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Abstract 

Dynamics of medium- and high-entropy phases formation during the process of mechanical alloying by 

means of high-energy ball milling (HEBM) are studied for the equimolar CoCrFeNi, AlCoCrFeNi, and 

CoCrFeMnNi alloys. Using step-by-step X-ray diffraction analysis, it is found that a specific structural 

transformation occurs after some critical time of HEBM. It is suggested that this transformation converts 

nanocrystalline intermediate solid solutions, formed due to severe plastic deformation during HEBM, 

into single-phase multicomponent alloys in relatively short period of time. 
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1. Introduction 

Nanostructured multiple principal elements alloys (MPEAs) [1], also known as high entropy alloys 

(HEAs) [2], induced a breakthrough in alloys production [3–6]. These novel materials consist of five or 

more components taken in comparable or even equal amounts. High-entropy alloys obtained by 

mechanical alloying in planetary ball mills mostly belongs to the family of 3d transition metals [7–13]. 

Firstly, nanocrystalline six-component solid solution AlCoCrCuFeNi was obtained after 42-60 hours of 

ball milling [7]. The system AlCoCrFeNi remains in a focus of research [8–10], as well as Cantor alloy 

CoCrFeMnNi [11–13]. All these alloys have a four-component core, composed of 3d-transition metals 
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Co, Cr, Fe, and Ni. Fifth elements such as Al or Mn also can serve as constituting components in this 

transition metals HEAs family.  Presence of Fe and Cr as major components brings to naught possible 

influence of the milled powders contamination with these elements from steel milling drum and balls, 

as a result of intense friction. Using of high-energy planetary ball mills allowed significant shortening 

time of mechanical alloying, - from dozens of hours down to dozens of minutes [9,10,13]. Despite 

extensive research, the dynamics of HEAs formation during HEBM has not been adequately described 

yet. It is generally accepted that a mutual interdiffusion of metallic components should play leading role 

in the formation of complex solid solutions; nevertheless, the mechanism and kinetics of this process 

remain obscure. Some recent experimental results and analysis of available publications has led us to a 

conclusion that intermixing of different metals on an atomic level is ensured by the processes of dry 

friction and shear deformation of milled particles [14,15] . New experimental evidences are needed in 

order to elucidate a nature of the process of mechanically-assisted intermixture. In this work, we studied 

experimentally using X-ray diffraction analysis the dynamics of phase formation in medium-entropy 

alloy CoCrFeNi and high-entropy equiatomic alloys AlCoCrFeNi and CoCrFeMnNi in course of 

HEBM. A reason to study four-component alloy is not only the fact that it forms a “core” for other 

alloys, but also improved properties of this alloy, comparable with those of HEAs [16]. 

 

2. Materials and Methods 

Commercially available metal powders used as starting materials are listed in Table 1. 

 

Table 1. Characteristics of powders used in experiments (all from Russian manufactures). 

Powder Purity, % Particle size, 

m 

Crystal structure Atomic radius, Å 

[5] 

Co >99.35 <71 HCP 1.251 

Fe >99.9 10–20 BCC 1.241 

Ni >99.5 ~150 FCC 1.246 

Cr >98.5 <125 BCC 1.249 

Al 99.7 10 (mean) FCC 1.432 

Mn >99.7 <400 -Mn (cubic) 1.350 

 

The powders were blended in equimolar proportions and mechanically alloyed by HEBM in a water-

cooled ball mill AGO-2 (Novosibirsk, Russia). The powder mixture (10 g) was placed in a steel jar 

(volume 160 cm3) filled with atmospheric air at normal conditions, together with milling steel balls, then 

the jar was hermetically closed. Amount of gaseous oxygen that remains inside the jar (about 0.04 g) is 

too small and cannot notably oxidize the metals or affect alloy composition. This question was 

considered elsewhere [10,15]. The diameter of steel balls was 9 mm; the ball-to-powder mass ratio was 



20 : 1 in all experiments. The mill rotating speed of the AGO-2 was equal to 912 rpm, which 

corresponded to 2220 rpm for jars. 

Crystal structure and phase analysis was made by means of X-ray diffraction methods, using a 

DRON-3M diffractometer (Russia). As a rule, Fe-K radiation (λ = 0.19374 nm) was used for the sake 

of better angular resolution and peak/background ratio. XRD patterns were scanned from 34° to 90° (2) 

in a step-by-step scanning mode with a scan increment of 0.02°. The exposure time was 2 s. Fitting the 

XRD peaks was made using NPP Burevestnik software Data Processing DrWin (registration number 

2010617752 on 23.11.10, Russia) that was developed for DRON diffractometers 

(https://bourevestnik.com/production/x-ray-diffraction-analysis/dron-8/). Data processing was carried 

out in two steps. The first step included background approximation by a polynomial of order n = 3, peak 

search, determination of angle positions and heights of peaks. The second step involved the refinement 

of peak parameters by profile fitting. Profile of each determined diffraction line was approximated by a 

doublet of asymmetric pseudo-Voigt functions. Silicon (NIST SRM 640b brand) was used as an internal 

reference in precise measurements of unit cell parameters. An example of the XRD pattern treatment is 

presented in supplementary files, Fig. S1. 

The SEM and EDS analyses were made using a LEO 1450 VP microscope (Carl Zeiss, Germany) 

equipped with an energy-dispersive X-ray spectrometer INCA 300. An average composition was 

detected by EDS analysis of the 16  12 m area on the cross-section. In order to estimate homogeneity 

of microstructure and scattering of local compositions, numerous EDS analyses were made in random 

points on the surface of cross-section. In case of strong scattering, 16 points were tested for each sample; 

this number decreased to 5–6 points in case of uniform samples with minor fluctuations of local 

composition. Vickers microhardness (HV) was measured with a PMT3 tester (Russia) under a 50-g load. 

Local EDS analysis and microhardness measurements were made within alloy particles stacked at the 

surface of milling balls, while the XRD analysis was made using powders remaining free inside the jar. 

It was shown earlier that the sticking and separation of the powder particles occurs periodically during 

the HEBM of metallic mixtures, so that the stuck and separate particles had similar microstructure and 

chemical composition [15]. The balls, together with the stuck layers of alloy particles, were cut using 

diamond saw, and their cross sections were mechanically polished for use in SEM, EDS, and HV studies. 

 

3. Results 

The transformations of crystal structure and microstructure in the four-component Co-Cr-Fe-Ni 

system are presented in Figs. 1 and 2. A specific abrupt shifting and narrowing of the main XRD peak 

were observed after 20 min of HEBM (see arrows in Fig. 1). According to SEM results, a complete 

homogenization of microstructure was achieved after 30 min of milling (Fig. 2). An averaged chemical 

composition as determined by EDS from the rectangular area 16  12 m remained almost constant after 



20 min of HEBM (Table 2). Minor excess of Fe and Cr can appear probably due to abrasive wear of 

milling balls and jars. 

 

 

 

Fig. 1. XRD patterns of the equiatomic CoCrFeNi alloy in course of HEBM: overall view (a) and the 

expanded 100% peak (b). For the initial mixture see also Fig.S2 in the supplementary file. 

 



 

Fig. 2. SEM images of the CoCrFeNi alloy after different time of HEBM: 5 min (a), 10 min (b), and 

30 min (c). 

 

Table 2 

EDS results for averaged composition of the quaternary alloy (scanning area 16  12 m).  

HEBM time, 

min 

Concentration (at. %) of the components averaged over 16  12 m 

area 

Co Cr Fe Ni 

20 24.76 25.00 26.51 23.72 

30 24.23 25.47 25.68 24.61 

60 24.24 25.71 26.40 23.65 

 

Local EDS micro-analysis of the samples taken after different time of HEBM (analysis in random 

points on cross-sections) shows that a large spread of concentrations exists during the first 5–20 min of 

HEBM (Fig. 3a-d). The largest scattering of concentration can be observed for Cr: Cr-reach inclusions 

were detected at longer milling times (Fig. 3d). The delay of Cr dissolution in the multicomponent phase 

can be associated with higher hardness and lower ductility of chromium particles compared to those of 

Ni, Co, and Fe. Nevertheless, all experimental points gather together after 60 min of HEBM, which 

indicated formation of single homogeneous solid solution. 

 

 



    

    

 

Fig. 3. EDS results for concentration of the elements at random points over the cross-section of 

CoCrFeNi powder as a function of HEBM time for Fe (a), Co (b), Ni (c), and Cr (d).  

 

Microhardness of the alloy particles slightly increases during the first 20 min of HEBM and then 

levels-off (Fig. 4). Large spread in HV values, remaining even after 60 min HEBM, indicates that the 

extent of local cold-working markedly changes across the alloy particles. During the first 20 min of 

HEBM, variation in microhardness can be attributed to fluctuations of chemical composition inside the 

powder particles (Fig. 2, Fig. 3). However, the notable spreading of the HV values persists after 60 min 

of HEBM, when the chemical composition is uniform. This indicates that the as-milled multicomponent 

alloy undergoes fluctuations of local microhardness that can be related to various extents of plastic 

deformation and cold-working in different areas of the powder particles or in different particles. High-

temperature treatment of the powder can diminish the scattering of HV values. For example, the alloy 

CoCrFeNiAl, consolidated by spark plasma synthesis at 1000 °C from the mechanically synthesized 

powder, showed a hardness of 436  17 kg/mm2 [9], i.e. at a standard deviation of below 4%. 

 



    

Fig. 4. Microhardness HV for CoCrFeNi powders as a function of HEBM time (AGO-2): data points (a) 

and their mean values with standard deviations (b).  

 

Dynamics of the major XRD peak transformations in equimolar 5-component high-entropy systems 

is shown in Fig. 5. The abovementioned characteristic jump of the XRD peaks was observed between 

60 and 90 min HEBM in the Co–Fe–Ni–Cr–Mn and Co–Fe–Ni–Cr–Al systems (Fig. 5a,b). For the sake 

of obviousness of this effect, the small angular range in the vicinity of the major (100%) peak is presented 

in Fig. 5. The complete XRD patterns for these alloys are available in our previous works [10,13].  

 

    

 

Fig. 5. Evolution of the most intense (100%) XRD peaks during HEBM for some quinary systems: Co–

Fe–Ni–Cr–Mn (a), and  Co–Fe–Ni–Cr–Al (b).  

. 

4. Discussion 

Based on the experimental results, we can outline some common features of phase and structural 

transformations taking place during mechanical alloying of 3d transition metals. Multiple severe plastic 

deformations of ductile metals, cold welding, and mutual interdiffusion during HEBM result in 



broadening XRD peaks, which can be attributed to a decrease in crystallite size, an increase in 

concentration of lattice defects and grain boundaries.  

A large width of XRD peaks formed during HEBM makes difficult precise measurement of cell 

parameters, so that we could only roughly estimate d-spacing from position of the strongest peaks (Fig. 

6). A difference between interplanar spacings for close-packed atomic planes in pure metals is about 1% 

or less, as is indicted by bars at zero time (before HEBM) in Fig. 6. After 5-min HEBM, the fused peaks 

form, and the difference between d-spacing for four-, and five-component alloys is below 0.5%. A delay 

time before the mentioned specific jump of the XRD peak, which means a sudden increase in d-spacing, 

increases on going from four-component system to five-component alloys. After the transformation, d-

spacing increases by about 1.5% in quaternary systems and by about 2.5% in quinary systems.  

 

 

 

Fig. 6. Evolution of interplanar distance (d-spacing) in the course of HEBM as evaluated from position 

of the strongest XRD peak.  

 

Assuming that broadening of XRD peaks in course of HEBM indicates decreasing of crystalline 

size, we can estimate crystalline size (d) using Scherrer formula  

 

𝑑 =
𝐾𝜆

𝛽𝑐𝑜𝑠(𝜃)
  , 

 



where  = 0.19374 nm is the wavelength of probing X-rays used in this work (Fe-K);  is half-width 

of the diffraction peak (the most intense 100 % peaks were measured);  is angular peak position, K is 

a dimensionless coefficient close to unity and defined by a shape of crystallites (we used spherical 

approximation with K  0.9). The results of calculations are presented in Table 3. It must be underscored 

that these values do not consider fine effects (such as microstress, hardware broadening or concentrations 

of dislocations), therefore, the Table presents quite rough approximation. Nevertheless, the effects of 

sudden peak shifting occurring after some critical time of HEBM and changing of the peaks with 

simultaneously with the shifting, are quite evident. 

 

Table 3 

Size of crystallites before and after formation of final phase in the course of HEBM as estimated from 

half-width of the most intense (100%) diffraction peak. 

System Crystallite size d before peak 

shifting during HEBM, nm 

Crystalline size d after peak shifting 

during HEBM, nm 

CoFeNiCr 9.8 13.5 

CoFeNiCrMn 17.8 10.7 

CoFeNiCrAl 4.4 7.8 

 

In the quaternary system, peak broadening suggests that crystallite size decreases down to ~10 nm 

after 10 min of HEBM. When peak jump happens and the single FCC phase forms, the width of the 

XRD peak decreases simultaneously with the drift of its position, thus indicating a growth in crystallite 

size up to 13–14 nm. We can surmise that crystalline grains of the FCC phase nucleate and grow in a 

very fine-grained polycrystalline matrix formed due to multiple severe plastic deformation of individual 

metal crystallites. A similar behavior was observed for the CoFeNiCrAl HEA, where crystallite size 

grew from 4.4 to 7.8 nm. However, in the CoFeNiCrMn system the formation of FCC phase led to a 

decrease in the mean crystallite size (further broadening of XRD peaks).  

A chemical micro-heterogeneity, that manifests itself in the SEM images taken during the first 5–

10 min of HEBM (Fig. 2a,b), can also affect the width of XRD peaks. As is known, the composite 

particles with specific lamellar microstructure can form in the very beginning of HEBM of dissimilar 

metals. Such microstructures were first observed for binary mixtures such as Fe–Al or Ni–Al [17,18] 

and then other numerous multicomponent metallic systems [7–10,13,14,19–21]. At the same time, the 

XRD results (Fig. 1) show virtually the “single phase” patterns with broad peaks after 5 and 10 min of 

HEBM. The half-width of the 111 and 200 peaks after 10 min of HEBM is about 1–2 deg, which is large 

enough to include two or more overlapped peaks of different phases (solid solutions) inside one broad 

peak. Therefore, chemically micro-heterogeneous alloy may have a simple XRD pattern with broad 



peaks, and only results of the SEM and local EDS (Fig. 2 and Fig. 3) provide the reliable data concerning 

the homogenization of local chemical composition. 

Thus, we can suggest the following mechanism of synthesis of medium- and high-entropy alloys by 

HEBM. In the beginning, intense plastic deformation results in formation of different solid solutions on 

the base of Fe, Ni, Co, etc., and decreasing crystalline size of all these phases. This stage is characterized 

by significant variations in local chemical concentrations and broadening of XRD peaks. As a result, the 

most intense XRD peaks of individual metals and solid solutions, that were close to each other for the 

considering systems, fuse together to form one broad major peak. The minor peaks diminished due to 

broadening. When the crystallite size achieves some critical level (about 10 nm or less), relatively fast 

recrystallization with phase transformation happens, which results in the formation of single 

multicomponent phase. All intermediate solid solutions formed on the base of Fe, Ni, or Co crystal 

structures convert into this phase. Such transformation manifests itself as the sudden peak shifting 

accompanied with changing of the peak with. 

 

5. Conclusions 

We have studied dynamics and mechanism of mechanical synthesis of medium- and high-entropy 

alloys on the base of 3-d transition metals. Results allow the following conclusions.  

The mechanical synthesis of multicomponent alloy occurs in two stages: 

a) At the first stage, refinement of crystallites and accumulation of crystal structure defects 

take place due to severe plastic deformation and friction of metal particles that induce 

abnormally fast diffusive intermixing of different metallic atoms. This process results in 

formation of nanocrystalline intermedium alloy(s) with a crystallite size of about 10 nm.  

b) At the second stage, recrystallization occurs, which leads to the nucleation and growth of 

multicomponent phase(s) with a simple FCC or BCC structure.  

These results can be used to find an optimal route for time-consuming and facile mechanical 

synthesis of high-entropy alloys. 
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