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Abstract: The peculiarities of the structure and phase composition of the high-entropy alloy of the TiCrFeMnSiC system obtained from the 

powder mixture of ferrotitanium, ferrochrome and ferrosilicon-manganese ferroalloys are considered in the work. The technological scheme 

of alloy production included joint grinding of the mixture in a planetary mill, consolida tion of the blanks, their heating to 1100 0C, hot 
forging on the arc press and subsequent annealing of hot-forged samples at 1200 0C. According to the results of X-ray analysis of the 

obtained alloy, it was found that the main phase of the alloy is the BCC phase with the parameter of the cubic lattice a = 0.2868 nm, which is 

a solid solution based on alloying components of the original charge. The phase composition of the composite also recorded ti tanium 
carbide TiC with FCC lattice with the parameter a = 0.4319 nm, which corresponds to a stoichiometric composition of about TiC0.6 and a 

small amount of FCC phase of iron-chromium carbide (Cr, Fe)23C6 with lattice parameter a = 1.0645 nm. The material has a high hardness 
(up to 60-61 HRC), which can provide high resistance of this multicomponent alloy. 
Keywords: HIGH-ENTROPY ALLOY, POWDER METALLURGY, HOT FORGING, FERROALLOY, MICROSTRUCTURE, CRYSTAL 
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1. Introduction 

High-entropy alloys (HEAs) are multicomponent alloys that 
emerged relatively recently, 15-20 years ago. The uniqueness of 

their structure and related properties make them one of the most 
popular materials in modern materials science. The vast majority of 

HEAs contain 5-10 elements with a concentration of 5-35% (at.) [1-
5]. But these alloys are made mainly using such high-value and 

scarce elements as Co, V, Nb, Mo, Ta, W, Hf, Zr, etc., which 
significantly narrows the economic feasibility of their wide practical 

application. 

At the same time, in traditional metallurgical practice 
ferroalloys are widely used - alloys of iron with silicon, manganese, 

chromium and other elements that are intermediate products of 
metallurgical production. Ferroalloys are used in the smelting of 

steel and cast iron, for deoxidation and alloying of liquid metal, 
binding of harmful impurities, providing the metal with the required 

structure and properties, etc. [6, 7]. The use of ferroalloys as 

components for alloying melts has a number of economic and 
technical advantages over metals in its pure form. In particular, the 

cost of doping the melt with a metal in the form of a ferroalloy is 
significantly lower than in the case of pure metals. Ferroalloys are 

usually characterized by lower melting points compared to pure 
metals, which facilitates their dissolution in the melt. In addition, in 

the alloying and deoxidation of steel and alloys, the use of an 
alloying element in the form of ferroalloy increases its absorption 

by the melt and reduces carbon monoxide. 

Given the above, ferroalloys are of interest as starting materials 
for the synthesis of high-entropy alloys. 

The main technological approaches used in modern conditions 
for the manufacture of HEAs are based mainly on the use of 

foundry methods (in particular - arc melting). At the same time, a 
number of publications note the effectiveness of powder metallurgy 

methods for obtaining high-entropy alloys [8-11]. 

The aim of this work is to evaluate the possibilities of 
synthesis of high-entropy alloy from a powder mixture of 

ferroalloys: ferrotitanium, ferrochrome and manganese ferrosilicon, 
to study their structure, phase composition and properties. 

2. Materials and research methods 

 Ferroalloys: ferrotitanium, ferrochrome and manganese 

ferrosilicon were used as starting components for the production of 
high-entropy alloy. The chemical composition and density of each 

of the ferroalloys are given in table. 1. 

The lump ferroalloys were first crushed on a hydraulic press 
(to obtain granules up to 2 mm in size), followed by joint grinding 

of their mixture of the appropriate ratio in a planetary mill. The 
initial mixture for the synthesis of high-entropy alloy was formed at 

the rate of 33.3% (wt.) of each of the ferroalloys. The ratio of the 
mass of the mixture to the mass of the grinding bodies was 1:10. 

The speed of rotation of the drums of the mill was about 800 rpm. 

Grinding was carried out in ethyl alcohol for 30 minutes. 
Table 1: Chemical composition and density of the ferroalloys 

Ferroalloys 

The content of chemical elements 

(%, wt. ) 
Density,  

g/cm3 
С Cr Ti Si Mn 

Ferrotitanium 0,08 -- 35,7 -- -- 5,0 

Ferrochrome 8,3 69,4 -- -- -- 6,8 

Manganese 

ferrosilicon 

2,1 -- -- 15,8 62,6 5,3 

 

From the resulting mixture on a hydraulic press under a 
pressure of 700 MPa the cylindrical workpieces with a diameter of 

40 mm and a height of 20 mm were compacted. Their subsequent 

consolidation was carried out by hot forging on the arc press. 
Heating before hot forging was carried out in argon at a temperature 

of 1100 0C for 20 minutes After hot forging, the workpieces were 
annealed in an Termolab electric furnace at 1200 0C for 2 hours. 

The original samples for forging had a porosity of about 36 %, 
while after hot forging their porosity did not exceed 2÷3 %. 

The microstructure of the obtained alloy was studied on an 
XJL-17 optical microscope. Studies of the phase composition and 

defects of the crystal structure of the studied materials were 

performed by X-ray diffraction methods. X-ray sampling was 
performed on a DRON-3 diffractometer in filtered cobalt radiation, 

by step scanning in the range of angles 20÷1300. The scanning step 
was 0.05 deg, the angular velocity of rotation of the goniometer - ¼ 

deg/min. The analysis of the parameters of the substructure of the 
samples was carried out according to the parameters of the fine 

structure. 

The hardness of the obtained alloy was determined on a 
hardness tester TK-14-250  and microhardness - on a microhardness 

tester PMT-3. 

3. Results of the experiments and their discussion 
As a result of grinding granules from a mixture of ferroalloys 

in a planetary mill, the fractional composition of the obtained 
powder mixture is represented mainly by dispersed fractions in the 

range of 5-20 μm (Fig. 1). Grinding of granules of starting materials 
was also accompanied by mechanoactivation of the formed charge, 

which has a positive effect on the further formation of the structure 
during high-temperature processes. 
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Fig. 1. Fractional composition of the powder mixture of ferroalloys 

after milling 

 
The bulk density of the obtained powder is 2.42 g/cm3, the 

density of the spillage - 3.53 g/m3, and the calculated theoretical 
density of the alloy is 6.7 g/cm3. 

The atomic content of each element in the alloy was 

determined by X-ray fluorescence analysis on the EXPERT 3L unit 
and chemical analysis (Table 2). 

 
 Table 2: Atomic concentration of elements in the alloy 

Elements Ti Cr Fe Mn Si C 

Contents (at. %) 9,5 16,3 39,1 15,0 6,5 13,6 

 

The nature of the phase formation in the synthesis of alloys is 
largely determined by the main crystallographic parameters of the 

elements that make up the alloy, as well as their melting 
temperatures given in Table 3.  

 
Table 3: Basic crystallographic parameters of elements and 

their melting point 

Elements 
Atomic 
radius,  

nm 

Crystal 
lattice 

type 

Number of 
valence 

electrons 

Melting 
temperature,  

0С 

Ti 0,147 HCP  4 1670 

Cr 0,130 BCC 6 1857 

Fe 0,126 BCC 8 1539 

Mn 0,127 FCC 7 1244 

Si 0,132 FCC 4 1415 

C 0,070 HCP  4 - 

 
According to [12], when the concentration of valence electrons 

CVE ≥ 8 in the alloy is the formation of solid solutions with FCC 

lattice and at CVE ≤ 6.8 - BCC solid solutions are formed.  
The value of the concentration of valence electrons of the alloy 

is determined by the dependence: 
                  (1)  

 
where сі is the concentration of the i-th element of the alloy (at.%); 

CVEi is the concentration of valence electrons of the i-th element. 

Taking into account the data of Table 3 concentration of 
valence electrons of the alloy obtained from the elements, the 

content of which is given in Table 2,  according to the dependence 
(1) is 6.34 el./at., that should lead to the formation of solid solutions 

with BCC structure. 
According to the results of X-ray diffraction analysis, it was 

found that the sample is in a significantly non-equilibrium state. 
The peaks of the highest intensity, forming the main phase of the 

alloy, belong to the BCC phase with the parameter of the cubic 

lattice a = 0.2868 nm, which is a solid solution based -Fe. This 

indicates a solid-soluble mechanism for strengthening the matrix by 
dissolving the components of the charge. 

 In the phase composition of the composite, clear peaks of the 
FCC of the titanium carbide phase were also recorded, with lattice 

parameter a = 0.4319 nm, which corresponds to a stoichiometric 
composition of about TiC0.6. On the radiograph there are also peaks 

of lower intensity, corresponding to the FCC phase of iron-
chromium carbide (Cr, Fe)23C6 with lattice parameter a = 1.0645 

nm (Fig. 2, Table 4). 

 
Fig. 2. XRD pattern of hot-forged Ti-Cr-Fe-Mn-Si-C  high 

entropy alloy 

 

X-ray diffraction analysis of the studied sample allowed to 
detect the defect of the crystal lattice of the BCC phase (matrix) and 

to calculate the parameters of the elements of the fine structure 

(substructure) of the crystal lattice of the matrix.  
The dispersion of the coherent scattering regions (CSR) is 

equal to 26.7 nm, which is in the region of nanoscale, micro-

curvature (Δa/a = 16.5＊10-2) and high dislocation density (1.53＊
1012 cm-2) indicate a significant defect of the crystal lattice matrix 
(Table 4). The lattice parameter of the BCC phase (0.2868 nm) is 

close to α-Fe lattice parameter  (0.2866 nm). The ratio of the 

expansion of lines 220 and 110 indicates a significantly chaotic 

nature of the distribution of dislocations, which causes high 

hardness of the alloy. 
 

Table 4: The parameters of the fine structure of the 

components of the hot-forged sample 

  

 
 

 
 

 
 

 

 
The results of studies of the microstructure of the material after 

hot forging and annealing (Fig. 3) confirmed the data of X-ray 
phase analysis of the presence in the alloy structure of three main 

phases, which differ significantly in color and morphology. 
According to the results of local micro-X-ray spectral analysis 

(Fig. 3,b; Table 5), the matrix phase 1 of dark color is identified as a 

BCC solid solution based on -Fe, which includes all components 

of the initial mixture in different ratios. 

 Light phase 2 with needle-shaped grains of 1-2 μm thick and 

20-50 μm long, enriched with chromium and iron. Given the high 
carbon content, this allows it to be identified as iron-chromium 

carbide type (Cr, Fe)23C6. 
The results of local microanalysis of light gray phase 3 taking 

into account the data of X-ray phase analysis of the alloy (Fig. 2) 

The parameters of the fine structure 
(substructure) 

110 

mrad 

220, 

mrad 
220/ 110 

CSR, 
nm 

ρ*1012, 
cm-2 

(Δа/а) 
*10-2 

5,6 21,15 3,83 26,70 9,25 16,5 

Parameters of the crystal lattice of phases 

Phase a, nm 

BCC 

TiC (FCC) 
(Cr, Fe)23C6 (FCC) 

0,2868 
0,4319 

1,0645 
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allow us to conclude that it contains titanium carbide grains formed 
in situ on the basis of ferrotitanium grains as a result of exothermic 

reaction in Fe-Ti-C system [13 ], which was accompanied by a 
redistribution towards carbon titanium from particles of high-carbon 

ferrochrome. 
 

 
 

 
Fig. 3. The microstructure of samples of the obtained alloy  

 
Table 6: Chemical composition of the alloy phases of the 

TiCrFeMnSiC system (weight (a) and atomic (b) element content) 

Phase 
 The content of the elements,% (wt.) 

Fe Cr Mn Ti Si C 

1 53,78 17,52 14,97 6,33 6,45 0,81 

2 16,44 54,47 11,06 2,25 0,09 15,69 

3 32,20 11,10 1.64 27,20 12,80 12,82 

(a) 

Phase 
The content of the elements,% (at.)  

Fe Cr Mn Ti Si C 

1 47,98 16,79 13,58 6,59 11,44 3,39 

2 10,15 36,13 6,94 1,62 0,15 45,05 

3 20,62 7,64 8,34 20,30 4,75 38,16 

(b) 
 

As it was shown by the results of micro- and maro indentation 
of the obtained alloy, the matrix phase 1 of dark color has a 

microhardness of about 9.0 GPa. The microhardness of the needles 

of the light phase 2 could not be measured due to the impossibility 
of the indenter into a fairly thin needle, but the microhardness of the 

globules (conglomerates) of the same phase is about 10.3 GPa. The 
average microhardness of phase 2 containing titanium carbide is 

12.4 GPa. 
The value of the macrohardness of the alloy is 60.0-61.0 HRC. 

Sufficiently high characteristics of micro- and macrohardness are 

due to solid-soluble hardening with strong distortion of the crystal 
lattice of solid solutions because of significant difference in the 

atomic radii of the substitution elements, as well as the predominant 
BCC phase content. 

 

4. Conclusions 
1. Using powder metallurgy methods, which included 

operations of high-energy grinding of powder mixture of three 

ferroalloys: ferrotitanium, ferrochrome and ferrosilicon-manganese, 
hot forging of the consolidated prefoms and their subsequent 

annealing, a high-entropy alloy of Ti-Cr-Fe-Mn-Si-C system was 

produced. 
2. According to the results of X-ray diffraction analysis and 

local micro-X-ray spectral analysis, it was found that after hot 
forging and annealing at 1200 0C the alloy consists of a matrix BCC 

phase, which is a solid solution based on -Fe, which includes all 

components of the initial charge in different ratios, and two FCC 
phases identified as titanium carbide with a stoichiometry of about 

TiC0.6, and iron-chromium carbide (Cr, Fe)23C6. 
3. High values of microhardness of individual phases and 

macrohardness of hot-forged samples, which significantly exceed 

the values of hardness of the initial components of the alloy, 
indicates a solid-soluble mechanism of matrix strengthening due to 

dissolution of the components of the charge composition. 
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