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Abstract. Powder high-entropy alloys (HEA) of TiCrFeNiC equioatomic composition were synthesized by hot forging (HF). The 

phase composition and parameters of the fine structure of the alloys are determined. It is shown that at all annealing temperatures of the 

alloys their phase composition does not change significantly and consists of two solid solutions of substitution - FCC and BCC and two 

carbide phases - TiC and Cr3C2. The mechanical properties of the alloys are at a rather high level - so the maximum strength of the alloy was 

2243 MPa and the hardness is more than 62 HRC, which can be explained by the effect of high entropy and in situ synthesis of carbides in 

the manufacture of alloys. 
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1. Introduction 

A characteristic feature of high-entropy alloys is the content 

in their composition of at least 5 basic elements in the equatomic 

ratio. The presence of a large number of heterogeneous but equal 

number of atoms with different individual properties imposes its 

specificity on the formation of solid solutions in these alloys [3]. 

The high entropy of mixing elements in the alloys causes the Gibbs 

free energy to be minimized and leads to the predominant formation 

of solid solutions with BCC, FCC or FCC + BCC structure. 

Reduced free energy of the alloy provides the stability of the solid 

solution during further heat treatment [1, 2]. Increased 

characteristics at high temperatures are ensured by the strong 

distortion of the crystal lattice due to differences in the atomic radii 

of the substitution elements [3, 4]. 

The purpose of the study is to study the phase composition, 

microstructure, structural imperfections of the crystal lattice and 

properties of high-entropy TiCrFeNiC powder alloys in the process 

of their synthesis. 

 

2. Experimental materials and methods 

Fe, Cr, Ti, Ni and C (graphite) powders with a purity of 

99.5 - 99.9% were used as starting elements for obtaining 

equiatomic alloys of the Ti-Cr-Fe-Ni-C system. The original 

powders were dosed on an electronic scales. The mechanical 

activation of the powder mixture was carried out in a planetary mill 

at a ratio of the mass of the mixture to the mass of grinding bodies 

1: 10. The speed of rotation of the drums of the mill was about 800 

rpm, the grinding time - 60 minutes. In order to prevent oxidation 

and segregation of the powder particles, this process was carried out 

in ethyl alcohol. The drums were periodically cooled in water. 

From the resulting mixture in a steel matrix pressed 

cylindrical blanks with a diameter of 40 mm at a pressure of 700 

MPa. The consolidation of the powder blanks by hot forging was 

carried out on an forging press FB1732 at a temperature of 1100 ˚C 

in argon atmosphere. The annealing of the alloys after forging was 

carried out in an induction furnace in argon at temperatures of 1200, 

1250 and 1300 °C. Annealing time is 2 hours. The density and 

porosity of the alloys were determined by hydrostatic weighing. The 

hardness was measured on a TK-14-250 hardness meter according 

to GOST 9013-75, and the micromechanical characteristics were 

measured on PMT-3. The strength characteristics were determined 

by the compression method according to GOST 25.503-97.

The microstructure of the alloys was studied on an XJL-

17 optical microscope as well as on a JEOL Superprobe 733 

scanning electron microscope. Investigations of phase composition 

and structural component defects were performed by X-rays 

methods. X-rays of the samples were carried out on a DRON-3 

diffractometer in filtered cobalt radiation by a stepwise scanning 

method in the range of angles 20 ÷ 130°. The scanning step was 

0.05 deg, the angular velocity of the goniometer was ¼ deg/min. 

Quantitative micro-X-ray spectral analysis was performed on a 

CAMECA MS-46 x-ray microprobe at 20 kV, 12 nA probe mode 

and 3 μm probe diameter. 

 

 

3. Results of the experiments and their discussion 

Analysis of the X-ray spectrum of the mixture of 

TiCrFeNiC composition after grinding in a planetary mill for 60 

min showed (Fig. 1) that it consists of the reflexes of the individual 

components that are part of the alloy being developed. Therefore, 

chemical interaction between the components does not occur, but 

the nature of the profile of the reflexes of the components of the 

alloy changes dramatically. Significant expansion of the reflexes 

indicates the distortion of the crystal lattice of elements, 

overlapping of x-ray reflections of elements having close angles of 

reflection, eliminates the possibility of profile selection for 

calculating the parameters of the fine structure. Defects in the 

crystal structure, intensify the sintering processes and greatly affect 

the peculiarities of the formation of the phase composition.  
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Fig. 1. Diffraction pattern of equiatomic TiCrFeNiC powder 

mixture after grinding for 60 min in a planetary mill 

The X-ray spectrum of the TiCrFeNiC alloy synthesized by 

grinding the original charge for 60 min and subsequent hot forging 

at 1100 ° C is mainly represented by the reflexes characterizing the 

HCC structure (Fig. 2 a). Significantly expanded lines of titanium 

carbide are clearly recorded on the X-ray of the alloy. The crystal 

lattice parameter of titanium carbide is 0,43267 nm, which 

corresponds to the ratio C / Me = 0,82. Many of the weak reflexes 

characteristic of this type of lattice are represented by Cr3C2 

chromium carbide. Intermittent Cr2Ti and Fe2Ti interfaces with 

cubic and hexagonal structure are present in a small amount, 

respectively. 

The use of hot forging after grinding showed a high defect 

of the solid solution based on the phase with the structure of the 

FCC: β111 = 7,37 mrad, CSR = 24 nm; β311 = 21,79 mrad, ρ = 9,49 • 

1012 cm-2, micro-distortion = 21,11 • 10-2. In the course of hot 

deformation, at the same time as the introduction into the alloy of 

dislocations, their transformation into orderly groups always occurs. 

Hot stamping of porous blanks can be considered as one of the 

cycles of thermomechanical treatment, in the process of which a 

developed substructure is created. This developed substructure is 

the primary factor that determines all other structural causes of 

thermomechanical strengthening of the alloy and can contribute to 

the formation of solid solutions structures [5, 6]. 

On the X-ray spectrum of the alloy, no phase with the BCC 

structure is detected, but using the mathematical approach to 

decompose the maximum (111) of the FCC phase, the presence of 

two phases was found simultaneously (Fig. 1b). This can be 

explained by the significant slander of the BCC phase, which is 

associated with the blurring of the lines of this phase, which makes 

it impossible to distinguish from the low intensity line background. 

 
Fig. 2. Diffraction pattern of equiatomic TiCrFeNiC alloy after 60 

min grinding and hot forging at 1100 ° C (a) and the results of the 

decomposition of the FCC reflex (111) (b) 

The performed calculations of the parameters of the fine 

structure according to the maxima of the component phases indicate 

the significant imperfection of the crystal lattice of the structural 

components of the alloys. 

At an annealing temperature of 1300 ° C, the HEA is 

formed on the basis of a phase with the FCC structure. The FCC 

lattice parameter of 0,3597 nm is the largest compared to similar 

parameters in all technological modes. However, increasing the 

lattice parameter did not lead to an increase in hardness, which 

decreased to 49,1 HRC (Table 1). A similar feature of WEC alloys 

was observed by the authors of [4], explaining that one of the 

reasons may be the redistribution of the elements of substitution in 

the alloy with FCC structure. The defect in the HEA based on the 

FCC structure is characterized by the following values β111 = 6,8 

mrad, CSR = 25,8 nm, β311 = 17,76 mrad, ρ = 5,24 • 1012 cm-2, 

micro-distortion = 17,39 • 10-2 . 

 
Fig. 3. Diffraction pattern of equiatomic TiCrFeNiC alloy after 

grinding, hot forging and annealing at 1300 ° C (a) and the results 

of the decomposition of the FCC reflex (111) (b) 

Structural formation during hot forging of porous powder 

blanks occurs under conditions of intense plastic deformation and 

accelerated cooling from contact with a relatively cold press tool, 

which provides a manifestation of the effect of thermomechanical 

treatment. The temperature and duration of heating before forging 

accelerate the flow of interparticle splicing processes when 

compacting the blanks and forming a finished product from it. In 

the case of HF, there is a partial annihilation of the dislocations 

acquired during the grinding process and the simultaneous 

introduction of dislocations. The heating temperature under forging 

ensures the alignment of the structure defect in the sample volume, 

the processes of structure formation are activated [7]. 

According to metallographic and micro-X-ray spectral 

analyzes, two solid-solution phases of substitution with FCC and 

BCC lattices and two carbide phases are present after annealing at 

all temperatures at TiCrFeNiC alloys (Figs. 4, 5). There is a layered 

structure, the layers of which are directed perpendicular to the 

direction of stamping, which is characteristic of hot-forged alloys. It 

is only after annealing at 1300 °C (Fig. 4, d) that a regular matrix 

structure is formed, in which a gray and light gray matrix and dark 

inclusions are present. The light area is a solid solution of iron with 

chromium in which there are gray inclusions of chromium carbide 

Cr3C2. The dark gray area formed by the lattice of nickel contains 

the inclusion of titanium carbide TiC and a small fraction of iron 

and chromium (Fig. 5). 
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Fig. 4. SEM image of the microstructure of equiatomic TiCrFeNiC 

alloys after HF (a), after HF and annealing at 1200 ° C (b), after 

HF and annealing at 1250 ° C (c), after HF and annealing at 1300 

° C (d) 

 

Fig. 5. The distribution of elements in the TiCrFeNiC alloy phases 

after annealing at 1300 ° C 

Therefore, a solid solution of substitution on the basis of the 

FCC structure is formed on the basis of the Nickel lattice. In the 

smaller volume of the bright region, the formation of a solid 

solution of substitution occurs when the mutual dissolution of 

chromium and iron with the formation of BCC structure on the 

basis of the chromium lattice. The data of the micro-X-ray spectral 

analysis confirm the results of the X-ray structural study on the 

formation of a high-entropy solid solution of substitution with the 

BCC structure. 

In the table. 1 shows the density, porosity and hardness of 

the synthesized alloys. The theoretical density of the alloy is 6,65 

g/cm3. The use of hot forging has yielded almost non-porous alloys, 

which is known to significantly affect their properties. 

Table 1 

Density, porosity and hardness of synthesized high-

entropy TiCrFeNiC alloys 

№ 
Тannealing, 

°С 

Density, 

g /cm3 

Porosity, 

% 

Hardness, 

HRC 

1 
without 

annealing 
6,55 1,5 62,4 

2 1200 6,51 2,1 58,2 

3 1250 6,50 2,2 55,5 

4 1300 6,48 2,5 49,1 

 

Samples that were annealed have slightly higher porosity 

than non-annealed ones. This can be explained by the Frenkel II 

kind of effect due to the difference in the heterodiffusion 

coefficients of the alloy elements. The hardness of the samples 

decreases naturally with increasing annealing temperature, although 

this decrease is negligible due to the high entropy effect. 

The results of tests for uniaxial compression are presented 

in table. 2. The high values of the mechanical characteristics of the 

alloys can be related to the effect of high entropy of element mixing 

in the alloys, as well as to the synthesis of carbides in situ during 

the process operations. The nature of the destruction of the samples 

is fragile, as evidenced by the low values of relative deformations. 

In the first three specimens, there is actually a microplastic 

deformation that does not exceed 0,7 %, and only in the last 

specimen does the plasticity increase significantly compared to 

other specimens. In general, the mechanical properties are clearly 

correlated with the annealing temperature of the alloys. 

Table 2 

Mechanical properties of synthesized high-entropy TiCrFeNiC 

alloys 

№ 
Тannealing, 

°С 

σpr, 

МПа 

σ0,2, 

МПа 

σr, 

МПа 
ε, % 

1 
without 

annealing 
1381 1978 2243 0,41 

2 1200 1081 1567 1971 0,65 

3 1250 1055 1507 1663 0,69 

4 1300 890 1266 1551 1,64 

 

4. Conclusions 

1. The synthesized high-entropy alloys of the TiCrFeNiC 

system are formed into solid solutions with FCC and BCC 

structures. The preferred phase is a solid solution based on the 

structure of the FCC. 

2. Quantitative characteristics of the imperfections of the 

crystal lattice of HEAs indicate a significant distortion of the lattice 

of a solid solution with the BCC structure. 

3. Along with the phases of the FCC and BCC structures, 

high-entropy chemical compounds are formed: TiC and Cr3C2 

carbides, Fe2Ti, Ni3Ti, Cr2Ti intermetallides, which play a large role 

in the solid solution formation on the basis of the FCC structure. 
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4. The high values of the mechanical characteristics of the 

alloys can be related to the effect of high entropy of element mixing 

in the alloys, as well as to the synthesis of carbides in situ during 

the process operations. 
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