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ABSTRACT  

The study results of functionally oriented surface layers 

made of high-entropy alloys (HEA) with thermoelastic 

phase transformations (TPT) (CoFuTiZrHf, NiCoTiZrHf, 

NiCuTiZrHf, ZrCuNiCoTi, TiNiZrHfCoCu) are presented 

in conditions of complex high-energy effects in a single 

vacuum cycle. Using the example of the multilayered 

TiNiTa-cBN-Co-NiAlY surface composition, we have 

demonstrated all stages of the formation from the 

mechanical activation of the sprayed powder material and 

the optimization of the structural phase state – up to 

thermomechanical processing providing the functional 
properties of the shape memory (SM) material. We 

proposed an energy criterion for estimating the durability 

of materials with TPT 
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INTRODUCTION 

Among the huge variety of the used alloys, high-entropy 

alloys (HEA) occupy a special place, possessing a number 

of unique properties, including shape memory effect(SME) 

[Firstov, 2015]. Despite the slight reversible deformation, 

the use of wind power plants with multiple functions (high 

damping capacity, superelasticity) is promising both for 
high-temperature technical applications and for coatings. 

There is information about the use of high-entourage 

ceramic materials obtained by magnetron sputtering, laser 

and plasma surfacing of coatings [Löbel, 2017]]. For the 

formation of coatings, the complex high-energy methods 

are the most promising ones. The use of high-velocity 

methods of deposition by means of materials with SME  in 

a protected environment allows to create a more 

homogeneous structure, which has a favorable effect on 

the properties of coatings. Taking into account the unique 

ability of HEA-s in order to increase the strength 
characteristics while maintaining increased plasticity, 

delayed process of damage accumulation and destruction, 

even in cryogenic temperatures [Gludovatz, 2014], these 

alloys can be recommended as surface layers and 

compositions to improve reliability and durability of 

products for the inhibition of developing [Robertson, 

2007]. The purpose of this study is to form functionally 

oriented surface layers using highly entropic materials 

with TPT and predict cyclic durability. 

METHOD AND RESULTS OF 

RESEARCH 

Based on the experience of earlier studies, and based on 
the analysis of information sources, we selected the 

compositions of high-entropy compositions with 

thermoelastic phase transformations, which consist of Co, 

Ni, Cu, Ti, Zr, and Hf in various combinations (Table 1). 

The formation of surface layers of multicomponent 

materials with SME is a complex multistage process due to 

complex high-energy effects (Fig.1). 

 

Table I: Thermodynamic characteristics of coatings 
from HEA-s with SME 

 

Figure 1: Structural scheme of coating formation  

This process involves mechanical activation, high-velocity 

oxygen-flame spraying in a protective environment with 

subsequent thermal and thermomechanical processing to 

form the functional properties of the SME material. 

Сoatings 
ср,      

J/ 

kgꞏ К 

Lпл, 

kJ/ 

mole 

Q,kJ/ 

mole 

 

H,kJ/ 

kg 

 

Co17.6Cu18.8Ti9.6Zr18.3Hf35.7 365,06 65,69 649,27 583,68 

 Ni17.8Co17.7Ti9,8Zr18,6Hf36,1 387,397 65,65 705,02 639,34 

Ni17.6Cu18,8Ti9.6Zr18,3Hf35,7 375,59 64,33 651,24 586,92 

Zr52,8Cu26Ni8,8Co8,4Ti4 362,98 62,69 610,62 547,93 

 
Ti9,7Ni11,9Zr18,3Hf35,8Co11,7Cu12,6 367,05 64,17 41,358 577,19 



Since each stage of processing is accompanied by the 

evolution of the structure, the process of formation of the 

surface layer was considered taking into account 

technological inheritance [Blednova, 2017], one of the 

stages of which is the modeling of the structure. For the 

quantitative description of the structure, the multifractal 

parameterization method was used in addition to the 

traditional material research methods. The performed 
electron microscopic studies showed that the structure of 

the layer formed by high-velocity oxygen-fuel spraying is 

generally ultrafine-grained, with a grain size of 100-400 

nm, in some cases nano-sized, less than 100 nm. Coating 

thickness is about 1 mm. X-ray phase analysis showed that 

all formed coatings at a normal temperature are in the 

austenitic state and have a phase composition 

characteristic of SME materials, contain phases B2, B19', 

and a small amount of titanium oxide, less than 1%. 

PREDICTION OF CYCLIC 

DURABILITY 

To ensure the reliability of products it is necessary to 

predict their durability and residual life. In the present 

study, from the standpoint of energy concepts of strength 

and fracture, based on the previously proposed 
thermodynamic approach [Blednova, 1989, 2017] for 

materials with diffusion coatings, we considered the model 

of damage and destruction of a material with a surface 

layer made of alloys with TPT:  

QNW p   ,                                               (1) 

where W is the energy expended on the gradual formation 

of the micro-surface of destruction; N is the number of 

cycles before the destruction of the local volume; p is the 

empirical coefficient; Q is the energy capacity of the alloy, 

determined from the thermodynamic characteristics, the 

phase diagram, and the results of X-ray phase analysis, α is 

the structural factor of the alloy, the coefficient of 

thermomechanical activity determined on the basis of 

multifractal representations. The results of calculating the 
thermodynamic characteristics of the investigated HEA-s 

(enthalpy, energy capacity) performed on the basis of X-

ray phase analysis are shown in Table. 1.  

FORMATION OF FUNCTIONALLY-

ORIENTED COMPOSITION  

Management of breakdown sites nucleation and their 

spreading, contribute to improving the durability and 

reliability of products. Durability and vitality increase 

can be carried out by means of constructive and 

technological methods. In this study, an effective 

method of surface modification is considered for 

operation under conditions of multifactor effects (cyclic 

loading, increased wear and exposure to media) using 

the example of a functionally oriented surface 

composition using materials with thermoelastic phase 

transformations TiNiTa-cBN-Co-NiAlY, the algorithm 
of which is shown in Fig. 1. At the basis of increasing 

the durability of a material with a surface layer made of 

SME materials based on TiNiTa under cyclic loading 

lies the effect of silasticity. We described the mechanism 

of increasing the long-term behavior and estimated the 

functional and mechanical properties of the surface 

composition. 

CONCLUSION 

Based on the analysis of the current state of 

developments in the field of VES research using SME 

and on own research, we justified the choice of the 

chemical composition of powder compositions that 

ensure efficient operation under extreme operating 
conditions (high and low temperatures, complex effects 

resistant to wear and corrosion). The electron 

microscopic and X-ray diffraction studies of five 

variants of VES coatings containing Co, Cu, Ti, Ni, Zr, 

and Hf in various combinations made it possible to 

reveal the evolution of the structural-phase state at all 

stages of formation and to assess the effect of the 

chemical composition on the functional properties. To 

predict the cyclic durability of products with surface 

layer with VES, we proposed an energy criterion that 

takes into account the energy intensity of the material, 
determined by thermodynamic characteristics, the phase 

diagram and the results of X-ray phase analysis, and the 

structural factor determined on the basis of multifractal 

analys. To work in conditions of multifactorial effects, 

the complex multi-layered TiNiTa-cBNCo-NiAlY 

surface composition has been developed. It provides the 

optimal combination of operational (endurance, 

intensity of wear) and functional properties of the SME 

material (reversible deformation, phase transition 

temperature range) efficiency and functional reliability 

of the composition and the field of its use. 
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