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ABSTRACT  

The formation dynamics of medium- entropy alloy CoFeNi has been studied both experimentally 

and theoretically in terms of molecular dynamic simulation. The results of experiments and 

modelling showed good qualitative agreement and supplemented each other. The synthesis was 

found to occur in two stages. (a) Refinement of crystallites and accumulation of structural 

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

abnormally fast diffusive mixing of different metal atoms. This process results in formation of 

nanocrystalline intermediate alloy with a crystallite size of about 10 nm. (b) Recrystallization 

that leads to the nucleation and growth of multicomponent phase with a simple FCC crystal 

structure. A critical time for the onset of recrystallization depends on planetary milling regime 

and gaseous atmosphere in the milling jar. 

 

Keywords: mechanical alloying, crystal structure, microstructure, molecular dynamics 

simulations, X-ray diffraction  

 

1. Introduction 

A ternary alloy CoFeNi was thoroughly studied during past 2-3 decades, mainly due to its 

very attractive magnetic properties. Soft ferromagnetic properties inhere in nanocrystalline [1] 

and amorphous [2] CoFeNi films, in spin valves and other multilayer structures that include thin 

layers of this alloy [3-5]. A very high magnetic saturation was reported for metastable CoFeNi 

films [6]. The electrodeposited thin films [1-6] and wires [7,8] of the CoFeNi alloy became 

prospective elements for various sensors, data storage and other electronic devices, as well as for 

spintronics applications [9]. 

After invention of high-entropy alloys (HEA) in the beginning of this century [10, 11], 

the ternary alloys CoFeNi, CoCrNi, etc. attract more attention as core systems of the 3d-

transition metals family of HEAs. Chemical composition of these advanced materials can be 
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presented as CoCrFeNiX, where X = Al, Cu, Mn, or Ti [12–14]. Note that Co, Fe and Ni 

presents in all compositions, while adding fourth and fifth elements such as Al [15], Ti [16] or Cr 

[17] to this group bridges a gap between ternary principle elements alloys and high-entropy 

alloys that commonly include five or more components. In some cases, properties of ternary 

alloys were found to be better than properties of quinary alloys. For example, due to formation of 

nano-twinning net, the alloy CoCrFe possesses better mechanical properties at room and 

cryogenic temperature as compared to the HEA CoCrFeNiMn [18,19].  

An emerging of new field of research and development requires novel methods for 

production of ternary alloys in the form of powders and bulk materials, in addition to 

electrodeposition technique previously used for obtaining thin CoFeNi soft magnetic films. 

Methods of arc melting [20] and additive manufacturing [21] were applied for obtaining bulk 

CoFeNi alloy and testing its mechanical properties. Mechanical alloying of the powders mixtures 

in vibratory mills allowed production of CoFeNi layers and nanolaminate structures on different 

substrates [22,23]. Recently, a vibratory mill was successfully applied for mechanical synthesis 

of ternary Co40Fe30Ni30, Co30Fe40Ni30 and Co30Fe30Ni40 alloys after 7 h of the milling [24]. An 

effective method of high energy ball milling (HEBM) using planetary ball mills was applied to 

medium-entropy CoCrFeNi alloy [17] and several five-component HEAs [25-30] , however, 

mechanical alloying of the CoFeNi alloy has not been investigated up to now. 

Experimental methods of studying dynamics of structure and phase transformations 

caused by HEBM are generally based on step-by step sampling of the powder blends, after 

different time of ball milling, and study these samples by means of SEM, TEM, XRD and other 

methods [29-31]. At the same time, the contemporary experimental methods don’t allow in situ 

observation of atomic-scale transformations, induced by severe plastic deformation during 

HEBM. This problem can be partially solved using new methods of molecular dynamics 

simulations (MDS) applied to intense deformation of nanocrystalline powder blends [33,34]. 



4 

 

In this work, we studied for the first time, experimentally and by MDS, dynamics of 

structure and phase transformations taking place during mechanical alloying of medium-entropy 

CoFeNi powder. 

 

2. Materials and methods  

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

is worth noting that all three metal components have different crystal structures at normal 

conditions, but close atomic radii, which allows formation of solid solutions with simple atomic 

packings. 

 

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

 Brand Purity Particle size, m Crystal 

structure 

Atomic 

radius, Å [12] 

Co PK-1u >99.35% <71 m HCP 1.251 

Fe OChS >99.9 % 10–20 m BCC 1.241 

Ni PNE-1 >99.5 % ~150 m FCC 1.246 

 

 

The elemental metal powders were blended in equimolar proportions and placed in steel 

jars of a water-cooled planetary ball mills,10 g of powder mixture per a jar. Two types of high-

energy mills were used in this work for synthesis of the same alloy. First, Activator-2S, had 2 

jars with volume 250 cm
3
 each, and was run at a rotating speed of 694 and 1388 rpm for the sun 

disk and grinding jars, respectively. The jars of Activator-2S were evacuated and then filled with 

Ar gas at 4 bar. Steel milling balls, 7 mm in diameter, were placed in the jar together with 

powder mixture. The second mill, AGO-2 (Novosibirsk, Russia), was rotated at 912 rpm, which 

corresponded to 2220 rpm for jars rotating speed. This mill also had 2 jars, 160 cm
3
 each, that 

remained filled with atmospheric air at normal conditions, although all jars were hermetically 

closed during all period of mechanical alloying. The balls with diameter 9 mm was used in this 

planetary mill. For the both mills, ball-to-powder mass ratio was equal to 20 : 1 in all runs. 
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Simultaneous utilizing of two planetary mills helped us to reveal influence of HEBM condition, 

such as rotating speed and acceleration or gas atmosphere on dynamics of mechanical alloying. 

The XRD analysis of powders was performed with a DRON-3M diffractometer (Russia). 

As a rule, Fe-K radiation (λ = 0.19374 nm) was used for the sake of better angular resolution. 

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. The balls, 

together with the stacked layers of alloy particles, were cut using diamond saw, and their cross 

sections were mechanically polished for use in SEM, EDS, and Hv studies. 

 Molecular dynamics simulations were performed using the LAMMPS software [35]. The 

atomic interactions were described by the Embedded Atom potential (EAM) proposed by Zhou 

et al. [36]. The equations of motion were integrated with a timestep of 1 fs. Periodic boundaries 

were applied in all three directions. The MDS procedure intends to mimic the HBEM process by 

performing cyclic plastic deformation of a simulation box containing several pure metallic 

grains. The initial polycrystalline structure with 18 grains of pure metals was created by using 

the Voronoi tessellation [37]. The average grain diameter was around 4 nm, and the initial 

dimensions of the simulation box was 9.3  9.3  9.3 nm. The total energy of the system was 

first minimized at 0 K to allow local atomic rearrangement at the grain boundaries. Then, a 50 ps 

run in the NVT ensemble followed by a 50 ps run in the NPT ensemble permits to thermalize the 

system at 100 K (i.e. below room temperature to avoid thermally activated diffusion). Chemical 
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mixing started by applying 100 cyclical compressive deformation steps of 150 ps each. One 

cycle is made of 3 successive deformations along the X, Y and Z directions by rescaling the box 

each 0.1 ps. The final strain (e.g. in the compressed direction X) was 25% after 50 ps. The two 

other directions (Y and Z) can freely expand independently to ensure a zero pressure along these 

directions. After 50 ps, the same procedure was repeated for the two other directions to complete 

a full cycle [38]. The virtual process simulates the plastic deformation of metallic particles 

during HEBM. This procedure is later mentioned as PDM (Plastic Deformation Mixing). 

Results of MDS were analyzed with the OVITO visualization software [39]. The adaptive 

common neighbor analysis (a-CNA) permitted to identify the local atomic configuration. The 

well-defined peaks in the Radial Distribution Function gave the evaluation of lattice parameters. 

The MicroChemical Inhomogeneity (MCI) introduced by Li et al. [40] was adapted to provide a 

measure of the local chemical mixing for a given atom (for a detailed description see [33]).  

 

3. Experimental results 

Three metals of the iron group, Co, Fe, and Ni, constitute a ternary core of HEAs of the 

3d transition metals family. These metals have close atomic radii, but different crystal structures 

(Table 1). During the HEBM process, all atoms intermix and form a uniform alloy. Dynamics of 

the crystal structure transformations in the Co + Fe + Ni mixture is shown in Fig. 1 for two 

different planetary mills. An XRD pattern of initial mixture demonstrates superposition of 

diffraction peaks of the individual metals (Fig. 1a). Due to close atomic sizes, intense peaks of 

the Co (002), Fe (110), and Ni (111) partially overlap, because they have very close angular 

positions (2): 57.175, 57.058, and 56.837, respectively (Fig. 1b). After 5 min of HEBM, all 

these 3 peaks fused together forming one broad peak. This peak gradually becomes even 

broader, and its maximum slowly drifts toward smaller angles during subsequent 25 min in case 

of Activator-2S or only 10 min in case of AGO-2 (Fig. 1). After 20 min of HEBM in AGO-2, or 

60 min in Activator-2S, the width of this peak suddenly decreases, and its maximum jumps left 
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over the 2 interval of 0.5–0.6 deg (in Figs. 1b, d, the peak jump marked with the arrow). This 

transformation indicates the formation of multicomponent FCC phase (Figs. 1a, c). Further 

milling does not change notably the XRD pattern of the alloy.  

 

     

       

 

Figure 1. XRD patterns of the Co–Fe–Ni system activated in Activator-2S (a, b) and AGO-2 (c, 

d): overall view (a, c) and the expanded 100% peak (b, d).  

 

Interplanar distances calculated basing on the position of major (100%) peak, presented 

in Fig. 2, show expansion of crystal lattice by approximately 1.5%. Dynamics of this 

transformation differs for Activator-2S and AGO-2 mills. 
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Figure 2. (Color online) Evolution of interplanar distance (d-spacing) in the course of HEBM as 

evaluated from position of the strongest XRD peak.  

 

 

 

Figure 3. SEM image of the Co–Fe–Ni alloy after different time of HEBM (AGO-2): 5 (a), 10 

(b), and 30 min (c); white spots corresponds to contaminations with Wood’s alloy used in the 

preparation of cross-section.  

 

 Cross-sections of the powder particles formed during HEBM (Fig. 3) reveal that the 

inhomogeneity of chemical composition that remained after 5 min of milling (Fig. 3a), diminish 

after 10 min of milling (Fig. 3b) and disappeared in 30 min of mechanical processing (Fig. 3c).  

Results of local EDS analysis for different randomly selected points of sample cross-

section are presented in the form of ternary diagram in Fig. 4a. Significant scattering of data 

points is observed after 5-min HEBM because some local regions (spots) contained more Fe, 
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others more Co, and some more Ni. Also, some spots have a composition close to pure Fe or 

pure Co. With increasing duration of HEBM, all points gather together in the middle of the 

diagram in the vicinity of concentrations 33/33/33 (at.%). After 5 min of HEBM, the 

concentrations of Co and Fe dispersed from 0 to 100 at. % while the concentration of Ni – from 

0 to 60 at. % (Figs. 4b, c, d). After 10 min, the range of data scattering gets narrower, and all 

three metal concentrations practically converge after 20 min of HEBM. Based on these results, 

we may suppose that a 3-component matrix phase with relatively uniform concentration of all 

metals was formed after 20-min HEBM (AGO-2). This is in good agreement with the 

transformation of crystal structure (Figs. 1c, d). It is worth noting that this transformation occurs 

faster in AGO-2 (air atmosphere, 912/2220 rpm) as compared to Activator-2S (Ar atmosphere, 

694/1388 rpm).  
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Figure 4. (Color online) Results of local EDS analysis taken in random points of the cross-

sections of powder particles, presented as ternary diagram (a) and as concentration of individual 

components (b-d). AGO-2 mill.  

 

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

structural transformations that take place during mechanical alloying of 3d transition metals. 

Multiple severe plastic deformations of ductile metals, cold welding, and mutual interdiffusion 

during HEBM cause a decrease in crystallite size and an increase in concentration of lattice 

defects and grain boundaries, which result in broadening XRD peaks. When structural distortions 

achieve some critical level, a new phase of multicomponent alloy starts to form, and all 

intermediate solid solutions formed by Fe, Ni, and Co crystal structures convert into this phase.  

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

and then levels-off (Fig. 5). Large spread in Hv values indicates that the extent of local cold-

working markedly changes across the alloy particles.  
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Figure 5. Microhardness Hv for CoFeNi powders as a function of HEBM time (AGO-2).  

 

4. Molecular Dynamics Simulation 

A simulation box created for the MDS study of mechanical alloying (Fig. 6) was 

composed of 18 pure metal grains: 6 grains of Co with HCP structure, 6 grains of Fe with BCC 

structure, and 6 grains of Ni with FCC structure. Atoms located in grains boundaries could not 

be attributed to the FCC, BCC or HCP structures and considered as the amorphous phase. The 

grains had irregular shape; every grain contained from 3107 to 4831 atoms. A typical size of the 

grain can be estimated as 4 nm (in diameter, if we approximate the grain by spheres) but can 

reach as much as 5–6 nm (by computing the maximal grain width). As compared to ‘real 

experiments’, the time and length scales reachable by MDS may appear limited. However, MDS 

permits to have an ‘in-situ’ visualization of the atomic processes occurring during ball milling 

and, therefore, to reveal some important features of the mechanical alloying mechanism.  

An intense mixing of the metal atoms began from the first cycles of deformation and 

completed after 100 cycles (Fig. 7). All 3 types of the crystal structures persisted after 250 cycles 

of deformation. Atomic fraction of the different types of crystal structures show notable 
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fluctuations due to the limited size of simulation box. At the same time, the average content of 

BCC, FCC, HCP and amorphous structures remains approximately stationary during 250 cycles 

of deformation (Fig. 7 and Fig. 8). The system remained partly crystallized over deformation. 

We noted fluctuations in FCC and BCC structures around 30 at. % each. A fifth of atoms were in 

the amorphous state. These atoms were initially located at the interface between metallic 

particles. At the end of the cyclic deformation, these amorphous atoms are present inside 

crystallized regions and generally surround points defects, voids or indicate highly deformed 

zones. A tenth of atoms are HCP; in the beginning these atoms corresponds to pure Co. After 

deformation, HCP atoms indicate linear defects in FCC crystallized regions (i.e. twins and 

stacking faults). Thus, the cyclic deformation leads to a dual HEA phase (BCC/FCC) with a 

homogenous distribution of 3 constitutive elements. This MDS result looks inconsistently in 

comparison with experimental data (see Fig. 1) that show conversion of all initial phases into a 

single FCC phase. This discrepancy is likely due to the potential used in this work. Indeed, 250 

ideal equimolar CoFeNi BCC and FCC structures were generated following the Random 

Substitution Mixing (RSM) procedure described in [33]. For both structures, the average 

cohesive energy computed is identical and equal to –4.358 eV. As a consequence, the Zhou’s 

potential is unable to discriminate the relative stability between FCC and BCC phases.  

 

 

Figure 6. (Color online) Schematic of the molecular dynamic simulation of mechanical alloying. 

See also supplementary video file S1. 
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Figure 7. (Color online) Snapshots of a slice of 2 nm during the plastic deformation mixing as 

dependent on the number of deformation cycles (from 0 to 250). Top line corresponds to 

chemical identity: yellow corresponds to Co atoms (light gray in grayscale image), gray to Ni, 

blue to Fe (dark gray in grayscale image); bottom line corresponds to structural identity: blue 

(dark gray) corresponds to BCC structures, red (middle dark gray) to HCP, green (middle gray) 

to FCC, light gray to amorphous or unidentified ones. Number of deformation cycles are shown 

at the top of the figure.  

 

  

Figure 8. (Color online) (a) Crystalline structure percentage as a function of deformation cycles. 

(b) Interplanar distance (d-spacing) corresponding to the (111) FCC plan and (110) BCC plan 

calculated with different techniques: Vegard rule, Random Substitution Mixing (RSM), and 

Plastic Deformation Mixing (PDM).  
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The radial distribution function was computed for FCC and BCC atoms, before and after 

250 deformation cycles (Fig. 9a). We noted that the first peak is at the same position for both 

FCC and BCC atoms, prior and after deformation. In the initial system, the superposition of the 

first peaks is actually due to the particular relation  

 

         i                             .  

 

It appears that the deformation does not alter the location of the first peak. In other words, 

the first shell of atoms remains at the same distance for both structures. We noted a broadening 

of the second peaks with a significant shift for BCC-atoms to lower values and a slight shift to 

larger(higher) values for FCC-atoms. The second BCC-shell became very close to the first shell. 

For the FCC structure, RSM, PDM and Vegard's estimations are very close to each other (see 

Fig. 8b). The distribution of potential energy/atom prior deformation for each constituent is 

presented in Fig. 9b. Only atoms in the reference crystallographic structure were selected (HCP-

Co, BCC-Fe, and FCC-Ni). We observed a slight shift to lower values in comparison with the 

cohesive energy of pure elements and broadening of the distributions that may be attributed to 

the small grain size in the initial system. After deformation, the distribution peaks are shifted to 

higher values for FCC-Co and FCC-Fe as compared to the value of pure elements. Nickel atoms 

keep the same potential energy prior and after deformation. This reflects the microscopic 

rearrangement associated with the formation of the solid solution. 
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Figure 9. (Color online) (a) Coordination analysis of the equimolar Co Fe Ni system before and 

after 264 and 267 deformation cycles. (b) Histogram of potential energy per atom for selected 

groups of atoms before and after 250 deformation cycles.  

 

Figure 10 depicts the microscopic configuration in different (111)-planes of the FCC 

solid solution and the corresponding mixing order parameter. We measured the composition of 

the solid solution that is equimolar. This is reflected at the atomic level by a random distribution 

of the three types of atoms. Some atoms of the same species may form a cluster in a given plane 

but the cluster disappears in adjacent planes. The mixing order parameter measured by the 

MicroChemical Inhomogeneity per atom (MCI/atom) is evaluated in 3D. We noted that MCI 

fluctuates around zero. This result indicates an effective mixing between chemical species in the 

solid solution. The same observations hold in the case of (101) planes of the BCC solid solution. 

Because of the relationship (1), there exists an epitaxy between (111)-FCC and (110)-BCC 

planes that facilitates the transition between the two structures over deformation. 
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Figure 10. (Color online) Snapshots of three successive (111) planes in FCC and (110) BCC Co–

Fe–Ni solid solution: chemical configuration (left) and MicroChemical Inhomogeneity 

(MCI)/atom (right).  

 

5. Discussion 

As compared to experiments, molecular dynamics simulations mimic the last steps of the 

mechanical alloying. Indeed, the simulated crystallites are already nanometric and a high 

concentration of lattice defects appears during the first deformation cycles. Hence, the critical 

level of structural distortions is rapidly achieved. Nevertheless, in spite of difference in spatial 

and temporal scales between experiments and MDS, comparison of these results can shed light 

on the mechanism of mechanical synthesis of the ternary alloy. Actually, MDS allow us to 

visualize the formation of the multicomponent alloy at the atomic level. Let us consider cross-

section of the initial MDS-cube and mark boundaries between elemental crystallites with white 

lines (Fig. 11a). The snapshots made after definite cycles of deformation (Figs. 11b–f) show 

intense migration and destruction of the inter-crystalline boundaries and atomic mixing that 

occurs rapidly for all elements. A ballistic diffusion coefficient [41] has been roughly estimated 

as 10
–9

 m
2
/s. This value is comparable with typical diffusion coefficient in molten metals and 
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much higher than diffusivity in solids at moderate temperature. For example, diffusion 

coefficient of Fe atoms in solid Ni is about 10
–16
–10

–15
 m

2
/s at 1200 K, diminishing down to zero 

at room temperature. The results of experimental study (cf. Fig. 1 and Fig. 2) show that 

homogenization of the chemical composition and formation of the single FCC phase occur 

between 10 min and 20 min of HEBM. Initial size of the Ni powder particles is about 150 m, 

diffusion path for the Fe atoms should be about half of this size. If atomic diffusion were the 

only mechanism for alloying, a required diffusion coefficient evaluated by formula D = L
2
/t, 

where the diffusion path L   75 m, the HEBM time t   600–1200 s would be not less than     

10
–12
–10

–11
 m

2
/s. Thus, the diffusivities of metals calculated in the frame of MDS and estimated 

experimentally are much higher than diffusion coefficients of the considered metal atoms in bulk 

solids. Two factors, both related to severe plastic deformation of metals, can cause the sharp 

decreasing of the time interval required for atomic intermixing. First, deformation of the initial 

metal particles results in the formation of thin layers, which decreases diffusion path L down to a 

few micrometers or less. Second, diffusivity can be significantly increased due to abnormally 

high concentration of vacancies and other crystal lattice defects generated by intense plastic 

deformation [42, 43]. Qualitative mechanism of mechanically stimulated atomic mixing during 

HEBM was suggested for the Ni–Al system [31]. It is based on assumption that plastic flow of 

ductile metal (e.g. Al) along the interphase boundary carries away single atoms and atomic 

clusters of other metal (e.g. Ni). Anyway, atomic mixing occurs anomalously fast under the 

action of high-energy ball milling.  

In addition, although Fe is BCC and is likely the hardest to dissolve, it seems to take part 

in the solid solutions formation at the same rate as the others. In spite of the discrepancy 

concerning the relative stability of ternary FCC and BCC phases with the Zhou’s potential, it is 

interesting to note that most of the systems remain crystalline during the formation of solid 

solutions.  

 



18 

 

 

 

Figure 11. Dynamics of atomic mixing during cyclic deformation: (a) initial structure before 

deformation, and after 5 (b), 10 (c), 20 (d) 40 (e), and 100 deformation cycles (f).  

 

 Broadening of XRD peaks in course of HEBM (Fig. 1) indicates decreasing of crystalline 

size and accumulation of micro-stresses and lattice distortions. Estimation of crystalline size (d) 

by Scherrer formula shown that d decreased down to 8.2-9.0 nm before the XRD peaks “jumps”, 

and sharply increased up to 12.9-15.7 nm after the jump. It must be underscored that the Scherrer 

method does not consider fine effects (such as microstress, hardware broadening or 

concentrations of dislocations), therefore, these values are quite rough approximation. 

Nevertheless, the effect of sudden peak shifting and narrowing occurring after some critical time 

of HEBM is so evident, that we cannot ignore it. When the single FCC phase forms, the width of 

the XRD peak decreases simultaneously with the drift of its position, thus indicating a growth in 
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crystallite size. 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. Thus, the process of mechanical synthesis of medium-entropy alloy 

CoFeNi by HEBM consists of two stages. (a) Due to very intense plastic deformation, the 

crystalline sizes of initial metals diminish down to several nanometers, and the abnormally fast 

diffusion promotes the intermixing of components on an atomic scale. As a result, intermediate 

nanocrystalline alloy forms with a high concentration of intergrain, interphase and intercrystallite 

boundaries, crystal lattice defects, and chemical inhomogeneities. Such alloy should possess 

some excess of free energy and likely be metastable. (b) When the amount of the excess energy 

achieves some critical value (e.g. when crystallite size decreases down to ~10 nm), relatively fast 

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

multicomponent phase. 

 A comparison of the obtained results with other works shed some light on intrinsic 

mechanisms of mechanical alloying. First of all, very short time of the final FCC phase 

formation in our experiments must be explained. As it was stated in the previous works, 

multicomponent solid solutions form after 15-40 h of high-energy ball milling [44].  The ternary 

Co-Fe-Ni alloys were obtained after 7 h in shaking mill [24]. In our case, single-phase and 

chemically uniform alloy forms between 10 and 20 min of HEBM in AGO-2 (Fig. 1c,d; Fig. 3; 

Fig. 4), or between 30 and 60 min in Activator-2S (Fig. 1a,b) mills. The results of MDS show 

that complete mixing of the components at atomic scale occurs after 50 – 100 cycles of 

deformation (Fig. 7; Fig. 11). This effect, most likely, is due to higher intensity of deformation 

and absence of liquid process control agent in our experimental work and modelling. Commonly, 

air-cooled planetary ball mills with rotating speed 300-350 rpm or vibratory mills are used for 

synthesis. Using high-intensity water cools mills (Activator-2S and AGO-2) with rotating speed 

694 – 912 rpm in this work provides higher degree of plastic deformation of the initial metals, 

which sharply accelerates alloy formation process.  Using of different milling equipment and, 
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therefore, different energies of the milling balls impacts and friction, results in quite different 

time that is required for alloying. The MDS results confirm that if degree of deformation reaches 

25%, just a few tens of deformation cycles become enough to mix all atoms at atomic scale. 

Therefore, intensity of severe plastic deformation plays a key role for intensification of 

interdiffusion processes and multicompoment alloy formation. Other factors are properties of the 

boundaries between components. Evidently, clean boundary between phases should promote 

cold welding and jumps of atoms across the boundary from one phase to another. This process 

can be retarded if any liquid process control agent (toluene, heptane, ethanol, etc.), that is often 

used in HEBM, penetrates along boundaries between phases. Our results show that dry mixing 

allows obtaining single phase alloy in a very short time. 

 Three types of the interphase boundaries exist in the initial system, which are Co-Fe, Co-

Ni, and Fe-Ni. Consequently, we may expect formation of six binary solid solutions at early 

stage of mixing: Co(Fe), Co(Ni), Fe(Co), Fe(Ni), Ni(Co), and Ni(Fe). Depending on the base 

matrix element, these phases should have different crystal structures, FCC, BCC or HCP (see 

Table 1). As it was shown by Vaidya et al. [45], crystal structure of the starting binary phase 

influences phase constitutions of final multicomponent alloy AlCoCrFeNi produced after 30 – 70 

h of mechanical alloying. In our case, however, uniform FCC structure formed after 20 – 60 min 

of HEBM due to very intense plastic deformation, dry friction of the components and simpler 

composition of the final alloy. Distribution of local chemical compositions at early stages, after 5 

and 10 min of HEBM (Fig. 4,a), allow us to surmise that primary solid solutions were formed 

mostly on the base of Fe, because experimental points locate along line connecting middle point 

of equiatomic composition CoFeNi with Fe-corner of the diagram. 

 

6. Conclusions 

We have studied experimentally and theoretically, using high-energy ball milling and 

molecular dynamic simulation, the dynamics and mechanism of mechanical synthesis of 
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medium-entropy alloy CoFeNi. Results of both experimental and modelling approaches are in a 

good qualitative agreement, supplement each other, and allow the following conclusions.  

 The mechanical synthesis of multicomponent alloy occurs in two stages. 

 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 with a crystallite size of about 10 nm.  

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

multicomponent phase(s) with a simple FCC.  

 A critical time for the onset of recrystallization depends on planetary milling regime and 

gas atmosphere in the milling jar. Shorter time is required for the formation of uniform 

multicomponent phase, if the HEBM is carried out with air atmosphere inside the milling 

jar, in comparison with the inert gas (Ar) atmosphere. Increasing rotating speed of the 

mill also decreases this time.  

 Optimization of milling regimes allows producing single-phase CoFeNi alloy after 30-60 

min of planetary ball milling. 
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