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Abstract: This article describes the structure and properties of the developed hybrid composite
Hastelloy X (NiCrFeMo)-AlMoNbTaTiZr-cBNSICNiAlCo. The composite was obtained by the high
velocity oxygen fuel spraying (HVOF) method in a protective atmosphere with a subsequent
high-temperature thermomechanical treatment. In order to obtain new information about the structure,
we studied the metallophysical properties of the composite using electron microscopy and X-ray
diffraction analysis, as well as the mechanical properties and phase composition. We studied the
influence of high-energy mechanical processing of high-entropic and ceramic materials on the
structural-phase state and composite quality. We determined the optimal technological parameters of
HVOF in a protective atmosphere, followed by a high-temperature thermomechanical treatment.
Additionally, we optimized these parameters to form a hybrid composite providing the highest
adhesion and low porosity. Moreover, we investigated the microhardness of the composite layers. On
the basis of complex metallophysical studies, we examined the composite formation. In order to
determine the endurance limit in comparison to various other composite materials, we carried out
cyclic endurance tests of the developed materials.
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1. Introduction

In the modern industry, under conditions of intense global competition, increased requirements
are imposed on products; they are expected to have proper structure, chemical composition, high
mechanical properties, and geometric dimensions [1-4]. Given the decisive role of the surface layers,
the problem of increasing the operational characteristics and increasing reliability and service life can
be successfully solved at the finishing stage of processing. This processing is based on a layered
synthesis using combined (hybrid), function-oriented macro-, micro-, and nanotechnology. These
technologies are a new type of organizational and technological form of additive technologies [5-9].

The multilayer hybrid composite material is characterized by greater energy absorption than
single-layer materials [10-14]. Its rate of microcrack propagation is decreased in the layers, which has
a gradient in the phase composition and layer thickness. The material has high adhesive properties of
the constituent layers and the base, as well as guaranteed technological features and good selection of
bonding layers [7-9,15,16]. The most promising is the concept of multilayer material architecture,
where each layer has its own functional purpose. A multilayer surface composition allows a set of
extremely important functions related to an increased resistance of the composition to fatigue failure
under cyclic loads, which causes fatigue cracks [17—20]. The composition helps to slow down or block
failure under loading due to phase transformations in the material [21-27].

Functionalization and intellectualization of products is a promising direction in layered synthesis
technologies. These processes are carried out using high-entropic and ceramic materials. Increasingly
expanding the use of high-entropic and ceramic materials in engineering is connected with their
extremely wide functional-mechanical characteristics, including the following: high strength and
damping properties, thermomechanical reliability and durability, and wear and corrosion
resistance [9,15,23].

The aim of the work is to develop and study the structure and properties of the high-entropic
layered heat-resistant composite Hastelloy X (NiCrFeMo)-AlIMoNbTaTiZr-cBNSICNiAlCo.
Additionally, we aim to develop optimal technological parameters of its production and to evaluate the
specified structural and mechanical properties for details, units and assemblies working in the oil and
gas industry.

To achieve the goal, we formulated the following tasks:

-To study the influence of high-energy mechanical processing of powders AIMoNbTaTiZr and
cBNSICNIiAICo on the structural-phase state and quality of the composite material obtained by HVOF
(high velocity oxygen fuel spraying) in a protective atmosphere with subsequent high temperature
thermomechanical processing (HTTP), which provides functional and mechanical properties of details,
units and assemblies used in the oil and gas industry;

-To develop optimal technological parameters of HVOF in a protective atmosphere with
subsequent HTTP to form composite Hastelloy X (NiCrFeMo)-AlMoNbTaTiZr-cBNSICNiAlICo,
ensuring reliable adhesion and cohesion;

-To  establish  the  formation procedure  for the  composite  Hastelloy
X(NiCrFeMo)-AIMoNbTaTiZr-cBNSIiCNiAICo, on the basis of complex metallophysical studies;

-To study the influence of thermal and high-temperature thermomechanical processing on the
functional and mechanical properties of the Hastelloy X
(NiCrFeMo)-AIMoNbTaTiZr-cBNSiCNiAIlCo;
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-And to investigate the influence of cyclic loading in the region of multicyclic fatigue on the
structural-mechanical properties of the Hastelloy X (NiCrFeMo)-AIMoNbTaTiZr-cBNSiCNiAICo
composites.

2. Materials and methods

Figure 1 shows a diagram for the processes that determine the formation and performance
properties of the composites. The choice of the composition architecture “base-layer of HEAs-layer
of combined ceramics” depends on its functional purpose. The surface layers of products working in
the oil and gas industry are subjected to external force, temperature, and corrosion effects, and must
ensure strength, reliability and survivability in operating conditions. The main factors, which
determine the reliability and survivability of the composition, are high adhesion at both the
“composite layer-base” interface and between the layers; the "architecture” of the surface
composition, which prevents cracks and creates barriers to their propagation, ensures the inhibition
of the cracks’ propagation.

Processes that determine the formation and performance
properties of composites

1
High-energy mechanical processing of the applied

| Product surface preparation |

material
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[ Surface modification |
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Figure 1. Scheme of processes that determine the formation and performance properties
of composites.

The methodology of hybrid composite materials was carried out in accordance with the five-link
paradigm of materials science, in the composition-structure-technology- properties-material
relationship. The chemical composition of the composite material is chosen considering the
operational requirements to the details, units, and aggregates used in the oil and gas industry. By
providing the necessary functional-mechanical properties, we chose the proper equipment and
developed the technology to form the material structure.
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The Hastelloy X (NiCrFeMo) is used as the base of the composition, and the AIMoNbTaTiZr
powder was used as the lower functional layer. The cBNSiCNiAICo powder was used for the upper
heat-resistant layer. The chemical composition of powders is given in Table 1.

Table 1. Chemical analysis of applied materials, wt. %.

Material Al Mo Zr Nb Co Ti cBN Ni3Al SiC Ta
AIMoNDbTaTiZr 28 15 12 15 - 20 - - - 10
cBNSICNiAICo - - - - 5 - 40 35 20 -

To improve the functional and mechanical properties of the hybrid composite during HVOF in a
protective atmosphere, the AIMoNbTaTiZr and cBNSICNiAICo powders were pre-treated by
high-energy mechanical processing in the GEFEST-2 (AGO-2U) high-speed planetary ball mill.

HVOF in a protective atmosphere (argon) was chosen as the formation method for surface layers
of the composites. This method has several advantages: increased adhesion compared to other methods
of gas-thermal spraying, nanoscale structure, and a high speed and productivity of the process. The
formation of the composite material was carried out using a multifunctional technological complex for
obtaining nanostructured composite surface materials and was processed by means of a single
algorithm that combines the following processing cycle (patent number 2718785): high-energy
mechanical processing of powders; formation of the functional layer AIMoNbTaTiZr on the surface of
the Hastelloy X(NiCrFeMo); formation of the strengthening layer cBNSICNiAICo on the surface of
the functional layer; and thermal and complex high-temperature thermomechanical processing of the
multilayer material. High-temperature thermomechanical processing of the composite
AIMoNbTaTiZr-cBNSICNiAICo was carried out to increase the strength properties (i.e., to increase
the adhesion and cohesion of the composite layers). High-temperature thermomechanical processing
included the following: surface plastic deformation of the composite material at 1173-1273 K in a
protective atmosphere (argon), which was followed by annealing of the composite material at 1073 K
(annealing time 30 min). The surface plastic deformation was carried out by rolling cylindrical
samples of the composite materials by rollers.

The formed surface layers of the composition were investigated using metallographic, durometric,
X-ray structural and spectral analyses. X-ray phase analysis was carried out on a “Dron-7M”
diffractometer in Cu-Ka radiation. The hardness of the composition layers was measured using a
Falcon 503 device. The microstructures of the layers were examined on scanning and transmission
electron microscopes, JSM-7500F and JEM-2100, respectively.

To assess the quality of the composite layers, we performed mechanical adhesion tests on an
Instron 8801 testing machine. Multi-cycle fatigue tests of cylindrical specimens under bending with
rotation were performed on MUI-6000 equipment.

To determine the porosity of the composites, we used a hydrostatic method (hydrostatic
weighing) [28]; this method is based on the determination of the weight loss of the test composite
experienced by the composite when immersed in a liquid. According to the law of Archimedes, this
weight loss is equal to the weight of the liquid in the volume of the body. In the measurements, we used
pure distilled water, the temperature dependence of which is well known. We used an electronic scale
to measure the weight.
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We used the pin method to determine the adhesion of surface composites. In the pin method, the
basis is a washer, and a pin is installed in the hole in such a way that its end surface is flush with the
outer plane of the washer. After preparation, a surface composite is applied to the common surface of
the end face of the pin and washer. To prevent it falling out during spraying, the pin is fixed with a
screw. The test consists of pulling the pin by applying force P (tensile test, Instron 8801 machine).

3. Results

In the process of high-energy machining (HEM), the powder particles undergo crushing and
intense plastic deformation. This leads to a temperature increase and the formation of numerous
defects, which are the centers of nanograin formation. Statistical estimation of duration influence of
HEM process on size of powder particles allowed for the optimization of the following machining
parameters: drum rotation frequency 1800—2000 min™2, driver rotation frequency 800—-100 min?, ball
diameter 6 mm, and operating time 15-30 min. The particle size of the AIMoNbTaTiZr powder before
HEM ranged from 5 to 20 um (Figure 2a); after HEM, the size of the AIMoNbTaTiZr powder particles
was 1 to 10 pm (Figure 2b). The particle size of the cBNSICNiAlICo powder before HEM
was 8 to 50 um (Figure 2¢); after HEM, the particles of the cBNSIiCNiAlICo powder have the size of 1
to 15 um (Figure 2d).

Figure 2. SEM image of the AIMoNbTaTiZr powder before HEM: >500 (a); after HEM:
>500 (b). The cBNSICNiAICo before HEM: >x2500 (c); after HEM: >600 (d).
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Optimal processing modes have been defined by the following criteria: layer thickness and
defects (propane consumption 60-85 L/min, oxygen consumption 120-160 L/min; carrier gas
consumption (argon) 40-50 L/min; spraying distance 200-300 mm; spraying angle 70-90< burner
speed 1-1.5 m/min; rotation speed of coated part 800—1000 rpm; and residual argon pressure in the
chamber 0.8 Pa). After sputtering and machining to size, the samples were annealed in vacuum at
T=1073 K for 2 h.

3.1. Structural and mechanical features of composite materials Hastelloy X
(NiCrFeMo)-AlIMoNbTaTiZr-cBNSIiCNiAICo

After HVOF in a protective atmosphere and subsequent high-temperature thermomechanical
treatment of the Hastelloy X(NiCrFeMo)-AIMoNbTaTiZr-cBNSiCNiAICo composite, its total
thickness was 1.5 mm (the thickness of the AIMoNbTaTiZr layer was 1 mm and the cBNSICNiAICo
layer was 0.5 mm).

The layers’ structure has an extremely weak etchability with conventional reagents. This is
largely due to a strong grain refinement as a result of high-speed heating, rapid cooling, and significant
deformation (Figure 3). These factors provide special structural effects. Due to HVOF characteristic
features and subsequent high-temperature thermomechanical treatment on proprietary equipment
(high cooling rate and rapid hardening of the composite), the AIMoNbTaTiZr layer lacks clearly
defined columnar dendrites. Thus, the structure can be characterized as nanocrystalline. The complex
treatment of the composite (including HEM + HVOF + HTTP) leads to a significant improvement of
the layer structure (Figure 3a,b), reduction of porosity (from 2 to 0.1%) and an increase of adhesion
and cohesion by 200-230%. The microhardness of the composite was as follows: the Hastelloy X
(NiCrFeMo)—3.1 GPa, the AIMoNbTaTiZr—8.7-9.3 GPa, and the cBNSiCNiAlIC0—19.2-19.4 GPa.
The grain size in the layers of the composite material was as follows: the AIMoNbTaTiZr—53-97 nm
(Figure 3c) and the cBNSICNiAICo—83-315 nm (Figure 3d).

The results of the X-ray phase analysis showed that the initial phase state of the AIMoNbTaTiZr
layer at room temperature is the austenitic B2 and BCC phases (Figure 4a). The main structural
components of the hardening layer cBNSICNiAlICo are BN with a cubic lattice, SiC with a hexagonal
lattice, Ni3Al with a cubic lattice, and Co with a cubic lattice (Figure 4b). The diffractogram of the
cBNSICNIiAICo layer corresponds to the diffractogram of a polycrystalline sample, representing a
series of peaks on a smooth background line.
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Figure 3. Structure of composite materials Hastelloy X
(NiCrFeMo)-AIMoNbTaTiZr-cBNSICNiAICo: (a)—the alloy Hastelloy X (NiCrFeMo)
(1); the interface between the alloy Hastelloy X (NiCrFeMo) and the layer
AlIMoNDbTaTiZr (2); the layer AIMoNbTaTiZr (3), <1000. (b)—the AIMoNbTaTiZr layer
(1); interface between the AIMoNbTaTiZr and the cBNSICNIiAICo layers (2); the
cBNSICNiAICo alloy layer (3), =<1000. (c)—structure of the AIMoNbTaTiZr layer
x100000. (d)—structure of the cBNSICNiAICo layer <10000.
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Figure 4. Diffractograms of the composite material AIMoNbTaTiZr-cBNSiCNiAICo: (a)
the layer AIMoNbTaTiZr, (b) the layer cBNSICNiAICo.

The parameters of the crystal lattices of the phases included in the composite material
AIMoNbTaTiZr-cBNSICNiAICo are presented in Table 2.

Table 2. Parameters of crystal lattices of phases included into the composite material.

Phase, lattice type a, nm Vy 41073 b, nm ¢, nm B, deg.
AlIMoNbTaTiZr

B2 (face-centered cubic lattice) 0.3032 27.87 - - 90.00
BCC (volumetric centered cubic 0.3178 32.1 - - 90.00
lattice)

cBNSICNiAICo

BN (cubic) 0.3613 47.16 0.3613 0.3613 90.00
SiC (hexagonal) 0.3096 86.87 0.3096 1.0083 -
Ni3Al (cubic) 0.3574 45.65 0.3574 0.3574 90.00
Co (cubic) 0.3546 44.59 0.3546 0.3546 90.00
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4. Discussion

The choice of the composite architecture “Hastelloy X
(NiCrFeMo)-AIMoNbTaTiZr-cBNSICNiAICo” depends on its functional purpose and practical
application. In any case, the surface layers of products are exposed to external forces, temperature,
corrosion effects, and must provide durability and survivability in operating conditions. The main
factors, which determine the reliability and survivability of the composite, are high adhesion on both
the “coating-base” interface and between the layers and the composite material architecture, which
prevents the cracks and puts barriers for their propagation.

All technologies of composite layers form the nanostructure under high energy influences. In
order to ensure the multifunctionality of the composite layers, it is very important to design its outer
layer, which perceives the external impact. To increase wear resistance, the outer layer of the
composite should have a high wear resistance. Meanwhile, the underlying layers should provide a high
load-bearing capacity, thereby damping characteristics under mechanical or thermal impact. To
increase durability and survivability of the product in conditions of either corrosion-fatigue or
friction-fatigue cyclic loading, it is necessary to create a surface layer of composite using ceramic the
material cBNSICNiAICo. This material has a stable high corrosion-fatigue strength, heat resistance
and wear resistance in operating conditions. The underlying layer of the composite should have an
increased relaxation and damping ability to provide inhibition of developing cracks. As the underlying
composite layer, we selected a layer made of the high-entropic material AIMoNbTaTiZr. It has
increased strength properties [29,30], reliable adhesion, and cohesion under operating conditions.

In the process of high-temperature thermomechanical processing of the Hastelloy X
(NiCrFeMo)-AIMoNbTaTiZr-cBNSICNiAlCo composite material, its surface layers undergo intense
plastic deformation and high heating temperature. Temperature exposure forms numerous defects,
amorphous and nanograin structure. Furthermore, in the process of high-temperature
thermomechanical processing, the surface layers of the composite experience large contact influences
during roller loading. This leads to micro-welding of the boundary layers of the Hastelloy X
(NiCrFeMo)-AIMoNbTaTiZr and the AIMoNbTaTiZr-cBNSICNiAICo composite. In turn, this causes
an increase of adhesion and cohesion of composite layers.

Severe plastic deformation of composite layers takes place in the process of high-temperature
thermomechanical processing, which includes the stages of intense deformation, polygonization and
recrystallization. The formed nanostructured particles of the composite layers in the process of
deformation experience high contact pressures, first leading to the deformation of the particles of the
composite layers, and then to the diffusion of the particles into the base material (Hastelloy X alloy)
and their subsequent splicing. In the same way, there is an increase in cohesion between the
AlIMoNDbTaTiZr and the cBNSICNiAICo layers. Crystallization during high-temperature
thermomechanical treatment is accompanied by the formation of nuclei on long-range order
fluctuations, the number and size of which is determined by the degree of cooling. When the composite
layers are cooled, crystallization proceeds under conditions of heat deficiency and the temperature at
the front of the growing crystal drops sharply. This leads to a suspension of crystal growth at a certain
stage, and to the melt, which remains untransformed, solidifies with the formation of an amorphous
state. The amorphous component undergoing hot plastic deformation subsequently undergoes
dynamic recrystallization with the formation of a nanostructure.
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4.1. Performance properties of composites

Composites are generally known for their unique strength properties, their wear and corrosion
resistance [31,32]. These alloys can be presented in various forms. They demonstrate high resistance
under conditions of cyclic loading, whether in the form of wires, strips or bands. Stress values of
composite amplitude have worked out 107 cycles at an amplitude of alternating stresses close to
endurance limit (c-1) for the Hastelloy X (NiCrFeMo) are 340 MPa. This is the value for composite
surface layers AIMoNbTaTiZr-cBNSICNiAICo—453 MPa, AICoCrCuFeNi-cBNCoMo—410 MPa,
and AICoCrCuFeNi-B4CCoMo—385 MPa (Figure 5a). As a result of multicyclic fatigue tests at
bending with rotation (Figure 4), it has been established that the greatest cyclic durability belongs to
the Hastelloy X (NiCrFeMo)-AIMoNbTaTiZr-cBNSIiCNiAICo composite (Figure 5a, curve 4). Its
endurance limit at symmetrical cycle c-1 = 453 MPa, and the lowest Hastelloy X (NiCrFeMo) with
endurance limit at symmetrical cycle -1 = 340 MPa (Figure 5a, curve 4).

Gag MPa

¥ 810° 10-10

@ (b)

Figure 5. Multi-cycle fatigue curves: the Hastelloy X (NiCrFeMo) (4), the Hastelloy X
(NiCrFeMo)-AlIMoNbTaTiZr-cBNSiCNiAlCo (6 ~ 1.5 mm) (1); the Hastelloy X
(NiCrFeMo)-AlICoCrCuFeNi-cBNCoMo (6 = 1.5 mm) (2); the Hastelloy X (NiCrFeMo)-
AlICoCrCuFeNi-B4CCoMo (6 = 1.5 mm) (3)-(a); Photograph of fatigue tests of
composite specimens, on bending with rotation-(b).

The tests results of samples made of the Hastelloy X (NiCrFeMo) alloy (Figure 5a, curve 4) and
after surface modification of the Hastelloy X (NiCrFeMo) with composites (Figure 5a, curves 1-3)
show that surface modification slows down the damage accumulation process and increases
endurance limit of the Hastelloy X (NiCrFeMo).

This explains the mechanism of deformation of the composite material, which occurs during
high-temperature thermomechanical processing. An increase in the durability of the Hastelloy X
(NiCrFeMo) samples with the AIMoNbTaTiZr and cBNSICNiAICo composite layers is explained as
the features of the destruction of nanostructured materials (consisting in the inhibition of destruction
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at grain boundaries, preventing branching and crack movement due to strengthening of the
boundaries). Additionally, due to the following peculiarities of layered composites (different
properties of the composite layers: mechanical properties, Young and Shear moduli, greater energy
absorption than single-layer materials), and each layer of the surface composite acts as a “barrier”
during crack growth (crack growth slows down).

In terms of material structure, fatigue strength is primarily determined by the energy required
for crack nucleation and the rate of crack propagation. HVOF and the subsequent combined
treatment of the resulting composite, as a means of modifying the surface layers, primarily affects
the process of microcrack initiation. The mechanism of this influence is probably related both to the
nanostructuring of the surface layers, and to the peculiarities of the chemical and phase composition
of the high-entropic layer.

The stressamplitude (ca) as a function of cyclic durability (N) changes according to polynomial
dependence (Figure 4a) and is described by empirical Egs 1-4, obtained from the mathematical
analysis of experimental data in Statistica v10.0 software:

-Hastelloy X (NiCrFeMo)-AIMoNbTaTiZr-cBNSICNiAICo:

6a = 811— 9.07 %105 xN + 5.85 x1012 xN2, (MPa), 1)
-Hastelloy X (NiCrFeMo):
0a=682—9.94 x107° xN + 6.96 <1072 xN?, (MPa), )
-Hastelloy X (NiCrFeMo)-AlCoCrCuFeNi-cBNCoMo:
ca=785.95—10"% xN + 7.52 <1072 xN2, (MPa), €)
-Hastelloy X (NiCrFeMo)-AlCoCrCuFeNi-B4CCoMo:
6a=750.31 — 10% xN + 7.11 %10 12 xN2, (MPa), (4)

where oa IS stress amplitude (MPa);
N-cyclic durability (cycle).

5. Conclusions

The conducted research shows that the task of ensuring the reliability of details, units and
assemblies working in the oil and gas industry, can be successfully solved by functionally oriented
multi-component surface composites. These composites should include a layer of a high-entropic alloy
and a surface layer of a combined ceramic heat-resistant alloy.

We proposed a technology of layer-by-layer composite synthesis, with a subsequent
high-temperature thermomechanical treatment in argon medium. We implemented this technology on
the patented equipment (patent Ne 2718785) in a single technological cycle, which determines not only
novelty, but also economic feasibility of technical solutions.

The proposed technology allowed to increase the adhesive strength of the surface composite
by 200-230%, reduce the composite porosity to 0.1% and improve the functional and operational
properties of composites. This technology included high-energy mechanical processing, HVOF in a
protective atmosphere, subsequent high-temperature thermomechanical and thermal processing of the
composite in a protective atmosphere.
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Based on the complex X-ray structural and electron microscopic investigations, we determined
the structural parameters of the surface composites. We have shown that the alloy AIMoNbTaTiZr, has
a nanocrystalline structure with a grain size of 53-97 nm, and the alloy cBNSICNiAICo consists of
many intermetallic phases and inclusions, and has a structure with a grain size of 83-315 nm.

We studied the microhardness of the composite Hastelloy X (NiCrFeMo)-AlMoNbTaTiZr-
cBNSICNiAICo. The results demonstrated that the application of high-temperature thermomechanical
processing increases microhardness of the composite.

As a result of experimental data processing, we compiled the empirical mathematical
dependences of the stress amplitude on the cyclic durability. We performed mechanical tests of the
composites Hastelloy X (NiCrFeMo)-AlMoNbTaTiZr-cBNSICNiAICo, the Hastelloy X (NiCrFeMo)-
AICoCrCuFeNi-cBNCoMo, the Hastelloy X (NiCrFeMo)-AlCoCrCuFeNi-B4CCoMo for multicycle
fatigue under bending with rotation. The tests have shown that the Hastelloy X (NiCrFeMo)-
AIMoNbTaTiZr-cBNSICNiAlCo composite with a stress amplitude ca = 453 MPa at cyclic durability

N = 1.15x10’ cycles has the greatest cyclic durability.
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