [3, 30]. 

Moreover, a crystallite size of 117 ± 28 nm was determined. This sub-micronic crystallite size was very likely induced 

by the fast cooling rate during melt-spinning.   

Afterwards, planetary milling, which is a simple technique, was tested to produce CoCrFeMnNi powder. Small 

pieces of the bulk CoCrFeMnNi ribbon were milled during 1 and 2 h. The morphology and grain size of the obtained 
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powder, which were named respectively HEA-m-P1 and HEA-m-P2, were characterized by optical microscopy and 

are presented on Fig. 2 and Table 2. After 1 h of planetary milling, slightly anisotropic and roughly spherical powder 

grains are formed. Their size is approximately 800 µm. Unexpectedly, after 2 h of planetary milling, the powder 

grain size increases up to millimetric values and most of the powder grains are welded to the miller vial. Since a 

serious damaging of the vial was induced without obtaining a satisfying powder grain size, planetary milling was 

given up and no further characterizations were performed on HEA-m-P1 and HEA-m-P2. Instead, cryogenic milling, 

which is usually used in powder metallurgy to favor the fracture of powder grain, was tested. Small pieces of the 

CoCrFeMnNi ribbon were cryo-milled during 0.5, 1 and 2h. The corresponding samples were named respectively 

HEA-m-C0.5, HEA-m-C1 and HEA-m-C2. The evolution of powder grain shape was followed by SEM (Fig. 3a, b, c and 

c’). When increasing the milling time, powder grains become finer. More specifically, they become more and more 

anisotropic and can be qualified as “flakes”. This is evidenced on Fig. 3c’ for which the sample was tilted inside the 

SEM. More quantitatively, at the beginning of cryo-milling, powder grain size is very dispersed and ranges from 10 

up to 3000 µm and 5 to 500 µm after respectively 0.5 and 1 h of cryo-milling (Table 2). After 2 h of cryo-milling, 

powder grains have an average size of 22 ± 8 µm. Their width decreases from 2.5 µm for HEA-m-C0.5 down to 0.3 

µm for HEA-m-C2. Compared to planetary milling, cryogenic milling has the advantage to limit the sticking and 

welding of powder grains on the vial as well as to efficiently decrease their size.  

Since the starting pieces of ribbon were also very anisotropic (length of few millimeters and width between 30 and 

50 µm), more isotropic HEA starting materials were also cryo-milled (i.e.: shavings and large round pieces obtained 

respectively by filing and sawing the HEA ingots). Similar flake powder grains were formed (results not shown here). 

Consequently, the shape of the starting material does not influence the final shape of powder grains after cryo-

milling.  

Some cryo-milled HEA powders were sintered by SPS. However, a too large volume fraction of porosity (> 4 %) was 

obtained. To obtain a powder which is more appropriate for sintering, it was decided to perform a two-step milling: 

(1) a cryogenic milling in order to decrease the size of powder grains followed by (2) a planetary milling in order to 

round them. More precisely, based on the previous results, a cryogenic milling with a duration of 1 h was considered 

as a good compromise to decrease powder grain length and to limit the width thinning. Planetary milling lasts only 

for 0.5 h to avoid the welding of powder grains on the vial. The sample HEA—m-CP was produced through this two-

step milling. Powder grains have an average length and width of respectively 80 ± 30 µm and 20 ± 8 µm (Table 2). 

Compared to HEA-m-C1, the average size and the dispersion of size distribution decrease while the width increases. 

This was obtained through the folding of the flakes which were formed during the previous cryogenic milling (Fig. 

3d’).  

The milled powders were also characterized by XRD (Fig. 4). As for the bulk ribbon, all the milled powders are 

composed of a single fcc phase. In other words, no secondary undesired phases were formed during milling. The 

lattice parameter is similar to the one of the bulk ribbon for all powders (Table 1). The crystallite size decreases 

from 117 ± 28 nm down to 12 ± 3 nm during the first 0.5h of cryogenic milling. For longer milling time, the crystallite 

size remains stable. Thus, crystallite size is very efficiently decreased by milling.  

To summarize, a two-step ball-milling (i.e.: 1h of cryogenic milling followed by 0.5 h of planetary milling) was 

performed. The obtained powder grains are approximately spherical, their size is micronic, they are composed of a 

single fcc solid solution and their crystallite size is nanometric (12 ± 5 nm). They are consequently considered as 

satisfying for sintering.   

Table 2 : Powder grain sizes of milled HEA which were measured on optical images for HEA-m-P1 and HEA-m-P2 or on SEM images for the 
other samples.  

Name Length (µm) Width (µm) 

HEA-m-P1 800 ± 100 - a 

HEA-m-P2 1000 ± 250 - a 

HEA-m-C0.5 10 – 3000b 2.5 ± 0.5 
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HEA-m-C1 5 – 500b 1.1 ± 0.4 

HEA-m-C2 22 ± 8 0.3 ± 0.1 

HEA-m-CP 80 ± 30 20 ± 8 

a A powder grain width was not defined because grains were only slightly anisotropic.  

b Minimum and maximum lengths are given because powder grain size distribution is very large 

 

Fig. 2 : Optical microscope images of the CoCrFeMnNi HEA powders which were obtained by planetary ball-milling at ambient temperature 
during (a) 1 h (HEA-m-P1) and (b) 2 h (HEA-m-P2). 



9 
 

 

Fig. 3 : Scanning electron microscope images of the CoCrFeMnNi HEA powders. First,  powders were obtained by cryogenic ball-milling 
during (a) 0.5h (HEA-m-C0.5), (b) 1 h (HEA-m-C1), (c) and (c’) 2h (HEA-m-C2). (c’) is a tilted zoom of (c). Second, HEA powders were produced 

by a two-steps milling: (d) and (d’) 1 h cryogenic ball-milling which was followed by a 0.5 h planetary ball-milling at room temperature 
(HEA-m-CP). (d’) is a zoom of (d). 
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Fig. 4 (Color online): X-ray diffraction analysis. (a) XRD patterns of HEA powders after 2 h of cryogenic ball-milling (HEA-m-C2, gray) and of 
SPS densified HEA (HEA-s, black). The top-right inset is a zoom of HEA-s XRD pattern. Dots and triangles indicate the diffraction angles of 

respectively a Cr3C2 orthorhombic chromium carbide and of the face centered cubic CoCrFeMnNi solid solution. (b) Average crystallite size of 
CoCrFeMnNi after melt-spinning (HEA-r); after cryogenic ball-milling of 0.5, 1 and 2 h (HEA-m-C0.5; HEA-m-C1 ; HEA-m-C2); after cryo and 

planetary milling (HEA-m-CP); after SPS (HEA-s). 

3.2. Sintering of the HEA powder 

The HEA-m-CP powder, which was obtained through the two-step milling, was sintered by SPS. After preliminary 

tests and based on previous results from the literature [24, 31], it was chosen to apply during 4 minutes a maximum 

load and temperature of respectively 100 MPa and 850°C (Fig. 1a). There is a significant increase of the shrinkage 

displacement during the increase of temperature, more precisely between 475 and 760 °C (large grey area on Fig. 

1b). It is due to the sintering of the sample. A second increase of the shrinkage displacement takes place when the 

pressure is applied. It could be due to a plastic deformation of the pellet, or an increase of it, or to the very end of 

sintering. The sintered sample was named HEA-s. The measured volume fraction of porosity was 0.9 %. This very 

low value indicates that the chosen SPS conditions allow to reach a full sintering.  

The XRD pattern of the HEA-s pellet reveals the presence of two phases (Fig. 4a). The first one is the fcc solid-

solution, which was the only phase in the powder before sintering. Compared to the HEA-m-CP powder, the lattice 

parameter remains the same while the crystallite size slightly increases from 12 ± 5 nm to 32 ± 13 nm (Fig. 4b and 

Table 1). A crystallite growth is expected during the heating of an alloy with nanometric crystallite. However, 

because of the very fast heating rate and the short duration of the plateau, the growth is very limited and the 

crystallites remain nanometric. The second phase, which is minor (Fig. 4a, inset), can be indexed as a chromium 

carbide, more specifically the orthorhombic Cmcm Cr3C2 [32, 33].  
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A longitudinal section of HEA-s was characterized by SEM and EDS (Fig. 5). On a low magnification image (Fig. 5a), 

the border of the pellet exhibits more secondary phases than the core. An area close from the surface of the pellet 

is magnified on Fig. 5b. Two categories of secondary phases are observed: (i) middle grey precipitates with an 

irregular shape and a size between approximately 0.5 and 1 µm, (ii) black and round particles with a diameter 

smaller than 0.5 µm. On Fig. 5d, EDS spectra which were recorded within the matrix, a grey irregular precipitate 

and a black round precipitate, are plotted respectively in grey, blue and red. It is underlined that EDS does not 

permit quantitative measurements on such submicronic precipitates. Consequently, a comparative approach was 

preferred. Compared to the matrix (which is the fcc solid solution), the irregular precipitates are enriched in C and 

Cr. Thus, they correspond to the chromium carbides which were detected by XRD (Fig. 4a). The round precipitates 

are enriched in O, Si, Cr and Mn. Hence, black precipitates are mixed manganese oxides. Those oxides were not 

visible on XRD diffractograms because their volume fraction is too low or because they are not crystallized enough. 

In the middle of the pellet (Fig. 5c), the same two categories of precipitates can be seen. But their size and volume 

fraction are significantly smaller than close from the surface, especially for the grey precipitates. The composition 

of precipitates in the middle or close from the surface is qualitatively the same (Fig. 5d and e).   

The large volume fraction of carbides close to the surface (ie: close from the mold) and the decreasing gradient of 

carbides from the surface to the center of the pellet very likely indicate a diffusion of C from the mold towards the 

pellet during sintering. Concerning the carbides in the core of the pellet, they are probably due to a pre-existing C 

contamination in the raw metals. A similar O contamination and/or an oxidation of the surface of powder grain are 

also very likely. To summarize, the C and O contaminations in the HEA powders and the C diffusion from the 

sintering mold lead to the precipitation of Cr carbides and mixed Mn oxides. This is in agreement with previous 

studies on bulk CoCrFeMnNi Cantor alloy in which Cr carbides [34, 35] and mixed Cr and Mn oxides were already 

observed [36].  

Moreover, according to Fig. 5a, the core of the pellet seems to exhibit a heterogeneous distribution of grain size. 

Grains were further explored by EBSD (Fig. 6). It is recalled that grains are areas of the alloy inside which the 

crystallographic orientation is constant, and which are delimited by grain boundaries. They should not be confused 

with powder grains which were studied after milling in the section 3.1. On the band contrast map (Fig. 6a), the main 

indexed phase is the fcc CoCrFeMnNi while the not indexed black dots, which have a different crystallographic 

structure from the main phase, correspond to the carbides and oxides which were previously characterized. No 

specific orientation was detected on the orientation map of the sintered HEA (Fig. 6b). Boundaries were divided 

into two categories (Fig. 6d): high angle grain boundaries (HAGB) corresponding to a disorientation angle θ such as 

5° < θ < 58 ° (black); Σ3 boundaries for 58 ° < θ < 62° (red). It is mentioned that no boundary with θ > 62° was 

detected. The Σ3 boundaries correspond to annealing twins which were widely observed in bulk CoCrFeMnNi 

Cantor alloy [18, 37, 38]. They were excluded to determine the size of grains delimited by HAGB. On Fig. 6c, those 

grains are colored according to their surface area. As expected from SEM observations (Fig. 5a), the grain size 

distribution appears heterogeneous. Some domains contain large grains like in the area 1 (straight line rectangle, 

Fig. 6) while others contain smaller grains like in area 2 (dashed line rectangle, Fig. 6). The average grain size in 

areas 1 and 2 were calculated to be respectively 4.2 ± 2.5 µm and 1.3 ± 0.5 µm (Table 3). When comparing Fig. 6a 

and c and more precisely areas 1 and 2, it clearly appears that the domains with small grains contain more oxides 

and carbides than the one with larger grains. In other words, oxides and/or carbides have limited the growth of 

grains during sintering. It is underlined that, since oxides and carbides are located close to each other, it is difficult 

to separate the role of each other. Chen et al. [34] have also reported a grain growth in the CoCrFeMnNi Cantor 

alloy which was limited by carbides during conventional thermo-mechanical treatments.  
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Fig. 5 (Color online): Scanning electron microscope images in backscattered electron (BSE) mode of a CoCrFeMnNi HEA after cryogenic ball-
milling, planetary milling and SPS (HEA-s). Image (a) is a cross-section of the pellet, whose surface is on the top of the image. Images (b) and 

(c) are zooms of respectively the border and the middle of the densified pellet. (d) and (e) are energy dispersive spectra which were 
measured respectively in the border and in the middle of the pellet. The location of each spectrum is indicated by crosses on the 

corresponding SEM images (b) and (c). (1), (2) and (3) are located respectively on the fcc solid solution, the chromium carbides and the 
manganese oxides. 

 

 

Fig. 6 (Color online): Electron BackScattered Diffraction (EBSD) mapping of a CoCrFeMnNi HEA after cryogenic ball-milling, planetary milling 
and SPS (HEA-s). (a) Band contrast map. (b) Orientation map with the corresponding standard stereographic triangle (right down corner). 
(c) Grain size map. (d) Grain boundary disorientation map (with θ the disorientation angle) superimposed on the band contrast map. The 

magnification is the same for all four maps. The straight line and dash line rectangles indicate areas with respectively large and small 
grains. 
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3.3. Nanohardness measurements 

To be able to locally measure the hardness of areas with either large or small grains in the sintered HEA (HEA-s), 

nanoindentation was chosen. Since areas with (or without) precipitates have small (or large) grains and since the 

precipitates can be optically observed, it was possible to precisely position the indents (Fig. 7b and c). An indent 

depth of 1 µm was chosen as a compromise. Indeed, it is small enough to be in the middle of an area with (or 

without) precipitates and not to interact with area without (or with) precipitates. It is also large enough to induce 

a plastic zone larger than a grain and thus to average grain boundary strengthening [39]. For comparison, the 

hardness in the bulk homogenized CoCrFeMnNi (HEA-b) was also measured. It is underlined that, given the very 

large grain size (> 300 µm) of HEA-b compared to the indent depth (1 µm), the effect of grain boundary on hardness 

can be neglected. 

Representative loading-unloading curves are plotted on Fig. 7a. A hardness H1µm of 2.5 ± 0.1 and 3.2 ± 0.2 GPa was 

measured in areas with respectively large and small grains while the hardness H1µm of HEA-b is 2 ± 0.05 GPa (Table 

3). As expected, the combined presence of precipitates and smaller grains leads to a higher hardness in HEA-s with 

small grains while the hardness of HEA-b, for which there is no grain boundary effect, is the smallest one. The effect 

of each strengthening mechanism is studied in more details in section 4. The value of hardness at infinite depth H0, 

which were extrapolated with the Nix and Gao model (see section Erreur ! Source du renvoi introuvable..), are 

similarly ranked compared to H1µm. 

 

Fig. 7 (Color online): Nanoindentation measurements on a CoCrFeMnNi HEA after cryogenic ball-milling, planetary milling and SPS (HEA-s) 
and on a bulk CoCrFeMnNi HEA (HEA-b). (a) displays representative loading-unloading curves. (b) and (c) are optical images of indents 

which were performed on HEA-s in areas with respectively large grains and small grains. 

Table 3 : Comparison of strengthening mechanism in a CoCrFeMnNi HEA after cryogenic ball-milling, planetary milling and SPS (HEA-s) and 
in a bulk CoCrFeMnNi HEA (HEA-b). The grain size was measured by EBSD. The hardness at an indentation depth of 1 µm H1 µm was 

measured by nanoindentation. The hardness at infinite depth H0 was extrapolated from nanoindentation measurements through the Nix 
and Gao model. The total hardness is decomposed into four strengthening contributions, due to lattice (Hlattice), solid solution (HSS), grain 

boundaires (HGB) and precipitates (Hprecipitate). The contributions are given in GPa and as a percentage of the total hardness H0. 

Sample 
description 

Grain size 
(µm) 

H1 µm (GPa) H0  (GPa) 

Strengthening contributions 

Hlattice (GPa-
%) 

HSS (GPa-%) 
HGB (GPa-

%) 
Hprecipitate 
(GPa-%) 

HEA-b > 300 2 ± 0.05 1.64 ± 0.03 0.75 (46 %) 0.89 (54 %) - - 

HEA-s (large 
grains) 

4.2 ± 2.5 2.5 ± 0.1 1.87 ± 0.09 0.75 (40 %) 0.89 (47%) 0.26 (13 %) - 

HEA-s (small 
grains) 

1.3 ± 0.5 3.2 ± 0.2 2.25 ± 0.08 0.75 (33 %) 0.89 (40%) 0.46 (20%) 0.15 (7%) 
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4. Discussion 

4.1. Processing HEA by powder metallurgy 

To assess the potential of powder metallurgy to produce HEA, first, it was intended to produce a CoCrFeMnNi 

powder by ball-milling. More precisely, to avoid the formation of undesired metastable phases as observed in 

mechanical alloying of pure metals (see 1.), the alloy was prepared by melting and then was milled. During milling, 

the fcc phase (i.e.: the single stable phase of the bulk alloy) remains stable as desired. 

However, it was shown that planetary milling longer than 0.5 h has to be avoided for CoCrFeMnNi since it damages 

the equipment without reducing the powder grain granulometry. To limit this issue, process control agents, such a 

heptane or toluene, could be considered. However, a C contamination from those compounds during milling would 

be very likely. Since CoCrFeMnNi HEA is highly sensitive to C contamination, this would lead to an uncontrolled 

precipitation of carbides, as was observed in this study, in a small extent (Fig. 5), or in others [34-36]. Milling at a 

cryogenic temperature, which is commonly used for ductile material, was a mixed success for CoCrFeMnNi. Indeed, 

the crystallite size was very efficiently reduced to around 10 nm in only 0.5 h of milling, without any further increase 

(Fig. 4). Moreover, after 2 h of milling, the average granulometry of the powder was micronic (Table 2). However, 

powder grains were highly anisotropic: they exhibit a shape of “flake” (Fig. 5). Mechanical properties of the 

CoCrFeMnNi HEA can explain this result. Indeed, it was shown that CoCrFeMnNi is very ductile, even at cryogenic 

temperature [40]. Thus, during milling, powder grains are mainly plastically deformed and are scarcely fractured, 

even at cryogenic temperature. To bypass this anisotropy which is due to the intrinsic mechanical properties of the 

alloy, a two-step milling (i.e.: cryogenic milling followed by a short duration planetary milling) was successfully 

developed. The milling conditions were chosen based on the previous parametric studies of planetary and cryo-

milling.  

Although the obtained powders were successfully sintered and mechanically tested in the following of this study, 

this two-step milling has several drawbacks which should be highlighted. First, since it is in two steps, it is more 

complex. Second, the yielding is low because of the powder sticking during planetary milling. And finally, the 

granulometry cannot be tuned because the milling conditions have already been optimized to limit the powder 

sticking. In particular, powder grains smaller than around 80 µm would be difficult to obtain. Moreover, it should 

be underlined that, since many single-phase HEA are very ductile [6], similar unfavorable milling behavior has to be 

expected. So alternative techniques should be explored. Gas atomization, although more expensive than milling, 

appears as promising. Indeed, spherical and micronic CoCrFeMnNi powders have already been successfully 

produced by this technique [31]. To finish, it should be noted that CoCrFeMnNi alloy could be of interest for the so-

called “flake powder metallurgy”, for which “flake” powder grains are looked for [41, 42]. This is beyond the scope 

of this study and thus it was not tested here.  

For SPS, appropriate conditions were easily found to fully densify the HEA powder which was obtained by the two-

step milling. Indeed, by applying a maximum temperature and pressure of respectively 850°C and 100 MPa, a 

volume fraction of porosity lower than 1 % was obtained. Moreover, as wanted, the crystallite growth was limited 

during SPS and thus a nanometric crystallite size was kept (Fig. 4). During sintering, carbides and oxides precipitate. 

Parts of the carbides (the ones which are close to the surface) are due to a contamination from the graphite 

sintering mold. This is a frequently encountered issue in SPS, which is usually solved by grinding the surface of the 

pellet. The presence of oxides and carbides in the whole pellet depends on the purity of the powder. Thus, the 

choice and optimization of the process to produce HEA powder, which was discussed above, is of upmost 

importance.  

 

4.2. Strengthening contributions 

Yield stress is the combination of the lattice stress, which is sometimes also called the Peierls stress and which is 

the intrinsic lattice resistance to dislocation motion, plus the strengthening contributions due to the different 
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features of the microstructure, such as solute atoms, grain boundaries or precipitates. In a first approximation, 

which was previously applied for HEA alloys [43], those contributions can be summed up. Following Tabor’s work 

[44], the hardness H can be similarly described by: 

𝐻 = 𝐻𝑙𝑎𝑡𝑡𝑖𝑐𝑒 +𝐻𝑆𝑆 +𝐻𝐺𝐵 +𝐻𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒 

where Hlattice, HSS, HGB and Hprecipitate are the strengthening contributions of respectively the lattice, the solid solution, 

the grain boundaries and the precipitates. In the following discussion, only hardnesses which are extrapolated at 

infinite depth, and which are denoted as H0, will be considered in order to avoid any not comparable size effect. 

First, for the CoCrFeMnNi HEA, Hlattice can be assimilated to the hardness of pure Ni. Indeed, Ni is the only metal of 

the quinary system which is fcc at room temperature and thus can be artificially considered as the solvent element 

to which solute (i.e.: Co, Cr, Fe and Mn) are added [30]. Nanoindentation measurements were performed on pure 

Ni with millimetric grain size, whose strengthening effect is thus negligible, and the hardness was extrapolated at 

an infinite depth [45]. Based on those results, Hlattice was set to 0.75 GPa. Second, in the bulk homogenized 

CoCrFeMnNi sample (HEA-b), grain boundaries are larger than 300 µm, their effect can be neglected and there is 

no precipitate. Therefore in this alloy, the solid solution was considered as the only strengthening contribution and 

this can be used to deduce the contribution part of solid solution strengthening as follows: HSS = H0 (HEA-b)-Hlattice 

and so HSS = 0.89 GPa. Since all the studied samples are single-phased and have the same chemical composition, 

the strengthening effect of the solid solution is considered to be the same. Thus the value of HSS determined for 

HEA-b was used for all samples. Third, the Hall & Petch law was applied to determine the grain boundary 

contribution. For the Hall & Petch coefficient kHP, the value previously determined by indentation measurements 

on a bulk CoCrFeMnNi HEA was used [46]. It gives 𝐻𝐺𝐵 = 0.677/√(𝑑) where d is the grain size (in µm) and where 

HGB is in GPa. Finally, the contribution of precipitates was deducted by subtracting all other contributions from the 

total hardness: 𝐻𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑒 = 𝐻0 − (𝐻𝑙𝑎𝑡𝑡𝑖𝑐𝑒 +𝐻𝑆𝑆 +𝐻𝐺𝐵).  

To compute the strengthening contribution of grain boundaries HGB, first, the possible strengthening effect of 

crystallites was assessed. An average crystallite size of 32 ± 13 nm was measured by XRD in HEA-s. By applying the 

Hall & Petch law, HGB induced by crystallite would have a value of 3,0 GPa. This would lead to a total hardness H0 of 

4.6 GPa by adding the lattice and solid solution contributions and by neglecting the precipitates contribution. This 

is more than twice larger than the measured hardnesses in HEA-s (Table 3). On the contrary, HGB induced by grains 

leads to a reasonable contribution of 0.26 or 0.46 GPa for a grain size of respectively 2.5 ± 0.1 or 3.2 ± 0.2 µm. 

Consequently, on CoCrFeMnNi HEA, grains which are delimited by high angle grain boundaries are strengthening 

while crystallites are not. In the following, only grain size is used to calculate HGB. 

The different strengthening contributions were computed for HEA-b and HEA-s in area with large or small grains 

and are given in Table 3. For all samples, the contribution of the solid solution is the major one (from 54 % to 40 % 

respectively in HEA-b and HEA-s with small grains). This comes as no surprise since HEA were firstly developed for 

solid-solution strengthening. The second contribution by order of intensity is the one of grain boundaries which 

contributes to 13 or 20 % of the total hardness in HEA-s with respectively large and small grains. Although this 

contribution is not the main one, it is of interest and could be further increased by better controlling the grain size 

for example by further optimizing SPS conditions. Finally, the direct contribution of precipitates is very limited in 

this sample (7 %). The indirect contribution of precipitates was however to limit grain growth and thus to increase 

grain boundary strengthening.  

5. Conclusion 

Milling and spark plasma sintering were applied to the equimolar CoCrFeMnNi HEA. The obtained powders and 

pellets were characterized by XRD, SEM coupled with EDS and EBSD as well as nanoindentation. The main results 

are the following: 
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- A CoCrFeMnNi powder which is micronic, approximately spherical and with nanometric crystallites can be 

produced by a two-step milling (i.e.: cryo-milling and short duration planetary milling) with the bulk alloy 

as a starting material.  The objective of the cryo-milling is to reduce the granulometry while the subsequent 

planetary milling decreases the shape anisotropy which was induced by the cryo-milling.  

- The obtained powder is successfully densified by SPS with a maximum temperature of 850°C and an applied 

pressure of 100 MPa during 4 minutes. The growth of crystallites is very limited.   

- The single fcc phase which is present in the starting bulk alloy remains unchanged during milling and SPS. 

However, due to C and O contamination, chromium carbides and mixed manganese oxides precipitate 

during SPS. 

- Processing by milling and sintering of CoCrFeMnNi HEA significantly increases the hardness compared to 

conventional melting and casting. 

- The solid solution and grain boundaries are respectively the first and second strengthening contributions. 

By limiting grain size, the carbides and oxides have an indirect strengthening effect. 

- The grain boundaries strengthening contribution has to be calculated using the size of grains which are 

delimited by high angle grain boundaries and not the size of crystallite. In other words, grains are 

mechanically strengthening, contrarily to crystallites. 

To conclude, powder metallurgy appears as a promising process for HEA. In the future, to be more efficient, other 

methods than ball-milling will be used to produce HEA powders. Moreover, SPS conditions will be further optimized 

with the objective to limit grain growth, and not only crystallite growth. This should further increase grain boundary 

strengthening.  
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