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Abstract: Hybrid composite materials can successfully solve the problems of reliability, durability,
and extended functionality of products, components, and details, which operate under conditions of
multifactorial influences (temperature, force, and deformation). The authors have developed a hybrid
composite high-entropy AlCoCrCuFeNi material and ceramic cBNCoMo(B4CCoMo) layer. The
formation of hybrid composites was carried out using new technology. This technology includes high-
energy machining, high-velocity oxygen-fuel spraying in a protective environment, high-temperature
thermomechanical treatment, and heat treatment. The use of the developed technology made it
possible to increase the adhesive strength of the composite layers from 68 to 192 MPa. The authors
performed an assessment of the structural parameters of the composite layers. The assessment
showed that the composite layers had a nanocrystalline structure. The research included mechanical
tests of the hybrid composites Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—cBNCoMo and Hastelloy
X (NiCrFeMo)—AlCoCrCuFeNi—B4CCoMo for cyclic durability (fatigue mechanical tests) and
friction wear. The use of surface-layered materials AlCoCrCuFeNi—cBNCoMo and AlCoCrCuFeNi—
B4CCoMo in the composition of hybrid composites significantly increased cyclic durability. The use
of surface-layered materials in the composition of hybrid composites made it possible to reduce
wear intensity. The test results show that the developed composites are promising for use in various
industries (including oil and gas), where high strength and wear resistance of materials are required.

Keywords: composite materials; ceramics; cyclic loading; high-cycle structural engineering; X-ray;
fatigue; wear

1. Introduction

Correspondence between the properties of innovative materials and the increasingly
stringent conditions for their operation is one of the most significant problems in modern
industry. Most often, the weakest link in the “material—working environment” system,
which determines the operating conditions and the resource of the entire system, is the
surface. This is why it is important to develop methods and technologies for surface
modification [1]. The composite design of surface layers is the most promising method
for improving products operating under friction, cyclic loading, and exposure to active
media. Materials with different functional and mechanical properties in the surface layer
make the surface multifunctional, strong, heat-resistant, wear-resistant, erosion-resistant,
corrosion-resistant, reliable, and durable [2].

High-entropy materials and ceramic wear-resistant materials as surface layers [3–13]
or as part of surface composites [14–20] ensure an effective response to external factors and
adaptation to external influences. High-energy technologies provide nanostructuring. At
present, technologies for composite layered materials have already been developed. They
include high-entropy layers and ceramic wear-resistant layers [2], which are formed using
a multifunctional technological complex. The technologies for surface-layered composites
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are mainly used to improve the properties of products [14–21]. Layered surface composites
that have a range of properties are relevant for various industries (oil and gas, aerospace,
mechanical engineering, etc.). Taking into account that materials of high hardness have
low viscosity, it is necessary to create layered structures that provide damping and stress
relaxation. Layers of high-entropy materials perform the functions of stress relaxation on the
surface. In addition, stress relaxation in composite materials is achieved due to the correctly
chosen “architecture” of the layered composite. Therefore, for example, the lower functional
layer of the composite in contact with the base (Hastelloy X) should have greater plasticity
and elasticity than the overlying layer. Moreover, the overlying layer in contact with the
aggressive environment must have increased strength and hardness. Consequently, the
chosen “architecture” provides high mechanical and functional properties to the composite
material [15,21–24]. As a functional layer in a composite material, we chose a high-entropy
material. As an overlying layer bordering the functional layer, we chose a combined ceramic
material. This material is most suitable for contact media in the oil and gas industry. The
functions of stress relaxation in a layered composite can also be performed by layers of
high-entropy materials [25–31].

Hastelloy X (nickel–chromium–iron–molybdenum), which has proven itself in the
oil and gas and petrochemical industries, has been chosen as the basis for improving the
performance properties and wear resistance of surface-layered composites [32–35].

The aim of this work was to create surface-layered composites of AlCoCrCuFeNi—
cBNCoMo and AlCoCrCuFeNi—B4CCoMo with a range of properties. The composites
will include a high-entropy material and a wear-resistant ceramic material that provide the
desired functional and mechanical properties.

Research Objectives

- Substantiation of the choice of materials for hybrid composites (Section 2);
- Substantiation of the choice of equipment and technologies for the formation of hybrid

composite materials (Section 2);
- Assessment of the influence of high-energy mechanical processing of powder materials

AlCoCrCuFeNi, cBNCoMo, and B4CCoMo on the quality and mechanical properties
of composites (Section 2);

- Development of statistical models for optimizing the technological parameters of the
formation of composite materials (Section 3.1);

- Study of the structure and structural parameters of composite materials after complex
processing (Section 3.2);

- Study of the mechanical properties and fatigue testing of the obtained composites
(Section 3.3);

- Testing of the developed composites for friction wear (Section 3.3);
- Substantiation of the choice of high-temperature thermomechanical treatment in order

to improve the mechanical properties of composites (Section 4.1);
- Substantiation of the choice of the “architecture” of composite materials (Section 4.2).

2. Materials and Research Methods
2.1. Materials

The alloy Hastelloy X (NiCrFeMo) is widely used in the petrochemical industry.
It was chosen as the basis [32–35]. The high-entropy AlCoCrCuFeNi alloy was chosen
as the functional layer adjacent to the base (Hastelloy X (NiCrFeMo) alloy). The high-
entropy AlCoCrCuFeNi alloy has high functional (superplasticity, etc.) and mechanical
properties [36–40]. The combined ceramics cBNCoMo and B4CCoMo, which have increased
wear resistance and strength, were chosen as surface strengthening layers [41–43]. We
chose high-velocity oxygen-fuel spraying (HVOF) as a source of thermal energy because it
can form a fine-grained (nano) structure due to the extremely short time of interaction with
the treated surface, i.e., due to high heating and cooling rates of the deposited material.

The chemical analysis of the studied powder compositions is presented in Table 1.
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Table 1. Chemical analysis of materials, wt.%.

Material Ni Mo Cr Fe W Co Mn C P S Si Al Ti B Cu cBN B4C

Hastelloy X 43.34 9.5 21.8 20.1 0.7 1.9 0.8 0.1 0.03 0.02 0.9 0.3 0.1 0.01 0.4 - -

AlCoCrCuFeNi 16.7 - 16.7 16.7 - 16.7 - - - - - 16.6 - - 16.6 - -

cBNCoMo - 5 - - - 10 - - - - - - - - - 85 -

B4CCoMo - 5 - - - 10 - - - - - - - - - - 85

2.2. High-Energy Machining

First, we implemented high-energy machining of the powder compositions. Then,
we carried out high-velocity oxygen-fuel spraying in a protective environment. In order
to improve the functional and mechanical properties of the composites AlCoCrCuFeNi–
cBNCoMo and AlCoCrCuFeNi—B4CCoMo, we implemented high-energy machining of
powder mixtures in a water-cooled centrifugal ball mill GEFEST-2 (AGO-2U). The ball mill
has the following parameters: drum volume—150 cm3; ball acceleration—40 g ball ratio
for loading (10–15):1; ball diameter—6 mm; ball material—WC; carrier speed—890 rpm;
and drum speed—1000 rpm. We carried out high-energy machining in an inert environ-
ment (argon). We ran grinding and activation of powder compositions in the AGO-2
U ball mill in the field of three inertial forces: the Coriolis force and two centrifugal
forces. The centrifugal forces acting on the balls and powder were many times higher
than the force of gravity. This is why the powder was rapidly activated. We produced
HVOF in a protective environment of wear-resistant layers cBNCoMo and B4CCoMo
hybrid composites Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—cBNCoMo and Hastel-
loy X (NiCrFeMo)—AlCoCrCuFeNi—B4CCoMo after high-energy machining. The times
for the high-energy mechanical processing of the powder materials were as follows:
AlCoCrCuFeNi—20 min; B4CCoMo—30 min; and cBNCoMo—40 min. In the process
of high-energy mechanical treatment, cBN and B4C particles are destructed by micro chip-
ping. The powder particles acquire a rounded volumetric shape with a pronounced effect
of mechanosynthesis. During high-energy mechanical processing, powder particles are
stored in the energy released during the HVOF process. This increases the adhesion of the
composite layers and the total quality of the layers (reduction of porosity).

2.3. Formation of Layered Composites

Before HVOF, AlCoCrCuFeNi, cBNCoMo, and B4CCoMo powders were dried in
a vacuum oven for 3–6 h at a temperature of 120–180 ◦C. In order to increase the adhe-
sion strength of the composite layers with the base (Hastelloy X alloy), we preliminarily
sandblasted the surface of the Hastelloy X alloy.

We studied the microstructure with a JSM-7500 F super-resolution scanning electron
microscope and a JEM-2100 transmission electron microscope. We studied the chemical
formula of the materials with an Arcmet 8000 optical emission analyzer for metals and
alloys and with an INCA X-sight energy-dispersive JSM-7500 F electron microscope. We
measured the thicknesses of the layers with a DMS 2E thickness gauge. X-ray phase analysis
was carried out using a Dron-7M device in Cu-Kα radiation.

The high-temperature thermomechanical treatment of the AlCoCrCuFeNi, cBNCoMo,
and B4CCoMo layers of Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—cBNCoMo and Hastel-
loy X (NiCrFeMo)—AlCoCrCuFeNi—B4CCoMo included plastic deformation at high
temperatures and heat treatment (annealing). We carried out gradual plastic deformation
of the AlCoCrCuFeNi, cBNCoMo, and B4CCoMo layers of Hastelloy X (NiCrFeMo)—
AlCoCrCuFeNi—cBNCoMo and Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—B4CCoMo
with a three-roller device (Figure 1b) in a protective environment (argon) at a temperature
of 1173 K. This environment reduces the content of oxides in the layers. Oxides have a
negative effect on the functional and mechanical properties of hybrid composite materials.
The abovementioned device (Figure 1a) allowed ion cleaning of the product before the
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layers’ formation. This increases the adhesion strength of the layers to the base. After high-
energy mechanical treatment of the AlCoCrCuFeNi, cBNCoMo, and B4CCoMo powders,
which was followed by high-temperature thermomechanical treatment, the porosity of
the layers decreased to 1%, and the adhesive strength increased up to 162–183 MPa. This
increase can be explained by the combined effect on the sprayed material. This effect lies in
HVOF in an argon environment and plastic deformation of the sprayed particles, accom-
panied by high particle velocity of the sprayed mechanically activated powder material
and, consequently, by dynamic impact. The adhesive strength of the AlCoCrCuFeNi—
cBNCoMo and AlCoCrCuFeNi—B4CCoMo composite materials deposited on the surface
of the Hastelloy X (NiCrFeMo) superalloy without preliminary high-energy machining and
high-temperature thermomechanical treatment was 65–68 MPa.
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scheme of a device for plastic deformation of materials—(d).

Plastic deformation of the materials was carried out by rolling on the laboratory device
shown in Figure 1b–d. For plastic deformation of cylindrical samples, we used a special
3-roller device (rollers 50 mm in diameter, 8 mm wide) fixed in an installation case. The
device allows for the processing of materials with a diameter of 8–20 mm with a contact
load of up to 50 kN per roller. The device was calibrated using a DOS-0.1 dynamometer.
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2.4. Mechanical Test

The microhardness of the layers was measured on a Falcon 503 device with a diamond
pyramid with a 136◦ tip angle and an indenter load of 200 g. We examined porosity by hy-
drostatic weighing. We studied the properties of high-entropy coatings with experimental
methods on special and standard equipment: on a fatigue test machine MUI-6000 and on a
wear test machine 2070 SMT-1.

3. Results

When we form Hastelloy X—AlCoCrCuFeNi—cBNCoMo and Hastelloy X—AlCoCrCu
FeNi—B4CCoMo using a multifunctional technological complex (Figure 1) and mechan-
ically activated powders AlCoCrCuFeNi, cBNCoMo, and B4CCoMo, porosity decreases
(pores are less than 0.8%), and adhesive and cohesive strength increases (162–183 MPa). An
increase in the adhesive and cohesive strength of Hastelloy X—AlCoCrCuFeNi—cBNCoMo
and Hastelloy X—AlCoCrCuFeNi—B4CCoMo can be explained by thermomechanical treat-
ment (plastic deformation at a temperature of 1223–1323 K and subsequent annealing).
This is also due to the formation of AlCoCrCuFeNi—cBNCoMo and AlCoCrCuFeNi—
B4CCoMo by HVOF spraying. The increase can also be explained by the high-energy
machining of applied materials.

We carried out annealing after we formed Hastelloy X—AlCoCrCuFeNi—cBNCoMo
and Hastelloy X—AlCoCrCuFeNi—B4CCoMo in an inert medium at temperatures of
1073–1173 K. The annealing was carried out to eliminate excess intermetallic phases and
reduce residual stresses after the layers’ formation. After HVOF and annealing, we per-
formed thermomechanical processing. This included plastic deformation at temperatures
of 1223–1323 K, followed by annealing at temperatures of 973–1073 K for 1 h. Thermome-
chanical processing included plastic deformation of materials at high temperatures and
subsequent annealing. Annealing of materials was carried out in order to relax stresses
arising after plastic deformation. Plastic deformation of the materials was carried out under
the pressure of the rollers on the surface of the material at a high temperature. Plastic
deformation of the materials was carried out on the device shown in Figure 1b,c. Annealing
of the hybrid layered composites was carried out at temperatures of 973–1073 K, depending
on the composition of the alloy.

3.1. Design of Statistical Models for Hybrid Composites Using a Multifunctional
Technological Complex

We used algorithmic planning and statistical processing of experimental data at all
stages of the technological process: HVOF, annealing, and plastic deformation of the lay-
ers. In the search for the optimal technological regimens for hybrid composites using the
experimental planning method, we adopted such a sequence of experiments that allows
applying gradient search methods for an unknown function. This means that we approxi-
mately restored the law of object functioning according to the experimental data. When
developing statistical models of the technological process, we used a uniform-rotatable
plan. The following technological parameters were taken as the main ones: oxygen con-
sumption, propane consumption, burner movement speed, spraying distance D, powder
utilization factor E, spraying angle θ, residual argon pressure in the chamber P, etc. We con-
sidered the following output parameters: adhesive strength S (Equation (1)) and porosity
P (Equation (2)). With these seven basic technological parameters, 92 experiments must
be carried out to conduct a full-factorial experiment. Therefore, we accepted the values of
the four main optimal parameters, based on the analysis of sources and the experience of
previous studies: the flow rate of the carrier gas (argon)—45 L/min; spraying distance—D
220 mm; spraying angle—80◦; rotation frequency of the coated part—800 min−1; and resid-
ual pressure of argon in the chamber—0.7–0.8 Pa. An optimized assessment of the layers’
characteristics (adhesion strength and porosity) allowed us to determine the optimal values:
propane flow—80 L/min; oxygen—145 L/min; and burner speed—1.5 m/min. Based on
the experience of previous studies, we selected the variation intervals of the studied fac-
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tors: propane consumption—60–85 L/min; oxygen consumption—120–160 L/min; carrier
gas consumption (argon)—40–50 L/min; distance between the torch and the processed
material—D: 100–250 mm; spraying angle—70–90◦; burner travel speed—1–1.5 m/min;
rotation speed of the coated detail—800–1000 min−1; residual pressure of argon in the
chamber—0.7–0.8 Pa; and powder utilization ratio—E: 30–70%. Based on the results of
statistical modeling of the technological process HVOF in the argon environment, we
obtained regression equations (the variation interval of the factors Tp = 209–2132 ◦C and Vp
= 315–1156 m/s). These equations express the dependence of coating quality characteristics
and technological parameters of the process in the following Formulas (1) and (2):

S = 19.92 + 0.09 × Tp − 0.09 × Vp + 1.77 × 10−6 × Tp
2 − 9.28 × 10−5 × Tp × Vp + 0.0002 × Vp

2, (1)

P = 29.22 − 0.007 × Tp − 0.06 × Vp + 1.45 × 10−5 × Tp
2 − 4.75 × 10−5 × Tp × Vp + 8.05 × 10−5 × Vp

2, (2)

where Tp is the temperature of the powder particles in ◦C and Vp is the speed of the powder
particles in m/s.

A graphical interpretation of the response functions of adhesion strength and porosity
is shown in Figure 2a,b. These parameters determine the main characteristics of the layers:
adhesive and cohesive strength, level of residual stress, porosity, and structure.

Metals 2023, 13, x FOR PEER REVIEW 7 of 21 
 

 

 

(a) (b) 

 
(c) 

Figure 2. Dependence of adhesive strength (а) and porosity (b) on temperature and particle veloc-
ity of mechanically activated powder; material adhesion after high-temperature thermomechanical 
treatment—(c). 

As a result of the analysis and mathematical processing of the experimental data, 
we obtained a polynomial curve of force dependence during deformation: temperature 
during deformation and adhesion of materials (Figure 2c). The highest adhesion of the 
surface composites AlCoCrCuFeNi—cBNCoMo(B4CCoMo) was achieved at a load of 
approximately 30 kN and a deformation temperature of 1316 K. When the load exceeded 
30 kN, the base, which was Hastelloy X(NiCrFeMo) alloy, began to be pressed (de-
formed). 

Experience shows that for high-velocity oxygen-fuel spraying in a protective envi-
ronment, small powders (powder size less than 0.8 μm) cause technological difficulties. 
These difficulties lie in the burnout of individual components of the sprayed material in 
the gas flow. Therefore, the optimization of particle size distribution is one of the stages 
in the formation of “Hastelloy X—AlCoCrCuFeNi—ceramic material”. Statistical studies 

Figure 2. Dependence of adhesive strength (a) and porosity (b) on temperature and particle velocity
of mechanically activated powder; material adhesion after high-temperature thermomechanical
treatment—(c).



Metals 2023, 13, 1177 7 of 19

As a result of the analysis and mathematical processing of the experimental data,
we obtained a polynomial curve of force dependence during deformation: temperature
during deformation and adhesion of materials (Figure 2c). The highest adhesion of the
surface composites AlCoCrCuFeNi—cBNCoMo(B4CCoMo) was achieved at a load of
approximately 30 kN and a deformation temperature of 1316 K. When the load exceeded
30 kN, the base, which was Hastelloy X(NiCrFeMo) alloy, began to be pressed (deformed).

Experience shows that for high-velocity oxygen-fuel spraying in a protective environ-
ment, small powders (powder size less than 0.8 µm) cause technological difficulties. These
difficulties lie in the burnout of individual components of the sprayed material in the gas
flow. Therefore, the optimization of particle size distribution is one of the stages in the
formation of “Hastelloy X—AlCoCrCuFeNi—ceramic material”. Statistical studies have
shown that in order to obtain high-quality HVOF compositions in a protective environ-
ment, the optimal particle size distribution of the powder after high-energy mechanical
processing is 0.9–15 microns. Powder particles with a finer fraction (less than 0.8 µm) stick
together and violate the technological process (sticking of the powder dispenser channel).

3.2. Structure and Structural Parameters of Composite Materials

Macro- and microanalysis of Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—cBNCoMo
and Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—B4CCoMo, obtained by the proven tech-
nology, showed that the structure of the layers was quite dense. The interface between
the layers had no visible defects (Figure 3a–c). When powder particles pass through the
gas-flame jet, they heat up and, upon impact with the substrate, harden in the form of
deformed disks with a diameter of 1–12 µm and a thickness of 1–3 µm. The grain size in
Hastelloy X—AlCoCrCuFeNi—cBNCoMo and Hastelloy X—AlCoCrCuFeNi—B4CCoMo
obtained by HVOF is as follows: AlCoCrCuFeNi—75–123 nm (Figure 3d,e); cBNCoMo—
92–136 nm (Figure 3f); and B4CCoMo—86–163 nm (Figure 3g). The thicknesses of Hastel-
loy X—AlCoCrCuFeNi—cBNCoMo and Hastelloy X—AlCoCrCuFeNi—B4CCoMo are
AlCoCrCuFeNi—1–1.3 mm; cBNCoMo—0.5–0.7 mm; and B4CCoMo—0.5–0.7 mm. These
thicknesses of the composite layers are optimal for the mechanical properties of hybrid
composites.
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Figure 3a,b show the structure of the Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—
cBNCoMo composite. Figure 3a shows an enlarged part of the structure (the interface
between the Hastelloy X (NiCrFeMo) and AlCoCrCuFeNi alloy layers) of the Hastelloy X
(NiCrFeMo)—AlCoCrCuFeNi—cBNCoMo composite. Figure 3b shows an enlarged part
of the structure (the interface between the AlCoCrCuFeNi and cBNCoMo alloy layers) of
the Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—cBNCoMo composite. Figure 3c shows an
enlarged part of the structure (the interface between the AlCoCrCuFeNi and B4CCoMo
alloy layers) of the Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—B4CCoMo composite.
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We studied the structure of AlCoCrCuFeNi, cBNCoMo, and B4CCoMo after complex
processing, including high-energy mechanical processing of materials and HVOF in a
protective atmosphere, followed by thermomechanical treatment (Figure 4a–c). The results
of X-ray diffraction showed that the high-entropy AlCoCrCuFeNi layer consists of ordered
and disordered body-centered cubic (BCC) phases, a small number of face-centered cubic
(FCC) phases, and austenitic B2 cubic phases (Figure 4a). The cBNCoMo ceramic layer
consists of BN cubic phase, Co hexagonal phase, B2CN orthorhombic phase, and Mo cubic
phase (Figure 4b). The B4CCoMo ceramic layer consists of B4C phases with rhombohedral
lattice, Co phases with hexagonal lattice, B4C2Co22 phases with cubic lattice, and Mo with
cubic lattice (Figure 4c).
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The structural parameters of the alloy crystal lattices of AlCoCrCuFeNi, cBNCoMo,
and B4CCoMo alloys included in the hybrid composite materials are presented in Table 2.

Table 2. Structural parameters of the alloy crystal lattices included in the hybrid composite materials.

Phase a, nm Vat·103 b, nm c, nm β, Degrees

cBNCoMo

BN (cubic) 0.3615 47.24 0.3615 0.3615 90.00

B2CN (hexagonal) 0.2574 25.49 0.2574 0.4442 90.00

B2CN (orthorhombic) 0.256 50.77 0.791 0.2507 90.00

Co (hexagonal) 0.2503 25.44 0.2503 0.406 90.00

B4CCoMo

B4 C (rhombohedral) 0.5593 378.039 0.5593 1.2085 90.00

B4 C2 Co22 (cubic) 1.046 1144.445 1.046 1.046 90.00

Co (hexagonal) 0.2502 25.35 0.2502 0.405 90.00

AlCoCrCuFeNi

BCC (body-centered cubic lattice) 0.2875 23.76 0.2875 0.2875 90.00

FCC
(face-centered cubic lattice) 0.3608 46.97 0.3608 0.3608 90.00

B2 (cubic) 0.3207 32.98 0.3207 0.3207 90.00

The microhardnesses of Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—cBNCoMo and
Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—B4CCoMo are: super alloy Hastelloy X (NiCr-
FeMo) HV0.2 = 3.8 ÷ 3.95 GPa; alloy AlCoCrCuFeNi HV0.2 = 4.41 ÷ 4.57 GPa; alloy
cBNCoMo, HV0.3 = 34.3 ÷ 34.8 GPa; and alloy B4CCoMo, HV0.3 = 18.7 ÷ 18.9 GPa
(Figure 5). The data on the distribution of layer-by-layer changes in microhardness, as well
as information on their maximum values, suggest that such “layered structures” increase
the mechanical characteristics of the material and, in particular, make them strong and
wear-resistant.
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Figure 5. (a) Microhardness of composite materials: Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—
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ing the microhardness of composite material AlCoCrCuFeNi—cBNCoMo.

We chose cubic boron nitride and boron carbide as hard materials for functional hybrid
composite layers. Cubic boron nitride and boron carbide, unlike other superhard materials,
are not subjected to chemical wear, i.e., they are chemically neutral. We took cobalt and
molybdenum as binding materials. The data analysis allowed us to conclude that binders
based on Co and Mo at a content of 10–30% have the best set of mechanical properties and
adhesion, while cohesion is up to cBN grains. Taking into account the chemical affinity of
Co with the AlCoCrCuFeNi functional layer and its scarcity, we used 10% Co as a binder.

3.3. Performance Properties of Surface-Modified Composite Materials

Experience shows that the optimization of composite materials increases the following
characteristics: strength, hardness, durability, and wear resistance. During the wear test of
samples layered with AlCoCrCuFeNi—cBNCoMo and AlCoCrCuFeNi—B4CCoMo, the
temperature in the friction zone increased. The increase in wear resistance can be explained
by the increased hardness of the cBNCoMo and B4CCoMo layers.

The endurance limit of Hastelloy X (NiCrFeMo) alloy was 340 MPa, the endurance
limit of the AlCoCrCuFeNi—cBNCoMo layers was 410 MPa, and the endurance limit of
the AlCoCrCuFeNi—B4CCoMo layers was 385 MPa (Figure 6a).



Metals 2023, 13, 1177 12 of 19Metals 2023, 13, x FOR PEER REVIEW 13 of 21 
 

 

  
(a) (b) 

 
(c) 

Figure 6. (a) Multi-cycle fatigue curves of Hastelloy X (NiCrFeMo): without coating (4), after sur-
face modification with composite material AlCoCrCuFeNi—B4CCoMo (δ ≈ 1.5 mm) (3); after sur-
face modification with composite material AlCoCrCuFeNi—cBNCoMo (δ ≈ 1.5 mm) (2); after sur-
face modification with composite material NiCoTiZrHf—cBNCoMo (δ ≈ 1.5 mm) (1); (b) photo-
graphs of multi-cycle fatigue tests; (c) photograph of destruction of a sample from a composite 
material as a result of mechanical tests for high-cycle fatigue. 

As a result of the statistical processing of experimental data, empirical Equations 
(3)—(6) of stress amplitude dependence (σa) on cyclic durability value (N) were obtained 
in the program Statistics 10.0: 

Hastelloy X (NiCrFeMo): σa = 681.97 − 9.94 × 10−5 × N + 6.96 × 10−12 × N2, (3)

AlCoCrCuFeNi—B4CCoMo: σa = 750.31 − 0.0001 × N + 7.11 × 10−12 × N2 (4)

AlCoCrCuFeNi—cBNCoMo: σa = 785.95 − 0.0001 × N + 7.52 × 10−12 × N2, (5)

NiCoTiZrHf0151—cBNCoMo: σa = 798.3 − 9.14 × 10−5 × N + 5.93 × 10−12 × N2, (6)

Figure 7a shows the results of friction-wear tests of composite materials: NiCo-
TiZrHf + cBNCoMo; AlCoCrCuFeNi—cBNCoMo; AlCoCrCuFeNi—B4CCoMo; and 
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Figure 6. (a) Multi-cycle fatigue curves of Hastelloy X (NiCrFeMo): without coating (4), after surface
modification with composite material AlCoCrCuFeNi—B4CCoMo (δ ≈ 1.5 mm) (3); after surface
modification with composite material AlCoCrCuFeNi—cBNCoMo (δ ≈ 1.5 mm) (2); after surface
modification with composite material NiCoTiZrHf—cBNCoMo (δ ≈ 1.5 mm) (1); (b) photographs of
multi-cycle fatigue tests; (c) photograph of destruction of a sample from a composite material as a
result of mechanical tests for high-cycle fatigue.

As a result of the statistical processing of experimental data, empirical Equations (3)–(6)
of stress amplitude dependence (σa) on cyclic durability value (N) were obtained in the
program Statistics 10.0:

Hastelloy X (NiCrFeMo): σa = 681.97 − 9.94 × 10−5 × N + 6.96 × 10−12 × N2, (3)

AlCoCrCuFeNi—B4CCoMo: σa = 750.31 − 0.0001 × N + 7.11 × 10−12 × N2 (4)

AlCoCrCuFeNi—cBNCoMo: σa = 785.95 − 0.0001 × N + 7.52 × 10−12 × N2, (5)

NiCoTiZrHf0151—cBNCoMo: σa = 798.3 − 9.14 × 10−5 × N + 5.93 × 10−12 × N2, (6)

Figure 7a shows the results of friction-wear tests of composite materials: NiCoTiZrHf
+ cBNCoMo; AlCoCrCuFeNi—cBNCoMo; AlCoCrCuFeNi—B4CCoMo; and Hastelloy
X (NiCrFeMo). The total thickness of the composite layers was 1.5 mm. The samples
obtained were tested on a friction-wear testing machine 2070 CMT-1 (Figure 7b) accord-
ing to the disk–disk scheme. The tests were carried out under dry friction conditions
at a disk sliding speed of 2 m/s. During loading, the temperature at the contact point
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was measured. The experimental data were processed using the Statistica v10.0 appli-
cation package in the SPSS environment. The analysis of the results obtained shows
(Figure 7a) that material Hastelloy X (NiCrFeMo) (I = 46.16 × 10−6 g/m, disk pressure
P = 9.4 MPa) has the highest wear rate (Figure 7a, curve 1). Meanwhile, the lowest wear
rate belongs to the composite material AlCoCrCuFeNi—B4CCoMo (I = 30.82 × 10−6 g/m,
disk pressure P = 9.4 MPa) (Figure 7a, curve 2). The wear rates of the composite mate-
rials are as follows: AlCoCrCuFeNi—cBNCoMo (I = 27.78 × 10−6 g/m, disk pressure
P = 9.4 MPa) (Figure 7a, curve 3) and NiCoTiZrHf3—cBNCoMo (I = 24.43 × 10−6 g/m,
disk pressure P = 9.4 MPa) (Figure 7a, curve 4).
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The wear rate (I) from the pressure (P) of the disk changes according to polynomial
dependence (Figure 6a) and is described by empirical Equations (7)–(10). The equations were
obtained from the mathematical analysis of experimental data using Statistica v10.0 software:

AlCoCrCuFeNi—B4CCoMo: I = −8.77 + 3.202 × P + 0.089 × P2, (7)

Hastelloy X (NiCrFeMo): I = −10.07 + 4.4 × P + 0.168 × P2, (8)

AlCoCrCuFeNi—cBNCoMo: I = −8.86 + 3.12 × P + 0.06 × P2, (9)

NiCoTiZrHf—cBNCoMo: I = −6.57 + 2.25 × P + 0.08 × P2 (10)

The positive results of the wear and fatigue tests give grounds to recommend Hastelloy X
(NiCrFeMo)—AlCoCrCuFeNi—cBNCoMo and Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—
B4CCoMo to improve various structural elements working in the oil and gas industry.
These layers are able to provide special properties of high entropy. They are also able
to improve ceramic materials and increase their damping capacity and crack resistance.
The increased crack resistance of Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—cBNCoMo
and Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—B4CCoMo is explained by the increased
properties of high-entropy materials. This has been confirmed by a number of studies.
The nanostructural state makes the composite adaptable to operating conditions. Thus,
the considered composites Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—cBNCoMo and
Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—B4CCoMo can be classified as smart, self-
adaptive, and widely demanded in various branches of technology, including potentially
dangerous conditions. These materials actively counteract external influences, reduce
vibrations, and redistribute mechanical stresses.
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4. Discussion
4.1. High-Temperature Thermomechanical Treatment of Layered Composite Materials

In order to increase the adhesion and cohesion of the AlCoCrCuFeNi, cBNCoMo, and
B4CCoMo layers of Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—cBNCoMo and Hastelloy
X (NiCrFeMo)—AlCoCrCuFeNi—B4CCoMo, we carried out high-temperature treatment.
High-temperature treatment of AlCoCrCuFeNi, cBNCoMo, and B4CCoMo increases adhe-
sive and cohesive strength up to 162–183 MPa. During high-temperature thermomechanical
processing, we can observe high compressive forces between the layers. These forces lead
to welding of the composite layers.

After HVOF treatment of the composite layers, we carried out high-temperature treat-
ment. It included surface plastic deformation at temperatures of 1223–1323 K, followed
by annealing at temperatures of 973–1073 K for 1 h. HVOF treatment of AlCoCrCuFeNi,
cBNCoMo, and B4CCoMo leads to a high density of crystal lattice defects and internal
stresses (first stresses or residual stresses). Their magnitude and nature are determined
by the deposited materials and the deposition conditions. Internal stresses prevent the
mobility of twinning boundaries. They can decrease the functional and mechanical prop-
erties of the resulting layers and cause cracking or peeling of the layers from the base
(Hastelloy X (NiCrFeMo)) [2,44,45]. To improve the characteristics of the layered composite
materials, we carried out annealing. This procedure causes relaxation of internal stresses in
the layers of hybrid composites [2,46,47]. Adhesive strength also increases during thermo-
mechanical treatment due to the intensified diffusion processes at the boundary “Hastelloy
X (NiCrFeMo)—AlCoCrCuFeNi alloy layer”. The main purpose of heat treatment was to
stabilize the structure (eliminate unwanted intermetallic phases) and increase functional
properties with the maximum possible relaxation of residual internal stresses after the
deposition of AlCoCrCuFeNi, cBNCoMo, and B4CCoMo alloys. During heat treatment
(annealing), the structure of the layers, like that of a superalloy, undergoes changes: the
grain size increases in a small range, and its overall effect also affects the microhardness
of materials, which are “sensitive” to structural changes. There is also some “softening”
of the alloys. Thus, we can conclude that annealing affects the structure, microhardness,
composition, and elimination of the chemical inhomogeneity of AlCoCrCuFeNi, cBN-
CoMo, and B4CCoMo. This, in turn, has a favorable effect on the functional properties of
hybrid composites.

The operating conditions in tribosystems, i.e., conditions of friction and wear, occur
when the surface layers of the contacting parts experience energy effects and are in a com-
plex stress–strain state. Static and dynamic loads cause high internal stresses and elastic and
plastic deformations. All these factors lead to fatigue and wear of the surface layer [48–50].
The main requirement for materials operating in such conditions is multifunctionality.
During operation, materials must withstand high specific loads, sliding speeds, and ther-
mal and force deformations. They must also have sufficient mechanical strength, friction
coefficient stability, run-in resistance, seizing resistance, high wear resistance, corrosion
resistance, and low cost [15,16,21,22].

4.2. Multifunctional Surface Compositions “AlCoCrCuFeNi—cBNCoMo” and
“AlCoCrCuFeNi—B4CCoMo”

The priority direction in materials for the oil and gas industry is the use of smart,
intermetallic, nanocrystalline, and layered materials with improved properties. The use
of high-entropy materials as surface layers or as part of a layered structure can provide
an effective response of materials to external factors. Directional intellectualization of
composite materials increases the stability of tribological properties. The use of micro-
and nanotechnologies provides self-diagnosis and adaptation to external influences. In
recent years, a large amount of research has been carried out to develop innovative types
of layered composites. These composites, in terms of structure, architecture, and properties,
improve the products for various purposes. In order to ensure the multifunctionality of a
surface composition operating under conditions of cyclic loading and reverse friction, it is
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important to correctly design its outer layers. These layers perceive external influences as,
for example, does a layer of increased wear resistance [2,15,16,21,22]. In Table 3, we have
shown one of the options for a composite surface layer for operation in cyclic loading and
reverse friction. We have also demonstrated the requirements and technological efficiency
of the constituent layers of the composition.

Table 3. Multilayer hybrid composite material operating under cyclic loading and reverse friction
requirements and technological efficiency of functional layers.

Functional Layers Requirements Efficiency
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must provide high load-bearing capacity and damping under mechanical or thermal impact.
To increase the durability and survivability of the product under friction–fatigue cyclic
loading, it is advisable to use a functional layer of ceramic materials, such as cBNCoMo or
B4CCoMo, which have stable high corrosion–fatigue strength under operating conditions.

The multilayer compositions Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—cBNCoMo
and Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—B4CCoMo are characterized by higher
energy absorption than single-layer coatings, a decrease in the propagation rate of mi-
crocracks in layers with a gradient in phase composition and thicknesses, high adhesive
properties of the constituent layers and the base, and wider technological capabilities in the
selection of the connecting layer [2,15,16,21,22].

The formation of hybrid composite materials at all stages was carried out under
conditions of complex, high-energy effects. This allowed us to obtain materials with an
increased combination of functional and mechanical properties. However, for successful
processing, it is necessary to “synchronize” the parameters of all the influence methods on
the material, taking into account technological inheritance, and to optimize the processing
parameters to obtain qualitatively new structures and structure-sensitive properties. This
process is an important research step in the development of the structure and architecture
of composites.

Nanostructured particles experience high contact pressure during plastic deformation
of layered composite materials under high-temperature treatment. As a result, particles
decrease in the ratio 1:8.6. The energy stored in the process of high-energy machining
in the form of various kinds of defects releases. This leads to a better connection of the
sprayed particles with each other and with the base, i.e., provides good adhesive properties
and lower porosity. Meanwhile, the high-temperature gradient between the substrate and
the powder particles creates additional conditions for nanostructuring. Crystallization
during high-temperature thermomechanical treatment forms nuclei on long-range order
fluctuations. Their number and size can be determined by the degree of cooling. When
the layers of composite materials are cooled, crystallization proceeds under conditions
of heat deficiency, and the temperature at the front of the growing crystal drops sharply.
As a result, crystals cease to grow at a certain stage. Meanwhile, the melt, which remains
untransformed, solidifies and forms an amorphous state. The amorphous component,
after hot plastic deformation, subsequently undergoes dynamic recrystallization and forms
nanoscale structures [2,51–53].

Samples with AlCoCrCuFeNi—cBNCoMo and AlCoCrCuFeNi—B4CCoMo layers
become more durable because nanostructured materials are destructed. Destruction stops at
grain boundaries and prevents branching and movement of cracks, and boundaries harden.

5. Conclusions

Hybrid composite materials can successfully solve the problems of reliability, durabil-
ity, and extended functionality of products, components, and details, which operate under
conditions of multifactorial influences (temperature, force, and deformation). The authors
developed the technology of hybrid composites, including layers of high-entropy materials
and layers of ceramic materials. The developed technology includes high-energy machin-
ing, high-velocity oxygen-fuel spraying in a protective environment, high-temperature
thermomechanical treatment, and heat treatment.

As a result of the research, the following tasks were solved:

1. We increased the adhesive strength of the composite layers from 68 to 192 MPa with
the developed technology.

2. We substantiated the choice of powder materials for the formation of high-entropy
AlCoCrCuFeNi and ceramic cBNCoMo(B4CCoMo) layers of composites to increase
the reliability and durability of the products.

3. We improved the adhesive properties and quality (reduction of porosity) of composite
layers using high-energy processing of AlCoCrCuFeNi, cBNCoMo, and B4CCoMo
powder materials.
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4. We developed statistical models for optimizing the technological parameters for the
formation of composite materials.

5. We described the technological regimens of high-temperature thermomechanical
treatment in order to improve the mechanical properties of composites (adhesion).

6. We studied the structure of AlCoCrCuFeNi, cBNCoMo, and B4CCoMo composites
after complex processing. The studies show that the AlCoCrCuFeNi layer has a
grain size of 75–123 nm, the cBNCoMo layer has a grain size of 92–136 nm, and the
B4CCoMo layer has a grain size of 86–163 nm. The microhardness was Hastelloy X
(NiCrFeMo) HV = 3.8 ÷ 3.95 GPa; AlCoCrCuFeNi HV = 4.41 ÷ 4.57 GPa; cBNCoMo,
HV = 34.3 ÷ 34.8 GPa; and B4CCoMo, HV = 18.7 ÷ 18.9 GPa.

7. We performed mechanical tests of hybrid composites Hastelloy X (NiCrFeMo)—
AlCoCrCuFeNi—cBNCoMo and Hastelloy X (NiCrFeMo)—AlCoCrCuFeNi—B4CCoMo
for cyclic durability (fatigue mechanical tests) and friction wear. The tests show that
the endurance limit of Hastelloy X (NiCrFeMo) alloy samples was 340 MPa, with
AlCoCrCuFeNi—cBNCoMo composite surface layers of 410 Mpa and AlCoCrCuFeNi—
B4CCoMo composite surface layers of 385 MPa. The use of surface-layered materials
AlCoCrCuFeNi—cBNCoMo and AlCoCrCuFeNi—B4CCoMo in the composition of
hybrid composites increases cyclic durability.

The use of surface-layered materials in the composition of hybrid composites made it
possible to significantly reduce the wear rate from I = 46.16 × 10−6 g/m (for Hastelloy X
(NiCrFeMo)) to I = 27.78 × 10−6 g/m (AlCoCrCuFeNi—cBNCoMo).

The test results show that the developed composites are promising for use in various
industries (including oil and gas), where high strength and wear resistance of materials
are required.
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