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Abstract: In the current practice of applying carbide-based coatings by thermal spraying, the starting
material usually contains a metal binder. However, it is important to study the possibility of spraying
binder-free carbides, since the metal components usually reduce the operating temperature and
corrosion resistance of cermet coatings. In this work, a powder of chromium carbide, Cr3C2, was
sprayed using a CCDS2000 detonation gun. Acetylene–oxygen mixtures C2H2 + kO2 with k varying
from 0.8 to 3.0 were used as an energetic material. Due to chemical reactions between Cr3C2 and
the detonation products, the coatings were of composite nature (multi-phase materials) with a
composition depending on k. At k values in the range from 0.8 to 1.1, along with Cr3C2, the coatings
contained chromium carbonitride Cr3N0.4C1.6. In the k range from 1.3 to 2.0, Cr7C3 and Cr were the
main components of the coatings. As k was increased to 3.0, along with Cr7C3 and Cr, the CrO and
Cr2O3 oxides formed in the coatings. The mechanical properties and wear resistance of the coatings
were found to depend on their phase compositions. Coatings produced by detonation spraying of
Cr3C2 powder may be useful for increasing the corrosion resistance of machine parts to mineral acids
and high-temperature oxidation resistance.

Keywords: detonation spraying; acetylene–oxygen mixture; chromium carbide; composite coating;
microhardness; bond strength; abrasive wear; residual stresses

1. Introduction

Coatings based on chromium carbide with a metal binder (Ni or NiCr) are in high
demand in modern industry as protective coatings with good corrosion and abrasive
resistance when working in aggressive environments up to a temperature of 900 ◦C [1].
Such composite coatings, thanks to the metal binder, the content of which is in the range
from 10 to 30 wt. %, have good adhesion and cohesion, as well as hardness at the level
of 1000 HV0.3. Depending on the conditions under which the coating operates, various
thermal spray methods can be used: plasma spray (PS) [2,3], high-speed flame spraying
using oxygen or air as an oxidizer (HVOF or HVAF) [4,5], detonation spraying [6] and, to a
lesser extent, cold spray (CS) [7].

In recent years, there has been increased interest in obtaining ceramic coatings from
pure chromium carbide, since such coatings have greater acid resistance compared to
composite coatings. For example, in [8], Cr3C2 coatings were produced by post-treatment
of chromium coatings formed by PS and CS methods. Post-treatment was carburization in
a methane-containing medium during heat treatment. Thermal reactive diffusion (TRD)
is also used to obtain films and thin coatings from pure chromium carbide [9–11]. Finally,
in [12], the authors investigated the possibility of spraying a coating of pure chromium
carbide by high-velocity suspension flame spraying (HVSFS).
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There is no information in the literature on the formation of pure Cr3C2 coatings by
detonation spraying. To fill this gap, this work was aimed at studying the possibility of
detonation spraying of pure chromium carbide (without a metal binder) and investigating
the composition and properties of the resultant coatings.

2. Materials and Methods

In the experiments, a chromium carbide powder (Cr3C2) produced by LLC “Rosnamis”
(Taganrog, Russia) was used, which was sieved through a sieve of 20 µm. As shown in
Figure 1, the powder particles have an irregular fragmentary shape. According to the
microscopic analysis, the bulk of the powder is represented by particles ranging in size
from 10 µm to 20 µm.
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Figure 1. Morphology of the Cr3C2 feedstock powder (Carl Zeiss Merlin electron microscope).

Chromium carbide, Cr3C2, is acid-resistant and insoluble in alkaline solutions. These
properties make it suitable for applications in the chemical industry. Cr3C2 has an or-
thorhombic crystal lattice, a melting point of 2168 K, a modulus of elasticity of 372 GPa,
thermal conductivity of 19.3 Wm−1K−1, microhardness of 1040–2020 HV (the spread is
associated with the anisotropy of the crystal lattice) and a coefficient of thermal expansion
of 11.7 × 10−6 K−1. Due to its high melting point, rather high thermal conductivity and
high hardness, Cr3C2 can operate under wear conditions at elevated temperatures in ag-
gressive environments. Since the value of the coefficient of thermal expansion of Cr3C2
is close to those of steels, it is widely used as a component of coatings with a nickel or
nichrome binder. The coatings are deposited by the thermal spray techniques. Unlike
WC-based coatings, the cobalt binder is not used in Cr3C2-based coatings because of the
high solubility of Cr3C2 in cobalt [12].

Detonation spraying of the chromium carbide powder was carried out using a CCDS2000
detonation gun [13], developed at the Lavrentyev Institute of Hydrodynamics of the
Siberian Branch of the Russian Academy of Sciences (LIH SB RAS). Acetylene, oxygen and
nitrogen gases of technical purity (impurity concentration < 1%) were used to form an
explosive mixture (EM), purge the barrel between the shots (nitrogen) and feed the powder
into the gun barrel (nitrogen).

In thermal spray technologies, the coating deposition process is characterized by the
deposition efficiency factor (DE), since only a fraction of the particles injected into the
barrel of the detonation gun form a coating. Some particles ricochet or splash during the
spraying process and are not deposited on the substrate. The DE parameter determines the
spraying performance and is one of the optimization criteria of the spraying process. DE
was calculated as DE = m/m0, where m is the mass of the material deposited in one shot,
and m0 is the mass of the powder injected into the barrel in one shot.
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The morphology of the powder and the microstructure of the coatings were studied
by scanning electron microscopy (SEM) on a Carl Zeiss Merlin microscope (Carl Zeiss NTS,
Oberkochen, Germany). The X-ray diffraction (XRD) patterns of the initial powder and
coatings were recorded using a D8 ADVANCE diffractometer (Bruker AXS, Karlsruhe,
Germany) with Cu Ka radiation. The optical images were obtained using an OLYMPUS GX-
51 metallographic microscope (Tokyo, Japan). The porosity of the coatings was determined
by analyzing the optical images of the cross-sections of the samples using OLYMPUS
Stream Image Analysis software Stream Essentials 1.9.1 (Tokyo, Japan). The microhardness
measurements were carried out using a Vickers DuraScan-50 hardness tester (EMCO-Test,
Kuchl, Austria) at a load of 0.1 kg (HV0.1) at nine points on the cross-section of the coating.
The average microhardness value is presented together with the standard deviation.

During the spraying process, residual stresses may accumulate in the coatings. At
a high level of tensile stresses, cracking or peeling of the coating may occur during the
spraying process. Therefore, to ensure the reliability and durability of the coating, the
formation of moderate residual compression stresses is preferable. The characterization
of residual stresses in coatings was carried out by the Almen method [14,15], in which
the shape of a standardized steel strip (Almen strip) with a layer of a sprayed coating is
analyzed. In the case of tensile stresses in the coating, the Almen strip is bent outward
by a steel substrate. In the presence of compressive stresses, the strip is bent outward by
the coating. The bond strength of the coatings to the substrate (adhesion) was measured
according to the ASTM C633 standard using ULTRABOND-100TM glue. Mechanical tests
were carried out on a Zwick Roell Z100 testing machine (ZwickRoell GmbH & Co. KG,
Ulm, Germany).

The calculations of the temperature, kinetic head and concentrations of the compo-
nents of the detonation products (DP) behind a detonation front were carried out using
a computer code developed at LIH SB RAS (based on the theoretical model described
in [16]). In order to calculate the velocities and temperatures of the sprayed particles, the
LIH computer code developed at LIH SB RAS [17] was used. In this code, the dispersion
of the molten particles into smaller ones in the barrel of a detonation gun is taken into
account. When optimizing the spraying mode, the diameter and length of the gun barrel,
the composition and volume of the explosive charge, the place of injection of the powder
into the gun barrel and the size of its particles were varied in the calculations.

3. Results and Discussion
3.1. Results of Numerical Calculations

As shown in [18,19], an acetylene–oxygen explosive mixture (EM) should be used to
implement the detonation spraying of refractory materials (materials with a melting point
exceeding 3000 K). Experiments with tungsten carbide, which has a high melting point
(Tm = 3058 K), have shown the need to choose the composition of EM in a narrow range,
so that the temperature of the detonation products (DP) should be close to the maximum
value (≈4500 K). The deposition of Cr3C2 (Tm = 2168 K) can presumably be carried out in a
wider range of EM compositions, since its melting point is almost 900 K lower. Therefore,
the calculations of the main detonation parameters—in particular, the temperature and
kinetic head of the DP and their composition—were performed with a variation in the
oxygen/carbon ratio k in the range from 0.8 to 3.0 for the C2H2 + kO2 acetylene–oxygen
mixtures. The kinetic head is the product of the density and the square of the mass velocity
of the DP, divided in half. Note that in fuel-depleted EM (k > 1), atomic oxygen is contained
in DP, and in fuel-rich EM (k < 1), atomic carbon is present in DP. As a result, at high DP
temperatures, the presence of atomic oxygen can cause the decarburization of chromium
carbide [20], while new carbide phases can form in an environment containing atomic
carbon [21].

Figures 2 and 3 show the calculated detonation parameters of acetylene–oxygen
C2H2 + kO2 mixtures with k in the range from 0.8 to 3.0. In the entire range 0.8 ≤ k ≤ 3.0,
the temperature of DP does not fall below 4000 K. At k = 1.2, it reaches a maximum
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of 4536 K. This temperature is sufficient for melting refractory materials—for example,
metallic tungsten (Tm = 3695 K) or its carbide (Tm = 3058 K). The kinetic head, which
determines the acceleration of the particles, remains high (approximately 1.8 MPa) in the k
range from 0.8 to 1.25, with a maximum value of 1.85 MPa reached at k = 1. Further, with
increasing k, this parameter monotonically decreases and reaches a value of 1.3 MPa at
k = 3.0. Figure 3 shows that in the range 0.8 ≤ k ≤ 1.0, the main components of DP are
reducing agents: CO, H2 and H. Atomic carbon is also present at a low concentration. At
k ≥ 1.0, in the DP, active oxidants, O and OH, appear. Their amounts gradually increase,
reaching values of approximately 0.6 mol per mol of C2H2 at k = 3.0.
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Figure 4 illustrates the detonation spraying process, for which calculations were
performed. Calculations for the C2H2 + O2 (k = 1) mixture chosen as the base one showed
that, in a barrel with a diameter of 20 mm and a length of 1000 mm, filled with EM up to the
powder injection point (Lip = Lb − Lec), Cr3C2 particles are heated up to the melting point.

Figure 5 illustrates how the temperature and velocity of the particles change as the
latter move from the injection point to the exit from the barrel. As the particle accelerates
and moves under the influence of DP, its position in the barrel is described by the X
coordinate, counted from the end of the barrel. It can be seen in Figure 5 that even the
largest particles with a size of 20 µm fly out of the barrel in a molten state, when injected at
Lip = 400 mm. Particles with a size of 10 µm are heated in the barrel up to the melting point



J. Compos. Sci. 2023, 7, 71 5 of 14

by running 150 mm from the injection point (Figure 5a) and fly out of the barrel in a molten
state with a temperature of approximately 2300 K. Other particles with sizes of 15 µm and
20 µm fly out in a molten state with a temperature equal to the melting point. As seen in
Figure 5b, the particle velocities at the barrel exit range from 630 m/s to 730 m/s.
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Figure 6 shows the evolution of the temperature and velocity of Cr3C2 particles with a
size of 15 µm as the latter move in the barrel for different k and a constant volume of the
explosive mixture. It can be seen that as k is increased from 1.0 to 2.5, the temperature of the
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particles increases to 3000 K (Figure 6a). As k is further increased, the temperature begins to
decrease. The increase in the particle temperature with an increase in k from 1 to 2.5 is due
to an increase in the time of exposure of the particles to hot DP in the detonation gun barrel,
since the particle velocity decreases (Figure 6b). The decrease in temperature observed at
k < 2.5 is associated with a drop in the DP temperature, the particle velocities remaining
sufficiently high. Figure 6 also shows that the value of k has a much stronger effect on the
temperature than on the velocity of the particles flying out of the barrel. The maximum
velocity of a particle with a size of 15 µm is gained quickly at a run of approximately
100 mm; at the same time, the temperature at k > 1 is constantly increasing, reaching a
maximum at the barrel exit.
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3.2. Experimental Results

The experiments on detonation spraying were carried out on a detonation gun with a
barrel diameter of 20 mm and a length of 1000 mm. The Cr3C2 powder was injected into
the barrel at a distance of 400 mm from its end. The C2H2 + kO2 explosive mixture filled the
barrel up to the injection point of the powder, so that the length of the explosive charge was
Lec = 600 mm (see Figure 4). The main goal was to study the effect of k on the composition
and properties of the coatings.

When chromium carbide with a nichrome binder is detonation-sprayed, the spraying
distance of L = 200 ± 50 mm is the optimal one, since, at this spraying distance, the
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hardness and wear resistance of the coatings reach their maxima, while the porosity of the
coatings does not exceed 0.3% at L ranging from 50 to 300 mm [6]. Therefore, in this work,
L = 200 mm was chosen as the base spraying distance, at which coatings were obtained
using different values of k. The coatings were sprayed onto substrates of low-carbon steel
with a size of 50 × 70 × 2 mm3. It was found that the coating was formed only at k ≥ 0.8.
An important technological parameter is DE, characterizing the losses of the powder during
spraying, as defined in Section 2. At k = 0.8, up to 40% of the powder is deposited on the
substrate, i.e., DE = 40%. Figure 7 illustrates the dependence of DE on k, showing that in
the range of k from 0.8 to 1.3, the value of DE does not change significantly and is around
40%. With a further increase in k, DE decreases, remaining at a level of 30% in the k range
of 1.5–3.0.
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One of the methods to pre-evaluate the quality of the coating is to study the coating
spot formed by a series of shots on a substrate without scanning the surface. Figure 8 shows
that, as k increases from 0.8 to 1.3, the quality of the coating improves, the spot becoming
more uniform, showing no traces of erosion of the material. At the same time, the DE
remains at a level of 40%. With a further increase in k, the DE decreases, and, in the range
of k from 1.5 to 3.0, it is at a level of 30% (Figure 7). At k exceeding 2.0, because of the high
concentrations of the oxidizing components in the DP, the decarburization of Cr3C2 and
even the oxidation of metallic chromium occur (Figure 9). As the phase composition of the
deposited material changes, the color of the spot also changes, from light gray to dark gray.

Figure 10 shows the microstructure of the coatings obtained at different k, while
Figure 11 shows their hardness and porosity. The coating sprayed at k = 0.8 is characterized
by porosity of 2%. With increasing k, the resultant coatings have a structure consisting of
tightly packed lamellae. The porosity of these coatings decreases to 1%.

In accordance with the changes in the phase composition and microstructure, the
coatings sprayed at different k differ in hardness (Figure 11). At k = 0.8 and k = 0.9, coatings
with porosity of 1.5–2.0% and microhardness of approximately 700 HV0.1 are formed.
These coatings contain chromium carbide Cr3C2 and chromium carbonitride Cr3N0.4C1.6
(Figure 9b). With an increase in k, the porosity of the coatings drops to 1%: at k = 1.0 and
1.1, the microhardness of the coatings is ≈800–900 HV0.1. In the k range from 1.3 to 2.5,
the microhardness drops slightly to ≈700–800 HV0.1, apparently due to the presence of
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metallic Cr (Figure 9c,d). With a further increase in k and the formation of oxides in the
coatings (Figure 9d), the microhardness increases again.

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 16 
 

 

Cr3C2 and even the oxidation of metallic chromium occur (Figure 9). As the phase compo-
sition of the deposited material changes, the color of the spot also changes, from light gray 
to dark gray. 

  
(a) (b) 

  
(c) (d) 

Figure 8. Coating spots obtained from the Cr3C2 powder at different k values: (a) k = 0.8, (b) k = 1.3, 
(c) k = 2.5, (d) k = 2.8. 

  
(a) (b) 

Figure 8. Coating spots obtained from the Cr3C2 powder at different k values: (a) k = 0.8, (b) k = 1.3,
(c) k = 2.5, (d) k = 2.8.

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 8 of 16 
 

 

Cr3C2 and even the oxidation of metallic chromium occur (Figure 9). As the phase compo-
sition of the deposited material changes, the color of the spot also changes, from light gray 
to dark gray. 

  
(a) (b) 

  
(c) (d) 

Figure 8. Coating spots obtained from the Cr3C2 powder at different k values: (a) k = 0.8, (b) k = 1.3, 
(c) k = 2.5, (d) k = 2.8. 

  
(a) (b) 

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 9 of 16 
 

 

  
(c) (d) 

Figure 9. XRD patterns of the feedstock powder (a) and coatings obtained at various k: (b) k = 0.8, 
0.9, 1.1; (c) k = 1.3, 1.5, 2.0; (d) k = 2.5, 2.8, 3.0. 

Figure 10 shows the microstructure of the coatings obtained at different k, while Fig-
ure 11 shows their hardness and porosity. The coating sprayed at k = 0.8 is characterized 
by porosity of 2%. With increasing k, the resultant coatings have a structure consisting of 
tightly packed lamellae. The porosity of these coatings decreases to 1%. 

  
(a) (b) 

  
(c) (d) 

Figure 10. Microstructure of the coatings produced from the Cr3C2 powder at different k: (a) k = 0.8, 
(b) k = 1.3, (c) k = 2.5, (d) k = 2.8. 

 

 

Figure 9. XRD patterns of the feedstock powder (a) and coatings obtained at various k: (b) k = 0.8,
0.9, 1.1; (c) k = 1.3, 1.5, 2.0; (d) k = 2.5, 2.8, 3.0.



J. Compos. Sci. 2023, 7, 71 9 of 14

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 9 of 16 
 

 

  
(c) (d) 

Figure 9. XRD patterns of the feedstock powder (a) and coatings obtained at various k: (b) k = 0.8, 
0.9, 1.1; (c) k = 1.3, 1.5, 2.0; (d) k = 2.5, 2.8, 3.0. 

Figure 10 shows the microstructure of the coatings obtained at different k, while Fig-
ure 11 shows their hardness and porosity. The coating sprayed at k = 0.8 is characterized 
by porosity of 2%. With increasing k, the resultant coatings have a structure consisting of 
tightly packed lamellae. The porosity of these coatings decreases to 1%. 

  
(a) (b) 

  
(c) (d) 

Figure 10. Microstructure of the coatings produced from the Cr3C2 powder at different k: (a) k = 0.8, 
(b) k = 1.3, (c) k = 2.5, (d) k = 2.8. 

 

 

Figure 10. Microstructure of the coatings produced from the Cr3C2 powder at different k: (a) k = 0.8,
(b) k = 1.3, (c) k = 2.5, (d) k = 2.8.

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 10 of 16 
 

 

 
Figure 11. The dependence of the microhardness and porosity of the coatings on k. 

In accordance with the changes in the phase composition and microstructure, the 
coatings sprayed at different k differ in hardness (Figure 11). At k = 0.8 and k = 0.9, coatings 
with porosity of 1.5–2.0% and microhardness of approximately 700 HV0.1 are formed. 
These coatings contain chromium carbide Cr3C2 and chromium carbonitride Cr3N0.4C1.6 
(Figure 9b). With an increase in k, the porosity of the coatings drops to 1%: at k = 1.0 and 
1.1, the microhardness of the coatings is ≈800–900 HV0.1. In the k range from 1.3 to 2.5, the 
microhardness drops slightly to ≈ 700–800 HV0.1, apparently due to the presence of metal-
lic Cr (Figure 9c,d). With a further increase in k and the formation of oxides in the coatings 
(Figure 9d), the microhardness increases again. 

The dependence of DE on the spraying distance L was determined using an explosive 
mixture with k = 1 (Figure 12). At distances up to 100 mm, DE reaches 50–60%, which is a 
high value for thermal spraying. As the distance is further increased, the DE monoto-
nously decreases, reaching 25–30% at a distance of 300 mm. 

 
Figure 12. The dependence of the DE on the spraying distance at k = 1.0. 

The most important performance characteristics of machine parts with functional 
coatings, which determine their working life, are the bonding strength of the coating to 

Figure 11. The dependence of the microhardness and porosity of the coatings on k.

The dependence of DE on the spraying distance L was determined using an explosive
mixture with k = 1 (Figure 12). At distances up to 100 mm, DE reaches 50–60%, which is a
high value for thermal spraying. As the distance is further increased, the DE monotonously
decreases, reaching 25–30% at a distance of 300 mm.

The most important performance characteristics of machine parts with functional
coatings, which determine their working life, are the bonding strength of the coating to
the substrate (adhesion), the strength of the coating itself (cohesion) and the coating’s
resistance to abrasive wear. To study the properties of the coatings, samples were prepared
at k varying from 0.8 to 3.0. The adhesion of the coatings was measured according to the
ASTM C633 standard. During testing, the grips of the testing machine clung to the rods,
which were glued to the coating and the substrate with ULTRABOND-100TM glue. During
testing, the failure of samples occurred through the coating layer, which means that the
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coating strength (cohesion) was actually measured. Obviously, in this case, the adhesion
was higher than the cohesion. The test results are shown in Figure 13, from which it is clear
that the coating strength values are in the range from 19 to 30 MPa.
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Testing of the coatings under abrasive wear conditions was carried out according to
the ASTM G65 standard, according to which the test sample is pressed against a rotating
wheel covered with rubber on the rim, and a granular abrasive is fed into the friction
zone. The abrasive wear is measured by the loss of sample volume per 1000 revolutions of
the rubberized wheel. Before testing, the coatings were ground on a diamond disc. This
treatment provides a surface roughness not worse than 0.8 microns, which is required by
the ASTM G65 standard. The thickness of the test coatings was 300 ± 50 microns. Testing
was performed according to procedure B of the mentioned standard. The sample was
pressed against a rubberized disk with a force of 130 N, the total number of revolutions of
the disk was 2000 (abrading distance 1436 m), and the consumption of granular abrasive
was 300–400 g/min. The dependence of the volumetric wear of the coatings on k is shown
in Figure 14.

As seen in Figure 14, coatings sprayed at k = 0.8 and k = 0.9 are characterized by
the maximum wear. This can be explained by the low microhardness, low cohesion and
high porosity of these coatings (Figures 11 and 13). With increasing k, coatings consisting
of chromium carbide Cr3C2 and chromium carbonitride Cr3N0.4C1.6 become denser and
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have higher microhardness and cohesion, which leads to a decrease in wear to a level
of 15 mm3/1000 rev. In the range of k from 1.3 to 2.0, dense, but less hard coatings are
obtained due to the formation of metallic chromium (Figure 9c). As a result, their wear
increases to 20 mm3/1000 rev. Chromium oxides are formed in coatings sprayed with
near-stoichiometric compositions of the acetylene–oxygen explosive mixture (k = 2.0–3.0),
which again leads to an increase in the resistance of the coatings to abrasive wear, which
decreases to 15 mm3/1000 rev.
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To assess the residual stresses in the coatings, tests were carried out using the Almen
method [14,15]. According to this method, residual stresses in the coating are calculated
from the measured deflection of a thin metal substrate (strip), on which the coating is
applied. In our experiments, a coating with a thickness of 100 ± 20 µm was applied to
an Almen strip of type N grade 1 with a size of 75 × 19 × 0.8 mm3, manufactured by
Electronics Inc. (Mishawaka, IN, USA). After spraying, the strip bent under the influence
of internal stresses so that the coating was on its convex surface (Figure 15). This type of
deflection corresponds to compressive residual stresses in the coating. The deflection of the
Almen strip with the applied coating was 720 µm.
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The average level of residual stresses in the coating was estimated using the following
formula [15]:

σr =
4Eδ2h

3t(1 − µ)(4h2 + l2)
(1)

where E, µ, δ and l are the Young’s modulus, Poisson’s ratio and the thickness and length
of the Almen strip; t is the thickness of the coating, and h is the deflection of the Almen
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strip. For an Almen strip made of SAE 1070 steel, E = 2·105 MPa, µ = 0.3, δ = 0.8 mm,
l = 75 mm. With a coating thickness of t = 0.1 mm and a deflection of the Almen strip
of h = 0.72 mm, the calculation according to (1) gives the value of compressive residual
stresses of σr = 312 MPa.

In the detonation spraying practice, it is known that an increase in the thickness of
the coatings can sometimes lead to the formation of cracks and even the detachment of the
coating from the substrate. However, in the present work, in the coatings up to 500 µm
thick, sprayed on substrates of low-carbon steel with a size of 70 × 70 mm2, no signs of
peeling or cracking were found.

3.3. Discussion

This work demonstrated the possibility of the detonation spraying of a binder-free
Cr3C2 powder for the first time. Chromium carbide has a high melting point; therefore,
high-energy acetylene–oxygen detonating mixtures (C2H2 + kO2) were chosen for the
spraying. The k parameter reflects the oxygen to carbon molar ratio in the mixture. The
calculation of the temperature and kinetic head of the detonation products, as well as
the temperatures and velocities of the powder particles accelerated in the barrel of the
detonation gun, proved the possibility of forming coatings from a Cr3C2 powder in a wide
range of compositions of acetylene–oxygen explosive mixtures, with k varying between 0.8
and 3.0.

The experiments described above have shown that the phase and chemical compo-
sition of the coatings produced by the detonation spraying of a Cr3C2 powder change
with k (Figure 9). Due to the chemical interactions of the powder particles with the active
components of the DPs in the barrel of the detonation gun, composite coatings are formed.
In particular, at k ranging from 0.8 to 1.1, along with Cr3C2, the coatings contain chromium
carbonitride, Cr3N0.4C1.6. At k ranging from 1.3 to 2.0, the main phases in coatings are
Cr7C3 and Cr. In the coatings obtained at higher k, CrO and Cr2O3 are present, along with
the carbide phase, Cr7C3, and metallic chromium. Thus, ceramic coatings are formed only
at values of k up to 1.1. At k exceeding 1.1, cermet coatings are formed. This is due to the
appearance of oxidizing components (O, O2, OH) in the detonation products (Figure 3),
which leads to the decarburization of Cr3C2.

Due to the high particle velocity and, accordingly, the manifestation of the peening
effect, coatings with compressive residual stresses are formed. This is important from the
point of view of the practical use of these coatings, since the compressive residual stresses
are known to increase the fatigue strength of materials. The strength tests of the coatings
by the glue method have shown that the bond strength of the coatings to the steel substrate
(adhesion) is higher than the strength of the coating itself (cohesion), the latter reaching
30 MPa.

Interestingly, the resistance of the coatings to abrasive wear was found to be very
sensitive to parameter k of the detonating mixture. Namely, in the range of k from 0.8 to 1.1,
the wear resistance increases almost five-fold, and, with a further increase in k, it does not
change significantly. Such an increase in the wear resistance seems to be associated with
the transition from a ceramic to a cermet coating.

It should be noted that the mechanical properties and abrasive wear resistance of the
coatings elaborated in the present study are inferior to those of Cr3C2-based detonation coat-
ings with a nichrome binder [6]. A coating with 20 wt. % of nichrome binder has microhard-
ness of 1150 HV0.3, strength of at least 150 MPa and abrasive wear of 3.25 mm3/1000 rev.
However, nichrome melts at 1373 K (solidus temperature). It can be assumed that coatings
made by spraying binder-free Cr3C2 will be able to withstand higher temperatures. Note
that metallic chromium is a refractory metal and has a melting point of 2073 K. Thus, all
components of the composite coatings produced by spraying Cr3C2 are refractory.

In addition to corrosion-resistant ceramic, cermet and metallic materials, corrosion-
resistant polymers have been developed [22]. Polymer materials are promising for a broad
range of applications as the properties of the polymer matrices can be significantly im-
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proved by the modifying additives [23–26]. As emphasized in [23], such materials “have
high fracture toughness, light weight, superior strength to weight ratio, high tensile proper-
ties, high fatigue resistance, and improved corrosion resistance to severe environments”.
However, polymers have much lower melting and decomposition temperatures and cannot
compete with chromium carbide coatings operating at high temperatures.

Thus, the conducted research has shown that, by the detonation spraying of a Cr3C2
powder, it is possible to develop composite coatings, the phase and elemental composition
of which differ significantly from the initial composition of the feedstock powder. Coatings
produced by the detonation spraying of Cr3C2 powders may be useful for increasing the
corrosion resistance of machine parts to mineral acids and high-temperature oxidation
resistance. Further studies should focus on evaluating the coating performance under
these conditions.

4. Conclusions

The possibility of applying chromium carbide coatings without a metal binder by
detonation spraying has been proven. The conducted studies have shown that

- for producing the coatings, acetylene–oxygen mixtures of C2H2 + kO2 with k values in
the range from 0.8 to 3.0 can be used as an explosive;

- due to the chemical interactions of the detonation products with the powder, spray-
ing of Cr3C2 leads to the formation of composite coatings of various compositions,
depending on k;

- in the range k from 0.8 to 1.1, ceramic coatings containing Cr3C2 and Cr3N0.4C1.6
carbonitride form; when k varies from 1.1 to 3.0, the coatings are cermets containing
Cr7C3 and Cr; herewith, at k greater than 2.0, CrO and Cr2O3 oxides appear in the
coatings;

- the lowest wear resistance (abrasive wear W = 74 mm3/1000 rev.) was observed in
coatings produced at k = 0.8, when the cohesion (σ = 19 MPa) and microhardness
(700 HV0.1) were also at their minimal levels;

- the maximum wear resistance (abrasive wear W = 15 mm3/1000 rev.) was observed
in coatings obtained at k > 1; in this case, the cohesion is maximum (σ = 26–30 MPa)
when k = 1.1–1.4, and the microhardness is maximum (900 HV0.1) when k = 1.1.

From the point of view of the wear resistance, cohesion and hardness of the coatings,
detonation spraying at k = 1.1–1.4 can be recommended as the optimal mode. However,
if, for some reason, the presence of chromium oxides is necessary in the composition of a
cermet coating, spraying at k values close to 3.0 is preferable.
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