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Abstract: The article is devoted to the comprehensive studies of high-entropy CoCuTiZrHf coating
obtained by HVOF in a protective atmosphere. We have examined metallophysical properties of
the coating (using electron microscopy and X-ray diffraction analysis) in order to obtain new
information about its structure, mechanical properties and phase composition. Functional
properties were also determined. We studied the effect of mechanical activation of highly entropic
material powder on the structural phase state and coating quality. The optimal technological
parameters of HVOF in a protective atmosphere were determined for the formation of a highly
entropic CoCuTiZrHf coating, which provides the highest adhesion and low porosity. We have
developed statistical process models with parameter optimization. Based on complex
metallophysical studies, the structure formation in highly entropic coatings was researched after
HVOF in a protective atmosphere and subsequent heat treatment. Calorimetric tests of the
CoCuTiZrHf alloy were performed to identify the exo-effect corresponding to the manifestation of
phase transformation. We determined the mechanical properties of coated steel are.

Keywords: highly entropic materials; twinning; shape memory effect; mechanical activation; wear
resistance.

1. Introduction

High-entropy alloys (HEA) have been the subject of intensive research in the last decade. Most
of the HEA studies are focused on the structure of alloys, microstructural and mechanical properties
[1]. However, few works are devoted to TRIP-effect [2—4] in these alloys. Alloys with shape memory
effect (SME) have high strength, unique effects of single and multiple reversible thermomechanical
memory, high level of reactive stresses, recovery and damping, high corrosion resistance and cyclic
durability. All this makes them indispensable, despite the high cost, and determines the effective
practical application as functional materials of the new generation. However, despite all the
advantages, the high cost of the alloy limits their use in industry. Under these conditions, the
direction related to methods of surface modification of steels by HEAs with SME becomes relevant.
The formation of coatings using HEA with SME is currently carried out by various methods of
high-energy impacts (argon-arc surfacing, laser surfacing with local protection, self-propagating
high-temperature synthesis, various vacuum-plasma methods). We have developed a promising
technology for producing HEAs with SME on the surface of products by high-velocity oxygen-fuel
spraying (HVOF) in a protective atmosphere (argon medium) [5,6].

The aim of the work is to study the structure and properties of the highly entropic CoCuTiZrHf
coating with martensitic transformations with the development of optimal technological parameters
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for producing a HEA with the assessment of the specified structural, mechanical properties, which
ensure the manifestation of phase transformation.

To accomplish the goal of the work, we have formulated the following research objectives. We
have to study the laws of the mechanical activation effect of highly entropic material powder on the
structural phase state and quality of the coating obtained by HVOF in a protective atmosphere. This
ensures the functional and operational properties of the products. We have to develop the optimal
technological parameters of HVOF in the protective atmosphere to form a highly entropic
CoCuTiZrHf coating that provides reliable adhesion. On the basis of complex metallophysical
studies it is also necessary to establish the patterns of structure formation in highly entropic coatings
after HVOF in a protective atmosphere and subsequent heat treatment. We have to develop
statistical models of the technological process with optimization of parameters and to reveal the
effect of phase transformation during calorimetric tests of the alloy coating. We finally have to
perform testing of steel samples with coatings from HEAs on “friction-wear” with justification of the
coating material influence on improving the mechanical properties of products.

2. Materials and Methods

HVOF was sprayed on steel 1045. HVOF of mechanically activated
Co017.6Cul8.8Ti9.6Zr18.3Hf35.7 wt.%, powder was performed on a universal GLC-720 unit in argon
medium on cylindrical samples (J10, sample length 50 mm). Mechanical activation was carried out
in an AGO-2U ball mill.

The microstructure was studied using a JSM-7500F ultra-high resolution scanning electron
microscope and a JEM-2100 transmission electron microscope. Chemical analysis of the materials
was carried out by an optical emission analyzer of metals and alloys Arcmet 8000 and an INCA
x-sight energy dispersive attachment model 7585 electron microscope JSM-7500F. The coating
thickness was measured with a DMS 2E thickness gauge. X-ray phase analysis was performed on a
Dron-7M device in Cu-Ka radiation. The microhardness was measured on Falcon 503. The porosity
of the coatings was determined by hydrostatic weighing [7]. Tests for wear of coated materials were
performed on the installation “2070 SMT-1.” Thermal analysis of materials was carried out on a
NETZSCH STA 409 PC unit at heating and cooling rates of 10 °C/min to obtain a heating-cooling
curve. Research methods: experimental and theoretical modeling, electron microscopy, X-ray
diffraction analysis, multifractal parameterization of the structure, thermal calorimetry, mechanical
tests.

3. Results

Before HVOF, mechanical activation of the powder was carried out. This helps to improve the
quality of the coating and increase the strength properties, while there is a decrease in porosity and
an increase in the adhesion of the coating to the base [6]. The particle size of the powder before
mechanical activation is 25-50 um (Figure 1a,b). After mechanical activation it is 1-20 um (Figure 1c,d).
Powder particles after mechanical activation are in the form of deformed disks.

Figure 1. Morphology of Col7.6Cul8.8Ti9.6Zr18.3Hf35.7 powder particles: before mechanical
activation, x600—(a); x75,000—(b); after mechanical activation (activation time 10 min) x1000—(c);
x100,000—(d).
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The technological process of forming a coating from a HEA with SME formed under phased
high-energy influences includes the following stages: preparation and cleaning of the surface of the
steel base, mechanical activation of metal powders, sequential HVOF coatings in a single
technological cycle (if necessary, the powder can be deposited into different zones of the gas stream),
subsequent thermal and thermomechanical treatment, optimization of process parameters, analysis
and experimental verification of results with an assessment of the functional reliability of the
composition “base-coating with SME”. When testing the HVOF process, algorithmic planning and
statistical processing were used at all stages. When searching for optimal HVOF modes using the
experimental design method, a sequence of experiments was adopted that allows to use the gradient
search methods with an unknown function, i.e., approximately restore the law of functioning of the
object from experimental data [5,8]. When developing statistical models of the technological process,
we used a uniform rotatable plan [9].

We estimated the temperature effect on the microstructure and properties of the surface layers
in the contact zone between powder particles and the substrate during a high-impact effect. As a
result of statistical processing we obtained empirical dependence equations of temperature (Tp) and
speed (Vp) of mechanically activated powder particles (3—40 microns in size) on the spraying
distance:

Tp=A-BL-CL? 1)
Ve=A1+BiL-Ci- L2, @)

where L-the spraying distance; A, B, C, A1, Bi, Ci—coefficients obtained as a result of statistical
processing of experimental data. The values of the coefficients A, B, C, A1, B1, C1 are summarized in
Table 1.

Table 1. The values of the coefficients.

Particle Size, microns A B C A1 B1 Ci
3 20749 3.6 0.0006 879.3 0.41 0.0034
10 2047.75 3.42 0.0005 580.76 1.64 0.0042
20 2012.29 3 0.0009 346.3 1.12 0.0026
30 18956 1.23 0.0031 2185 1.46 0.0027
40 1836.7 0.54 0.0035 146.77 1.2  0.002

As we can see from Figure 2a, finer particles of mechanically activated powder are heated very
quickly to the melting temperature and are cooled faster during the bombardment of the hardened
surface. Larger powder particles (size 30—40 um) heat up much longer than small ones (320 pum),
but their temperature remains at a fairly high level for a long time.

The analysis of Figure 2b shows that smaller particles of mechanically activated powder (up to
10 um in size), falling into a high-velocity oxygen-fuel jet, accelerate faster up to a distance of =120
mm and then there is a sharp decrease in the speed of moving powder particles. The speed of larger
powder particles varies insignificantly and remains at a fairly high level with an increase in the
spraying distance.
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Figure 2. The dependence of temperature (a) and speed (b) of particles of mechanically activated
powder on the spraying distance: particle size 3 um - 1; 10 um - 2; 20 um - 3; 30 pm - 4; 40 pm - 5.

Figure 3 shows the results of experimental-theoretical modeling of the temperature and speed
of particles, mechanically activated powders in contact with the base, depending on the spraying
distance.
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Figure 3. The dependence of temperature and speed of mechanically activated powder particles on
HVOF distance: the adhesion strength of the coating to the base — (a); porosity — (b).
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Metallographic studies of the CoCuTiZrHf coating obtained by HVOF of a mechanically
activated powder showed that when the powder particles pass through a gas flame, they heat up
and, upon impact, harden in the form of deformed disks. These disks have a diameter of 0.5-15 um
and a thickness of 0.3-1.2 microns. After HVOF in a protective atmosphere, we performed annealing
at a temperature of 1123 K for 1 h. Annealing was carried out in order to eliminate the intermetallic
phases CoTi, CuTi, HfTi formed in the coating after HVOF. Since these intermetallic phases worsen
the phase transformation in the alloy.

The coating thickness was 1 mm. After annealing, the austenitic structure of B2, CoCuTiZrHf
alloy with a grain size of 25-125 nm is shown in Figure 4a,b. The martensitic structure of B19', the
corresponding microelectron diffraction pattern, is shown in Figure 4c,d. In many ways, the
formation of such a coating is associated with the features of HVOF. Grain grinding leads to a
decrease in pore volume concentration by 10-15% and the formation of denser interfaces. Studies on
the assessment of pore size and their percentage showed that the pore content in the coating is less
than 1%, the adhesion of the coating was 78 MPa. The adhesion of similar coatings obtained by
HVOF in a protective atmosphere without mechanical activation was 52 MPa, the porosity was 7%.
Macroanalysis of the coating obtained by the proven technology showed that the coating structure is
quite dense, with a minimum pore content and size. The interface between the coating and the
substrate is without visible cracks.
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(d)

Figure 4. Microstructures of CoCuTiZrHf coatings obtained by HVOF in a protective atmosphere:
austenitic structure, (a) x100,000; (b) x120,000; martensitic structure, (¢) x120,000; microelectron
diffraction pattern corresponding to the martensitic phase — (d).

At room temperature, the main structural components of the CoCuTiZrHf coating obtained by
HVOF in a protective atmosphere are as follows: the austenitic B2 phase with a cubic lattice, the
martensitic B19" phases with a monoclinic lattice, the HfTi phase with a hexagonal lattice, a small
CoTi phase, CuTi with a tetragonal lattice, as well as titanium oxide (TiO) of less than 2% (Figure 5a).
After heat treatment (annealing at a temperature of 1123 K) we observed: an austenitic B2 phase with
a cubic lattice, martensitic B19” phases with a monoclinic lattice, an HfTi phase with a hexagonal
lattice, and a small amount of titanium oxide (TiO) of less than 1% (Figure 5b).

20 40 60 80 100

Figure 5. Diffraction patterns of CoCuTiZrHf: obtained by HVOF in a protective atmosphere (argon
medium) — (a); after heat treatment (annealing at a temperature of 1123K) — (b).

As we can see from the X-ray phase analysis (Figure 5a), the CoCuTiZrHf coating after HVOF in
the protective atmosphere is almost in the austenitic state. In the second main phase, CoCuTiZrHf in
significant quantities is the martensitic phases of B19'. Intermetallic phases HfTi, CoTi, CuTi are also
present in the layer (Table 2).

After annealing (argon medium) in the high-entropy CoCuTiZrHf coating, we observe the
absence of CoTi, CuTi intermetallic phases and a decrease in the intensity of the HfTi and TiO
intermetallic phases. Apparently, the CoTi, CuTi phases dissolve upon annealing in the CoCuTiZrHf
alloy.
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Table 2. Parameters of the crystal lattices of the phases making up the Co-Cu-Ti-Zr-Hf coating.

Phase a, nm Var103 b, nm Cc, nm B, degrees
B2 (cubic) 0.3021 27.57 - - 90.00
B19” (monoclinic) 0.4651 55.56 0.4112 0.2905 98.00
CuTi (tetragonal) 0.316 26.86 0.316 0.269 90.00
CoTi (tetragonal) 0.3971 59.8 0.3971 0.3792 90.00
HIfTi (hexagonal) 0.305 45.21 0.305 0.486 90.00
TiO (monoclinic) 0.587 229.11 0.936 0.417 108.12

To identify the phase transformation temperatures, calorimetric studies of the CoCuTiZrHf
alloy after HVOF were carried out, followed by heat treatment (Figure 6).
As can be seen from the results of calorimetric studies (Figure 6), the phase transformation in

the CoCuTiZrHf alloy is reversible (M«>A), B19'«<B2.
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Figure 6. Calorimetric heating-cooling curves of the CoCuTiZrHf alloy after HVOF followed by heat
treatment.

The distribution of microhardness over the thickness of the CoCuTiZrHf coating is uneven, in
the range of 398-472 kg/mm? (after HVOF in a protective atmosphere) (Figure 7a, curve 1); 320-372
kg/mm? (after HVOF in a protective atmosphere followed by heat treatment) (Figure 7a, curve 2).
The decrease in the microhardness of the CoCuTiZrHf coating after the heat treatment is explained
by the dissolution of the intermetallic phases (Figure 5b) and a small increase in the grain structure
of the coating (Figure 4a,b). The uneven distribution of microhardness over the coating thickness is
explained by the predominant presence of two types of austenite-martensite structure. The
microhardness of the steel base is in the range 175-203 kg/mm? (Figure 7).
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Figure 7. The distribution of microhardness “Co-Cu-Ti-Zr-Hf - steel 1045” by thickness: 1 - after
HVOF in a protective atmosphere; 2 - after HVOF in a protective atmosphere, followed by heat
treatment.
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The dependence of the microhardness HVO0.1 of the coating on the thickness () is described by
Equations (3) and (4). Equation (3) corresponds to curve 1, Figure 7, and Equation (4) of curve 2,
Figure 7.

HV 0.1 = 421.79 + 123.215 — 206.97%%, (kg/mm?) )
HV 0.1 = 340.86 + 64.065 — 130.1852, (kg/mm?) )

where 0 - coating thickness, mm.

Testing of steel with a high-entropy coating with SME for wear was carried out with dry
friction of the sample coated on a hard rotating disk on a 2070 SMT-1 testing machine at a disk
rotation speed of v = 0.5 + 2 m/s and pressure P =2 + 12 MPa, with registration of temperature in the
contact zone (Figure 8a). The surface relief of samples with coatings from HEAs after testing is
shown in Figure 8b. The wear rate was estimated based on the processing of experimental data
using the Statistica v10.0 application package in the SPSS environment.

In Figure 8c, we presented the results of the wear test of steel 1045 samples with a highly
entropic CoCuTiZrHf coating 1 mm thick, obtained by HVOF in a protective atmosphere according
to the “disk-disk” scheme. The tests were carried out under dry friction at various slip speeds.
During loading, we measured the temperature at the point of contact.
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Figure 8. The process of testing the friction-wear of samples with coatings from HEAs on a testing

machine 2070 SMT-1 — (a); surface relief of samples with coatings from HEAs after testing — (b); the
dependence of the wear rate I on the disk pressure P with CoCuTiZrHf coating, the sliding speed of
the diskis0.5m/s-1;1m/s-2;1.5m/s-3;2m/s -4 - (c).

The empirical dependences of the wear rate (I) on the disk pressure (P) for the CoCuTiZrHf
alloy are described by Equations (5)—(8):

I=0.1364 + 0.2224-P + 0.0127-P? (disk slip speed 0.5 m/s), (5)
I=3.264-1.1816°P + 0.1634-P> (disk slip speed 1 m/s), (6)
I=-23.8309 + 1.2502-P + 0.143-P2 (disk slip speed 1.5 m/s), (7)
I=-3.596 + 0.8539-P + 0.3724-P2 (disk slip speed 2 m/s). (8)

An analysis of the test results shows that, at high test speeds, steel 1045 with coatings have almost
no running-in period, and at low speeds it is weakly expressed. The increase in wear resistance of
steel 1045 with a high-entropy coating CoCuTiZrHf is 2.32 times compared with that of steel 1045.

4. Discussion

During the wear test of samples with composite coatings, we observed an increase in surface
temperature in the friction zone. Sufficiently high pressures arising from friction cause
transformation plasticity due to the formation of stress martensite. The combination of these



The 2nd Coatings and Interfaces Web Conference (CIWC 2020) 8 of 9

processes determines the wear resistance of the sample. The increase in wear resistance after a full
treatment cycle is explained by reversible plastic deformations (1.6%). Experience shows [6] that the
higher the reversible deformations, the higher the wear resistance. The formation of a
nanostructured state upon surface modification gives the composite the properties of dynamic
adaptation to operating conditions. Thus, the considered metal composite “base - layer made of a
material with martensitic transformations” can be attributed to the number of smart, self-adaptive,
widely used ones in aerospace engineering, which actively counteracts external influences, reduces
vibration influence and redistributes mechanical stresses.

5. Conclusions

We studied the mechanical activation effect of a highly entropic material powder on the
structural phase state and the quality of the coating obtained by HVOF in a protective atmosphere. It
was shown that the use of mechanical activation reduces the porosity of the coating (the pores are
less than 1%), increases the adhesion of the coating up to 78 MPa. Without mechanical activation of
the powder the adhesion amounted up to 52 MPa, porosity was 7%. As a result of the experiments,
the optimal technological parameters of HVOF in a protective atmosphere were determined in order
to form the highly entropic CoCuTiZrHf coating. The coating provides the highest adhesion of 78
MPa and low porosity of less than 1%. We have developed statistical models of technological
process with optimization of parameters such as spraying distance, speed and temperature of
powder particles. Based on complex metallophysical studies we have researched the structure
formation in highly entropic coatings after HVOF in a protective atmosphere and subsequent heat
treatment. Since the grain size in the coating was 25-125 nm, the structure is mainly
austenite-martensite. During calorimetric tests of the CoCuTiZrHf alloy, we observed a significant
exo-effect corresponding to the manifestation of the B19°—B2 phase transformation. We have
established experimentally that after HVOF in a protective atmosphere of a mechanically activated
SME powder based on CoCuTiZrHf, the wear resistance of the coating increases by 2.32 times
compared to that of steel 1045.

6. Patents

As part of the development of a technology for spraying high-entropy powder materials, a
“Installation for producing nanostructured composite multifunctional coatings from a material with
a shape memory effect on the part surface” was developed (a positive decision was received on the
grant of a patent for the invention No. 2019137463 of 02/14/2020).

Funding: The work was performed as part of a grant from the Russian Science Foundation (Agreement No.
19-19-00331).
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