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Abstract: This paper presents the results of a study of layer gradient thermal protection coatings based
on NiCrAlY and YSZ obtained by detonation spraying. Modern gas turbines and high-temperature
units operate under extreme temperatures and aggressive environments, which requires effective
protection of components from wear, corrosion, and thermal shocks. In this study, the use of layer
gradient coatings consisting of alternating layers of NiCrAlY and YSZ was investigated with the aim
of solving the problem of thermal stress accumulation due to a smooth change in the composition
of the layers. Microstructural and phase analysis showed that alternating layers of NiCrAlY and
YSZ formed a dense layer gradient structure with clear interphase boundaries and low porosity.
Detonation spraying led to a complete transformation of the monoclinic ZrO, phase into a tetragonal
one, which significantly increased the mechanical strength of the coating and its resistance to thermal
shocks. Sample 1D1 demonstrated excellent tribological and corrosion properties in a 3.5% NaCl
solution, which can be explained by its higher density and reduced number of pores. Mechanical
tests revealed stable values of hardness and wear resistance of the coating, especially for the 1D1
coating. Studies have shown that coatings are resistant to thermal shocks, but thicker layers show a
tendency to peel off after thermal cycling. The obtained results indicate high prospects for the use of
layer gradient coatings based on NiCrAlY and YSZ for the protection of gas turbine components and
other high-temperature installations operating under extreme loads and aggressive environments.

Keywords: detonation spraying; multilayer coatings; thermal barrier coatings (TBCs); phase composition;
tribological properties; corrosion resistance; high-temperature oxidation

1. Introduction

Modern gas turbines and other high-temperature installations operate under con-
ditions of extreme temperatures, significant mechanical loads, and aggressive environ-
ments [1-5]. These factors require the use of special protective technologies to prevent
wear, corrosion, and thermal damage to the metal components. One of the most effective
solutions for surface protection is the use of thermal barrier coatings (TBCs), which can
increase the reliability and durability of equipment [6-8]. Traditional thermal barrier coat-
ings consist of a metallic bonding layer, usually based on MCrAlY (where M is Ni, Co, or a
combination of these), and a ceramic top layer based on yttria-stabilized zirconium dioxide
(YSZ) [9,10].

The NiCrAlY (nickel-chromium-aluminum alloys) bonding layer forms a protective
oxide layer, Al,O3, which effectively prevents further oxidation of the metal layer at high
temperatures [11]. This improves thermal resistance and protects the metal from corrosion
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in aggressive environments, such as atmospheres with high chloride or sulfide content.
Studies have confirmed that this material is highly resistant to oxidation and retains its
mechanical properties at temperatures above 1000 °C [3]. Ceramic coating based on YSZ
(stabilized zirconium oxide) plays the role of a thermal barrier due to its unique thermal
insulation properties. Grains of tetragonal zirconia stabilized with yttrium oxide (Y,0O3)
prevent phase transformation and cracking under thermal cyclic stresses [12]. This ceramic
coating has a low thermal conductivity (~2.5 W/m X K), which allows the temperature on
the surface of the metal layer to be significantly reduced and protects it from overheating,
which increases the durability of the system [6]. Studies [5,6] and scientists have shown
that the use of ceramic layers stabilized with yttrium oxide significantly increases the
corrosion resistance of coatings. This is due to the fact that the tetragonal phase ZrO,
stabilized by Y,0O3 has increased resistance to phase transformations at high temperatures,
which reduces the risk of crack formation and increases the durability of the coating under
conditions of corrosion aggression [13].

However, an important problem in the use of such coatings is the mismatch of thermal
expansion coefficients (TECs) between the metal and ceramic layers. During heating and
cooling, metal expands and contracts faster than ceramics, which leads to the accumulation
of thermal stresses under thermal cyclic loads and causes cracking of the coating [2]. Many
studies have shown that this problem is the main cause of failure of thermal protective
coatings. In [14], a mismatch in thermal expansion coefficients (TECs) between the metallic
bonding layer and the ceramic top layer was identified as the main failure factor of thermal
protective coatings (TBCs). This mismatch causes thermal stresses to build up under
cyclic thermal loads, leading to cracking and peeling of the coating. This phenomenon is
particularly common in plasma-sprayed coatings where high stresses occur at the interface
between the NiCrAlY metal layer and the YSZ ceramic layer due to differences in the
thermal expansion of the materials. Similar problems are also described in [15]. When
the system is cooled, horizontal cracks appear in the ceramic layer and at the interface
between the thermally grown oxide (TGO) and the ceramic layer (YSZ). These cracks are
caused by the difference in thermal expansion between the different coating layers. The
use of multilayered structures helps to reduce these stresses, but they cannot be completely
avoided, especially at extreme temperatures.

Therefore, the reduction in thermal stresses in thermal protective coatings remains one
of the key tasks in modern materials science. One of the promising directions for solving
this problem is the development of layer gradient coatings, where the composition of
materials changes gradually from the metal layer to the ceramic layer. This allows a uniform
distribution of stresses and minimizes the likelihood of cracks at the boundaries between
layers, as the difference in coefficients of thermal expansion (CTE) is smoothed out by the
gradient transition. For example, Ref. [16] showed that such coatings have better resistance
to thermal cyclic loading compared to conventional coating systems. Another study of
YSZ/LayCepOy double layers demonstrated that gradient coatings provide better thermal
shock and hot corrosion resistance due to the gradual change in coating composition,
which helps to reduce the risk of cracking at the layer interfaces [17]. Similar results were
obtained in [14], where the use of NiCrAlY- and YSZ-based layered structures significantly
improved the resistance of the coating to mechanical damage and thermal shock. Thus, the
development of new approaches to reduce thermal stresses in thermal protective coatings
is an urgent task.

One of the most promising methods for creating such gradient structures is detonation
sputtering, which ensures tight adhesion of layers and minimizes the porosity of the
coating [4]. Detonation spraying is a method of thermal spraying in which the coating
is formed by heating and accelerating the powder material with the help of detonation
products of the gas mixture. The process is carried out using special devices—detonation
guns—in which a mixture of oxygen and fuel (usually acetylene) is ignited, creating a
detonation wave. This wave accelerates the powder particles to supersonic speeds (up to
1000 m/s), which allows them to be deposited on the substrate surface, forming a dense,
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low-porosity coating with good adhesion. A key advantage of detonation spraying is
the use of two dispensers for feeding different materials, which allows the creation of
multilayered or layer gradient coatings with a smooth transition from the metal layer to
the ceramic layer. This allows for a smooth change in coating composition from the metal
layer to the ceramic layer, which helps to reduce thermal stresses by gradually changing
the coefficients of thermal expansion (CTEs) between layers [14]. This technique provides
a denser and more homogeneous coating and improves its wear resistance, corrosion
resistance, and thermal shock resistance. Recent studies [4] have confirmed that detonation
coatings show improved properties compared to plasma-sprayed coatings, especially under
high temperatures and oxidizing environments.

An important aspect is not only the heat resistance but also the wear resistance of
the coatings, especially under friction conditions [18]. A comparative study of different
methods of applying heat-protective coatings [19] has shown that coatings obtained by
detonation spraying have a higher resistance to mechanical wear compared to coatings
obtained by plasma spraying. This is due to a denser structure and a smaller number of
pores, which reduces the likelihood of penetration of aggressive substances and the occur-
rence of corrosion centers [16]. These data confirm that the detonation spraying method
can be effective for creating coatings that are resistant not only to thermal loads but also to
mechanical impacts, where high temperatures and mechanical loads act simultaneously.
In addition, the heat resistance of the coating should be complemented by high corrosion
resistance, as many gas turbines operate in aggressive environments containing sulfur,
chlorides, and other corrosive active substances. Studies [20,21] and scientists have shown
that the use of ceramic layers stabilized with yttrium oxide significantly increases the
corrosion resistance of coatings. This is due to the fact that the tetragonal phase ZrO,
stabilized by Y,0O3 has increased resistance to phase transformations at high temperatures,
which reduces the risk of crack formation and increases the durability of the coating under
conditions of corrosion aggression.

Thus, analyzing the latest research in the field of heat-protective coatings, we can
conclude that the development of detonation spraying technologies and the creation of
multilayer gradient structures are promising directions for improving the efficiency and
durability of coatings at high temperatures and in aggressive environments. Special atten-
tion should be paid to the optimization of the microstructure of coatings and their thermal,
mechanical, and corrosion characteristics, which will improve the performance properties
of coatings and expand their application in power engineering and aircraft construction.

The purpose of this work was to study the structural phase, mechanical, and tribologi-
cal characteristics of NiCrAlY- and YSZ-based layer gradient thermal protective coatings
obtained by detonation spraying. The research involved the evaluation of their thermal
and corrosion resistance, as well as the study of their behavior under conditions of high
temperatures and aggressive media. Layer gradient thermal protective coatings formed by
detonation spraying were created as follows. First, coatings were applied to the substrate
(X6CrNiTil8-10 steel), which had been previously sandblasted, with a gradual change in
the composition of the powders fed from the dosers into the detonation spraying barrel.
For this purpose, two dispensers were used simultaneously: the ceramic powder feed was
gradually increased, while the metal powder feed was gradually reduced. This approach
made it possible to create a coating with a layer gradient structure. The technical result was
the formation of a coating consisting of a lower metallic layer based on nickel (NiCrAlY)
and an upper ceramic layer consisting of zirconium oxide powder (ZrO,) stabilized with
yttrium oxide (Y203) on the surface of X6CrNiTi18-10 steel. The content of the ceramic
component increased smoothly from the metal layer to the ceramic layer along the thickness
of the coating. Coatings obtained in this way are characterized by a layer-gradient structure
with a smooth transition (gradient) of chemical composition between the main coating
zones. Gradual change in microstructure and physical properties of layers improves the
performance characteristics of the heat-protective coatings. Such coatings have the neces-
sary properties of the outer layers, which are exposed to the environment. In addition, the
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layer gradient structure reduces the difference in physical and mechanical characteristics
between the coating material and the substrate, which in turn reduces the stress jump at
the layer boundary that arises under loads.

2. Materials and Methods

In this work, X6CrNiTil8-10 stainless steel (ISO 15510:2014) of 20 x 15 x 3 mm was
chosen as the substrate, and its surface was pre-treated by sandblasting. NiCrAlY powder
was used for the metallic coating, and Metco 233B powder was used for the YSZ ceramic
coating. The chemical composition of the powders and X6CrNiTil8-10 stainless steel are
given in Tables 1-3, respectively.

Table 1. Chemical composition of X6CrNiTi18-10 stainless steel (wt.%).

C Si Mn P S Cr Mo Ni A% Ti Cu Fe
<0.08 <1.0 <2 <0.045 <0.015 17-19 <05 9-11 <02 <08 <03 other

Table 2. Chemical composition of NiCrAlY powder (wt.%).

Fe Cr Ni Co Mo Al Y, Si, Nb, C
<0.3 20 base 20 - 13 0.01-0.15

Table 3. Chemical composition of Metco 233B powder (wt.%).

ZI‘OZ Y203 5102 A1203 Fe203 TIOZ Other Oxides
Bal. 7.0-9.0 0.5 0.2 0.2 0.2 0.8

The study was performed using the detonation spraying process using the CCDS2000
setup (LIH SB RAS, Novosibirsk, Russia) (Figure 1). For the application of the metallic
NiCrAlY layer and the ceramic YSZ layer, two feeders were used, each delivering the
corresponding powder. The metallic NiCrAlY powder was supplied through the first
feeder, while the ceramic YSZ powder was supplied through the second. The gas mixtures
used for spraying varied depending on the material being applied. A mixture of acetylene
and oxygen (CoH; + 0.970,) was used to create a metallic layer of NiCrAlY with a barrel
filling of 35%, while the coating dose was 2.3 um per shot. A gas mixture including
acetylene and oxygen (CoH; + 2.520,) was used to apply the ceramic layer of YSZ with
a barrel filling of 61% and a dose of 1.7 um per shot. The mechanism of gradient coating
formation includes several stages. During detonation spraying, detonation of the gas
mixture and powders occurs, which leads to the formation of high-temperature plasma
and shock waves. These waves accelerate the powder particles to high speeds and heat
them to a temperature sufficient for melting. High-energy particles impact the substrate
surface, forming dense and uniform coating layers.

To obtain a gradient coating, two deposition regimes with different shot counts were
developed. In the first regime (1D1), the number of NiCrAlY alloy shots was gradually
reduced from 5 to 1 as the layers were deposited, while the number of YSZ shots was
increased from 1 to 20. This created a smooth transition from the metallic to the ceramic
layer, which provided a gradient coating structure. In the second regime (2D2), the number
of NiCrAlY shots started from 10 and decreased to 2, while the number of YSZ shots was
increased from 2 to 40. This regime also created a smooth transition from the metallic
to the ceramic layer but with a higher number of YSZ shots, which resulted in a higher
concentration of ceramics in the top coating layer. Spraying was performed at a distance of
200 mm from the substrate. The characteristics of the 1D1 samples and the 2D2 samples, as
well as the coating production conditions, are presented in Table 4.
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Figure 1. General view of the CCDS200 installation (a) and its process diagram (b): 1—control
computer, 2—gas distributor, 3—mixing-ignition chamber, 4—spark plug, 5—Dbarrel valve, 6—fuel
line, 7—oxygen line, 8—gas valves, 9—gas supply unit, 10—breech of the barrel, 11—powder feeder
(doser), 12—workpiece; 13—manipulator, 14—muzzle of the barrel.

Table 4. Spraying regimes for NiCrAlY/ZrO,-Y,03 (YSZ) coatings [22].

Regime I (1D1) Regime II (2D2)
Layer Material Doser 1 Doser 2 Doser 1 Doser 2
(NiCrAlY) (YSZ) (NiCrAlY) (YSZ)
Number of Shots
Substrate 12Kh18N10T - - - -
Layer 1 NiCrAlY/YSZ 5 1 10 2
Layer 2 YSZ/NiCrAlY 3 1 6 2
Layer 3 NiCrAlY/YSZ 2 1 4 2
Layer 4 YSZ/NiCrAlY 2 1 4 2
Layer 5 NiCrAlY/YSZ 1 1 2 2
Layer 6 YSZ/NiCrAlY 1 1 2 2
Layer 7 NiCrAlY/YSZ 1 1 2 2
Layer 8 YSZ/NiCrAlY 1 1 2 2
Layer 9 NiCrAlY/YSZ 1 1 2 2
Layer 10 YSZ/NiCrAlY 1 1 2 2
Layer 11 NiCrAlY/YSZ 1 1 2 2
Layer 12 YSZ/NiCrAlY 1 2 2 4
Layer 13 NiCrAlY/YSZ 1 2 2 4
Layer 14 YSZ/NiCrAlY 1 3 2 6
Layer 15 NiCrAlY/YSZ 1 20 2 40

The crystallographic composition of the starting powder and coatings was determined
using an X'Pert Pro X-ray diffractometer (Philips Corporation, Amsterdam, The Nether-
lands) with Cu-Ka radiation (A = 1.54 A). The phase composition was analyzed in the
angle range of 20-90° following JCPDS cards: t'-ZrO, (01-081-1545), m-ZrO, (00-003-0515),
NiCoCr (00-021-1271), and 3-NiAl (00-044-11-87). The analyses were carried out using the
Highscore Plus software version 3.0e.

The morphological features of the powder particles, as well as the surfaces and cross
sections of the coatings, were characterized using TESCAN MIRA3 LMH scanning electron
microscopy (SEM) (TESCAN, Brno, Czech Republic). Porosity was determined from cross
sections of coatings in SEM images according to ASTM E2109 and using the Image ]
software version 1.54g [23].

The hardness and elastic modulus of the coatings were measured using the FISCHER-
SCOPE HM 2000 S system (Helmut Fischer GmbH, Sindelfingen, Germany) controlled by
the WIN-HCU software version 7.1. This instrument is designed to evaluate the microhard-
ness and other mechanical properties of materials in accordance with ISO14577. In all five
tests, a holding time of 10 s was set at a load of 1 N. To evaluate the creep resistance of the
coating under constant load conditions, the creep indentation rate (CIT) parameter was
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calculated. This parameter characterizes the change in indentation depth over time under
constant load and is calculated as a percentage change in indentation depth relative to the
holding time. The formula for calculating CIT is as follows (1):

h(t)

h(®) =ho 1009 (1)

CIT = hg

where h(t) is the indentation depth at the moment in time, and hy is the indentation depth
immediately after applying a constant load.

Surface roughness (R,) was measured using a model 130 profilometer in accordance
with the requirements of GOST 25142-82. To carry out measurements on layer gradient
coatings, the speed of the profilometer measuring head was set at 0.25 mm/s, while the
measuring scale was 500 um, and the length of the scanning track was 10 mm.

Tribological tests were carried out on an Anton Paar TRb? tribometer (Anton-Paar,
Buchs, Switzerland), which complies with the international standards ASTM G 133-95 and
ASTM G 99. The tests were carried out under dry friction conditions at room temperature
with reciprocating motion. A tungsten carbide ball with a diameter of 6 mm was used as
a contour body. The tests were carried out under a load of 10 N and a linear velocity of
10 cm/s; the wear radius was 5 mm, and the friction path reached 300 m. A SURTRONIC
5-100 profilometer (London, UK) was used to evaluate the dependence of the wear depth
on the scanning length. The depth and width of the wear profile were used to determine
the degree of wear, and the wear rate was calculated using Formula (2) [24]:

k:FLXSmm?’/NXm (2)
where k is the wear rate, V is the wear volume, F is the applied load, and S is the total
sliding distance. Quantification of wear was carried out using Origin 2017 software version
9.4 using the ‘area under the curve’ calculation method.

Potentiodynamic polarization methods were used to evaluate the corrosion behavior
of the samples. The measurements were carried out in a three-electrode electrolytic cell with
separation of cathode and anode spaces. The experiments were carried out at 25 & 10 °C
in an atmosphere with free access to air and in NaCl solution with a concentration of
3.5 wt.%. A platinum electrode was used as an auxiliary electrode, and a choosier electrode
(Ag/AgCl (1 M KCl)) was used as a reference electrode. Potentiodynamic polarization
was started at —0.1 V and terminated at 0.1 V relative to the OCP, with a potential sweep
of 0.5 mV/s. A CS300M potentiostat/galvanostat (Wuhan Corrtest Instruments Co., Ltd.,
located in Wuhan, China) was used for polarization and related measurements.

3. Results

Figure 2a,b, obtained with a scanning electron microscope, showed that the NiCrAlY
powder mixture used as a metal layer contained irregularly shaped particles (shards). The
particle size varied between 5 and 30 um. This shape and particle size favored uniform
distribution of the material during spraying, ensuring a tight fit in the coating structure.
The phase composition of the powder included the NiAl intermetallic phase (3-phase),
which accounted for 93.8% of the total volume, as well as minor amounts of y’-NizAl (3.9%)
and NiCoCr (2.3%) phases (Figure 2c).

The micrographs of the YSZ powder mixture, presented in Figure 2d,e, showed
that the zirconium dioxide powder stabilized with yttrium oxide (YSZ) had spherical
particles with a porous structure. The particle size varied from 15 to 40 um. This structure
contributed to the mechanical properties of the coating due to the high density and uniform
distribution of the particles. X-ray phase analysis showed that the YSZ powder consisted of
89.52% tetragonal phase and 10.48% monoclinic phase (Figure 2f). During the detonation
spraying process, disappearance of the monoclinic phase of ZrO, was observed, indicating
a significant improvement in the homogeneity of the coating structure.
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Figure 2. Microstructure of the powders and results of X-ray phase analysis of phase composition:
(a—c) NiCrAlY powder; (d—f) YSZ powder.

X-ray phase analysis confirmed that during the detonation spraying process, there was
a complete transformation of the monoclinic phase into the tetragonal phase (Figure 3). The
phase transition of ZrO; from monoclinic to tetragonal phase during detonation spraying
was caused by high temperatures generated by the blast wave. The monoclinic phase, stable
at room temperature, became unstable when heated above 2000 °C, and the crystal lattice
was reconstructed into a more symmetrical tetragonal form. Rapid cooling of the particles
after impact with the substrate prevented the material from returning to the monoclinic
state, stabilizing the tetragonal phase. The tetragonal phase of ZrO, was characterized by a
complex microstructure including twins and antiphase boundaries, which increased the
resistance of the material to crack propagation, in contrast to the monoclinic phase, which
is prone to phase transformation and can cause coating failure.

However, due to similar lattice parameters, distinguishing between tetragonal and
cubic zirconia structures can be difficult. As noted by Srinivasan et al. [24], the tetragonal
structure can be distinguished from the cubic structure by the characteristic splitting of
the Bragg peaks of the tetragonal phase, including pairs of peaks (002) and (200), (113)
and (311), (004) and (400), and (006) and (600). These were observed in the 26 regions of
72-76° and 120-132°. In contrast, the cubic phase had single peaks at all these positions.
As can be seen in Figure 2, characteristic splitting of the Bragg peaks of the tetragonal
phase was observed in the X-ray diffraction patterns of samples 1D1 and 2D2, indicating
its predominance in the crystal structure of the sprayed YSZ top layers. Also, as shown in
Figure 3, there were slight differences in the phase intensity of the samples. In particular,
the phase reflections of the tetragonal phase in sample 1D1 had a higher intensity compared
to sample 2D2. The weaker intensity of the diffraction maxima in sample 2D2 could be
related to its higher porosity [25].
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Figure 3. Diffraction spectra of layer gradient coatings.

The tetragonal zirconium dioxide phase was divided into transformed (t) and non-
transformed (t’) phases, which differed in the ratio of the cell parameters. For the t'-ZrO,
phase, the ratio c/ay/2 tended to 1.010, whereas for the t-ZrO, phase, it exceeded 1.010.
According to the data presented in Table 4, in samples 1D1 and 2D2, the c¢/a,/2 ratio was
1.008 and 1.009, respectively, indicating the predominance of the non-transformable t’-phase
in their crystal structure. The lattice cell parameters and tetragonality value (c/a+/2) of the
samples are presented in Table 5.

Table 5. Lattice cell parameters and tetragonality value (c/a,/2) of samples.

o

Samples Detected Phase Lattice Parameters, A c/a /2
, a =3.6082

1D1 t'-ZrO, c=5.1436 1.008
, a=23.6117

2D2 t'-ZrO, c=51539 1.009

Figure 4a,b show cross-sectional images of samples 1D1 and 2D2 obtained by backscat-
tered electron (BSE) and elemental mapping results. All samples exhibited a layer gradient
structure consisting of alternating layers of YSZ and NiCrAlY. The boundary between the
coating layers can be clearly distinguished in the images, where the YSZ and NiCrAlY
layers are visible as lightly and darkly colored layers, respectively. Elemental mapping of
cross sections of the samples revealed the presence of the main elements of the coatings (Zr,
O, Nj, Cr, Al, and Y) and the substrate (Fe), without impurities (Figure 4c).
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Figure 4. Cross-sectional BSE images of samples 1D1 (a) and 2D2 (b) with visible layered structure,
as well as a histogram of the distribution of elements (Zr, O, Ni, Cr, Al, Fe, and Y) by their content in
percentage (c).

The main difference between the samples was the coating thickness. Sample 1D1
had a significantly thicker coating of 963.67 &= 13.59 pm, while sample 2D2 had a coating
thickness of 273.72 + 1.26 um. This was due to the different number of spraying cycles for
each sample. The thicker coating in sample 1D1 was achieved by using a higher number
of detonation spraying shots. Figure 4a,b also show that the NiCrAlY content gradually
decreased towards the coating surface, whereas the YSZ concentration increased, indicating
a smooth transition from the NiCrAlY layer to the YSZ layer. Due to the peculiarities
of the process, the interfaces between the YSZ and NiCrAlY layers were rough but well
distinguishable. This indicates the high-quality melting of YSZ and NiCrAlY powders
in the detonation flame and their good adhesion to each other and to the stainless steel
substrate. The bonding surface between the substrate and the coating was interdigitated,
indicating high bond strength.

An important observation was the absence of visible cracks, defects, and signs of
delamination on all samples. The coatings obtained by detonation spraying had a dense
microstructure with low porosity. The pore volume fraction was 2.31% for sample 1D1
and 3.28% for sample 2D2. This can be attributed to the high particle velocity during the
spraying process, which promotes significant plastic deformation of small particles upon
collision with the substrate, reducing the gaps between them and minimizing gas retention
within the coating. The black spots observed in the corner areas at the boundary between
the coating and substrate were probably due to voids created by sandblasting.

The hardness values of detonation coatings as a function of penetration depth were
obtained using the Martens method. During the tests, the indenter load and displacement
on the surface were continuously measured, which made it possible to construct detailed
curves of load versus penetration depth (Figure 5). Figure 5a shows such curves for two
samples obtained with different numbers of detonation spraying shots. The mechanical
characteristics of these samples are summarized in Table 6. As expected, the area between
the loading and unloading curve and the maximum indenter penetration depth (hmax)
decreased with increasing surface roughness. This is due to the fact that a rougher surface
provides greater resistance to indenter penetration. The surface roughness of sample 1D1
was 3.76 um, which was significantly higher than that of sample 2D2, where it was 1.21 um.
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Figure 5. Hardness values as a function of penetration depth for two samples (a) and variation of
indenter penetration depth over time at constant load (b).

Table 6. Mechanical characteristics of detonation layer gradient coatings.

Samples HM, GPa E, GPa H/E H?/E H3/E? himax, Hm
1D1 4.359 + 599 112 + 15 0.039 0.17 0.000059 2.95589
2D2 3.976 + 387 109 13 0.036 0.15 0.000049 3.08149

Despite the differences in the spraying process and roughness parameters, the data in
Table 6 show that the hardness of the detonation coatings, Young’s modulus (E), plasticity
index (H/E), elastic recovery (H2/E), and plastic deformation resistance (H3/E?) were
almost the same. This fact indicates stability and high reproducibility of mechanical prop-
erties, which is probably explained by the homogeneous microstructure and density of the
coatings formed by the detonation spraying method. The detonation spraying method, due
to the high particle velocity and intense thermal impact, provides a dense coating structure
with minimal porous zones. Such density minimizes the influence of process variables, such
as the number of spraying cycles or roughness parameters. Uniform distribution of materi-
als and homogeneity of the coating ensure that the mechanical properties of the coatings
are maintained even when the application conditions or surface parameters change.

For creep analysis, the maximum load was kept constant for 5 s. Figure 4b shows the
variation of the indenter penetration depth over time at constant load. It can be seen that
the penetration depth of the indenter tip continued to increase when the load was held
constant until the constant load ceased. This increase in penetration depth under constant
load conditions is indicative of material creep.

Creep indentation rate (CIT) is an important parameter that characterizes the tendency
of a material to deform under long-term loading. The creep rate values for different coatings
were calculated and reported in [26]. In this study, the creep rate values calculated from the
data presented in Figure 5b were 1.9% for the 1D1 detonation coating and 1.7% for the 2D2
coating. These results indicate similar creep behavior of the coatings with minor differences
in the CIT values.

To evaluate the wear resistance of the coatings obtained by detonation spraying, sliding
wear tests were carried out using a linear reciprocating tribometer at room temperature
(300 K). The average values of friction coefficient and wear rate for samples 1D1 and 2D2 are
shown in Figure 6. Sample 2D2 exhibited a higher friction coefficient (0.6161) compared to
sample 1D1 (0.5826). In addition, the wear rate of sample 1D1 (4.53 x 107 mm3 /(N x m))
was approximately three times lower than that of sample 2D2 (1.32 x 107> mm3/(N x m)),
indicating greater wear resistance of sample 1D1.

The differences in wear resistance can be attributed to differences in the microstructural
and surface properties of the coatings [27]. Sample 1D1 had a denser structure with
less porosity compared to 2D2, which reduced the likelihood of cracks and defects that
contribute to wear. The porosity of sample 2D2 increased stress concentration and crack
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initiation, resulting in a wider and deeper wear scar. The wear scar width of sample 2D2 was
635 um, which was significantly greater than that of sample 1D1 (560 um). The morphology
of the worn surface of sample 2D2 indicated a greater tendency to delamination.
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Figure 6. Average values of friction coefficient and wear rate for samples 1D1 and 2D2.

The morphology of the worn surfaces of the WC counter body was analyzed using
optical microscopy (Figure 6). The analysis showed that the counter body used in the testing
of sample 1D1 lost 1.6 times more wear area compared to the counter body applied to
coating 2D2. This difference correlates well with the wear rate of the coatings and indicates
a significant difference in their wear resistance, which can be attributed to differences in
microstructure and surface roughness [18]. The worn morphology of the counter body had
an approximately ellipsoidal shape, indicating a uniform wear distribution over the entire
contact area between the counter body and the coating. Numerous scratches were observed
on the surface of the WC balls, resulting from the intense abrasive interaction between the
coating and the counter body, which resulted in the removal of material from the coating
surface. One of the factors affecting wear resistance is the surface roughness of the coatings.
The higher surface roughness of sample 1D1 may have contributed to more wear of the
WC counter body, as irregularities in the coating surface increase the mechanical impact on
the counter body.

Figure 7 shows the potentiodynamic polarization curves of samples 1D1 and 2D2
in a 3.5% NaCl solution recorded for 30 min at room temperature. As can be seen from
the curves, both coatings exhibited active behavior. The corrosion potential shifted to
more negative values for samples 1D1 (—280.3 mV) and 2D2 (—156.2 mV) in sodium
chloride solution. It can be seen that the potential values of both coatings remained stable
throughout the test. A number of electrochemical parameters, such as corrosion potential
(Ecorr), corrosion current density (Icorr), anodic (3a) and cathodic (c) slope, corrosion rate
(Tcorr), and polarization resistance (Rp), were calculated based on nonlinear fitting of Tafel
plots. These parameters are summarized in Table 7.

Table 7. Electrochemical corrosion parameters of samples 1D1 and 2D2.

Samples Ecorr (MV) Icorr (A/cm?) Bc (mV) Ba (mV) Tcorr (MmM/yr) Rp (O x cm?)
1D1 -280.25 + 0.01 (2.19 £ 0.54)-10_6 114.31 4+ 13.21 231.61 £ 8.31 0.03 £ 0.01 17,400.7 £ 3537.2
2D2 -156.22 + 0.32 (1.20 £ O.15)~1075 87.53 +10.21 143.31 £ 9.72 0.14 4+ 0.02 2060.3 £+ 459.6
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Figure 7. Potentiodynamic polarization curves of samples 1D1 and 2D2 in a 3.5% NaCl solution
recorded for 30 min at room temperature.

As can be seen in Figure 7, sample 2D2 had a more positive corrosion potential than
sample 1D1, that is, sample 2D2, compared to coating 1D1, showed a positive shift to
—156.22 V. However, higher corrosion potential does not always indicate better corrosion
resistance [28]. It is important to consider the corrosion current density (I.orr), which
is a key parameter to evaluate the corrosion reaction kinetics. Sample 2D2 showed a
higher corrosion current density ((1.20 £ 0.15) x 10> A/cm?) compared to sample 1D1
((2.19 £ 0.54) x 107% A/cm?). The lower value of I, indicates higher corrosion resis-
tance. This indicates higher corrosion activity of the 2D2 coating. The lower corrosion
current density of sample 1D1 indicates lower corrosion activity of the coating. This con-
firms the decrease in corrosion rate by more than ten times after sealing treatment. The
corrosion rate for sample 2D2 was 0.14 mm/yr, which was higher than that of sample
1D1 (0.03 mm/yr). This indicates that sample 2D2 would degrade faster in the corrosive
environment compared to sample 1D1.

The anodic and cathodic slopes (3a and f3c) are also important parameters to under-
stand the behavior of the coatings. For sample 2D2, the values of 3a and 3c were 143.31 and
87.53 mV, respectively, while they were 231.61 and 114.31 mV for sample 1D1. The higher
values of these parameters indicate a more pronounced anodic and cathodic behavior in
the 1D1 coating, which may indicate a more stable passivation layer. Polarization resistance
(Rp) is an important parameter that reflects the ability of the coating to resist corrosion. The
polarization resistance for sample 1D1 (17,400.7 (3 x cm?) was significantly higher than
that of sample 2D2 (2060.3 Q0 x cm?), indicating better corrosion protection for sample 2D2.

Thermal shock tests were carried out at 1000 °C, followed by cooling in both air and
vacuum. These thermal tests allowed us to evaluate the resistance of the coatings to thermal
shock and microstructure changes depending on the cooling conditions. SEM images of
cross sections of samples 1D1 and 2D2 after annealing at 1000 °C with subsequent cooling
in air and vacuum, presented in Figure 8, showed three types of failure: formation of
a single deep crack (Figure 8d), formation of a shallow crack network (Figure 8c), and
peeling of the thermal protection coating (Figure 8a,c). These failures can be explained
by the combined effects of thermal processes, element diffusion, and stress relaxation
at interfacial interfaces, which resulted in significant changes in the coating structure.
A single deep crack (Figure 8d) was observed in 2D2 samples after vacuum annealing.
This phenomenon is probably due to the non-uniform stress distribution caused by the
differences in thermal expansion coefficients between the coating layers. At the same time,
a shallow crack network (Figure 8c) appeared in 2D2 samples after air cooling. This failure
may be the result of localized stresses that contributed to the formation of multiple cracks in
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the top coating layer. The coating delamination (Figure 8a,b) observed in samples 1D1 after
annealing under both vacuum and air cooling may be a consequence of the accumulation of
tensile stresses at the interfacial interfaces. These stresses, along with thermal degradation
of the bonding between the layers, resulted in a loss of coating integrity. The thermal
shock resistance of a thermal protection coating also depends on coating characteristics
such as cracking, thickness, density, surface roughness of the bonding layer, and residual
stresses after detonation spraying. Increasing the layer thickness reduces the thermal shock
resistance, as demonstrated in sample 1D1, where delamination of the coating from the
ceramic layer and at the top layer/binder interface occurred.

Figure 8. SEM images of cross sections of samples 1D1 (a,b) and 2D2 (c,d) after annealing at 1000 °C
with subsequent cooling in air (a,c) and in vacuum (b,d).

It is important to note that air cooling and vacuum cooling have different effects on the
heat treatment behavior of the coatings. Air cooling causes a sharper temperature gradient,
which favors the formation of a shallow crack network in the top layer of the coating. On
the other hand, vacuum cooling may favor a more uniform temperature distribution, which
increases the likelihood of deep single cracks, as observed in 2D2 samples. In addition, the
failure of coatings can also be due to diffusion of elements between layers during annealing.
These diffusion processes can change the chemical composition at the interfaces, weakening
the bond between the layers and increasing the likelihood of coating delamination.

In particular, after thermal shock, the YSZ/NiCrAlY layer in coating 1D1 had com-
pletely detached from the NiCrAlY bonding layer in some areas, as shown in Figure 8. To
determine the phases present in the top coating at the time of fracture, X-ray diffraction
analysis of the detached top layer was performed. As shown in Figure 9, the analysis
results revealed the presence of very small nickel alloy peaks.
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Figure 9. Diffraction patterns of coatings after annealing: (a) air cooling; (b) vacuum cooling.

Table 8 presents the results of phase analysis and lattice parameter determination
of the thermally annealed top layers of the coatings. X-ray diffraction analysis revealed
significant changes in the phase composition and lattice parameters of the coatings after
heat treatment.

Table 8. Phases and lattice parameters found in the top layers of the coatings.

Samples Detected Phase  Phase Content, Mas. %  Lattice Parameters, A  c/a/2
B-NiAl 1.8% a=2.8753 -
1D1—air 35981
coolin, _ o a=3.
g t-ZrO; 98.2% c=51781 1.017
B-NiAl 7.5% a=2.8979 -
1D1—vacuum 35962
coolin ‘_ o a=o.
g t'-ZrO, 92.5% c=5.1336 1.009
2D2—air o a =3.1603
cooling 210, 100% c=5.1516 1153
2D2—vacuum , a=3.6291
cooling t-2r0, 100% ¢ =5.1063 0.997

In 1D1 samples cooled in air, the tetragonal ZrO; (t-ZrO;) phase predominated, ac-
counting for 98.2% of the total coating volume, while the presence of 3-NiAl was insignif-
icant and amounted to only 1.8%. This indicates the stability of the main phase under
these cooling conditions, while 3-NiAl had minimal effect on the coating structure. For
vacuum-cooled 1D1 samples, an increase in the fraction of 3-NiAl to 7.5% and a decrease
in the fraction of t'-ZrO, to 92.5% were observed. These changes in the phase composition
indicate the influence of the cooling environment on the thermal behavior of the coating.
The air-cooled 2D2 samples were entirely composed of t-ZrO,, indicating the retention
of this phase during faster cooling. In 2D2 samples cooled in vacuum, the entire top
layer was represented by t'-ZrO,, confirming the phase transformation under uniform
cooling conditions.
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4. Conclusions
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The following conclusions can be drawn from the data obtained:

X-ray phase analysis of the coatings confirmed that in the process of detonation
sputtering, there was a complete transformation of ZrO, from the monoclinic phase
to the tetragonal phase due to the effect of high temperatures arising from the impact
of the blast wave. This is due to the fact that the monoclinic phase, which is stable
at room temperature, becomes unstable when heated above 2000 °C and transforms
into a more symmetric tetragonal form, which then becomes stable due to the rapid
cooling of the particles after impact with the substrate. Bragg peak analysis confirmed
the predominance of the tetragonal phase in samples 1D1 and 2D2, with more intense
phase reflections observed in sample 1D1, which may indicate a denser coating
structure compared to sample 2D2, which was more porous. Additionally, the crystal
structure of samples 1D1 and 2D2 was found to be dominated by a non-transformable
e’-phase of tetragonal structure, as evidenced by the ratios of cell parameters c/a+/2
being 1.008 and 1.009, respectively. This also confirms the stabilization of the material
as a t’-phase, which improves the overall mechanical properties of the coating and its
durability in high temperature applications.

Hardness tests of the detonation coatings by the Martens method showed that despite
the differences in surface roughness (3.76 um for sample 1D1 and 1.21 um for sample
2D2), mechanical characteristics such as hardness, Young’s modulus, plasticity index,
and plastic deformation resistance were almost the same for both samples. This
indicates the stability and reproducibility of the mechanical properties provided
by the detonation spraying method, which is associated with the homogeneous
microstructure and dense structure of the coatings. The detonation spraying method
provides high density and minimal porous zones, which reduces the influence of
technological variables such as the number of spraying cycles or roughness parameters.
Creep analysis showed similar behavior of the samples, where the creep rate was 1.9%
for sample 1D1 and 1.7% for sample 2D2, indicating small differences in the long-term
load resistance of the coatings.

Sliding wear tests showed that coating 1D1 had better wear resistance compared to
coating 2D2, as evidenced by a lower coefficient of friction (0.5826) and a significantly
lower wear rate (4.53 x 107® mm?3/(N x m) versus 1.32 x 107> mm?3/(N x m) for
2D2). This can be explained by the denser structure and lower porosity of the 1D1
coating, which reduced stress concentration and the risk of crack formation, while
the more porous structure of the 2D2 coating favored more wear. Differences in wear
resistance were also evident in the width of the wear marks, which was smaller in
sample 1D1 (560 pm vs. 635 um in 2D2) and in the wear pattern of the counter body,
indicating greater mechanical resistance of coating 1D1.

Electrochemical tests on the corrosion resistance of coatings 1D1 and 2D2 in a 3.5%
NaCl solution showed that, despite the more positive corrosion potential of 2D2
(—156.2 mV vs. —280.3 mV for 1D1), its corrosion resistance was lower. This was con-
firmed by the higher corrosion current density of sample 2D2 (1.20 x 107> A/cm?), in-
dicating a more active corrosion reaction compared to sample 1D1 (2.19 x 107 A/cm?).
The corrosion rate of sample 2D2 was also higher (0.14 mm/year versus 0.03 mm/year
for 1D1), indicating a faster degradation of the 2D2 coating in the corrosive environ-
ment. The high polarization resistance of sample 1D1 (17,400.7 (2 x cm?) compared
to 2D2 (2060.3 O x cm?) confirmed the better corrosion protection of coating 1D1.
Thermal tests showed that the thermal shock resistance of thermal protection coatings
is significantly dependent on the cooling conditions and coating thickness. Sample
2D2 exhibited a single deep crack formation after vacuum annealing due to uneven
stress distribution, whereas a shallow crack network appeared when cooled in air.
Sample 1D1 was more prone to coating peeling, especially at the interlayer bound-
aries, due to the increased coating thickness and stress accumulation. In addition,
diffusion of elements during heat treatment also affected the weakening of interfacial
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boundaries and increased the probability of coating failure. X-ray diffraction analysis
showed that air-cooled samples 1D1 were dominated by the tetragonal ZrO, phase,
whereas an increase in the proportion of 3-NiAl was observed during vacuum cool-
ing, indicating the influence of the cooling environment on the phase composition of
the coating. In 2D2 samples cooled in air, the t-ZrO, phase was preserved, while in
samples cooled in vacuum, the phase transformation into t’-ZrO; occurred, which
also indicates the influence of uniform cooling on the coating structure.

In this way, a layer gradient thermal protection material was created by detonation
spraying, in which metal NiCrAlY layers and ceramic YSZ layers alternated smoothly.
Analyzing the results of the study of layer gradient coatings, we can conclude that the
development of detonation spraying technologies and the creation of layer gradient struc-
tures are promising directions for improving the efficiency and durability of coatings at
high temperatures and aggressive environments. Optimization of the microstructure as
well as improvement of thermal, mechanical, and corrosion characteristics of coatings are
the key factors for increasing their operational properties. This will help to expand the
application of such coatings in various fields, including power engineering and aerospace,
where materials with high resistance to extreme conditions are required.
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