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Abstract: This article is a focused review aimed to describe the potential of the computer-controlled
detonation spraying (CCDS) for producing and designing coatings with variable chemical and phase
compositions and microstructure and promising properties. The development of the detonation
spraying method is briefly analyzed from a historical perspective and the capabilities of the state-of-the
art facilities are presented. A key advantage of the CCDS is the possibility of using precisely measured
quantities of the explosive gaseous mixtures for each shot of the detonation gun and different oxygen
to fuel ratios, which can create spraying environments of different chemical properties—from severely
oxidizing to highly reducing. The significance of careful adjustment of the spraying parameters is shown
using material systems that are chemically sensitive to the composition of the spraying environment
and temperature. Research performed by the authors on CCDS of different materials—metals, ceramics,
intermetallics and metal-ceramic composites is reviewed. Novel applications of detonation spraying
using the CCDS technology are described.

Keywords: detonation spraying; oxygen/fuel ratio; chemical reactions; phase composition;
microstructure; suspension detonation spraying

1. Introduction

Detonation spraying is one of the successful applications of gas detonation in engineering practice.
In this thermal spraying method, the detonation phenomenon is used to heat the powder particles
injected into the gun barrel and accelerate them toward the substrate. Depending on the heating
conditions, the powder particles partially or fully melt and form coatings of low porosity and good
adhesion characteristics. Depending on the nature of the sprayed material and the substrate, the
adhesion of coatings can be based on inter-diffusion (when both the coating and the substrate are metals)
or possess a merely mechanical character (a metallic coating on a polymer substrate).

The basics of the method were proposed by Poorman et al. in 1955 [1]. Since that time, the method
has been transformed into a powerful coating deposition technology, which is now successfully used
by researchers and engineers in many countries. Several review articles are available highlighting the
advances of the method made over a certain period [2–4]. Details of the gas detonation phenomenon
and its engineering applications have been reviewed by Nikolaev et al. [3]. Singh et al. [4] reviewed
studies of the detonation spraying behavior of a variety of systems from a materials science viewpoint.

The formation of coatings by thermal spraying can be accompanied by chemical reactions. When
reactive metals (titanium, chromium or aluminum) combine with oxygen or nitrogen during plasma
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spraying, particles of ceramic reinforcements can be formed in metallic matrices [5–7]. During detonation
spraying, chemical reactions can occur (1) if the sprayed material interacts with the detonation products
and/or carrier (purge) gas; (2) if components of a composite mixture interact with each other upon
heating. The burn-out of carbon from the WC-Co coatings obtained by the detonation spraying was
reported in Refs. [8,9]. The formation of oxide phases in the coatings not present in the feedstock
powder was observed under certain conditions of detonation spraying [10–14]. Oliker et al. reported
the formation of titanium nitride TiN during detonation spraying of mechanically alloyed Ti-Al powder
mixtures [10]. Fikus et al. point to the importance of particle size when describing the oxidation
behavior of the powder [15]. Detonation spraying of Fe-40Al powders resulted in the formation of
coatings containing oxide and intermetallic phases; these coatings were shown to possess interesting
thermophysical properties, namely, a low thermal conductivity [13]. Dissolution of Cr3C2 in NiCr during
the coating formation under certain conditions of detonation spraying was observed by Cui et al. [16];
this interaction was detrimental for the coating integrity.

In the past few years, the authors of the present article have conducted a number of studies dealing
with detonation spraying of metals, ceramics, intermetallics and composites. Many of these studies
focused on the reaction behavior of materials during the detonation spraying. Since the accumulated
data needed to be summarized and evaluated, this review was conceived. It aims to highlight the
capabilities and advantages of the computer-controlled detonation spraying (CCDS) and discuss new
possibilities in the coating deposition while making an emphasis on the chemical reactivity of the
feedstock powders during spraying and features of the coating microstructure. It is shown that the
detonation spraying processes organized as CCDS are especially suitable for conducting studies of the
reaction behavior of the powders. Novel applications of detonation spraying enabled by the CCDS
technology are described.

2. Computer-Controlled Detonation Spraying (CCDS): Advanced Facilities of Coating Deposition
and Design

Detonation spraying facilities utilizing computer control of the processes parameters were
developed in 2005 and have been used for making coatings from a variety of materials [17–24]. In CCDS
facilities, it is possible to control the quantity of the explosive mixture used for each shot of the gun and
the oxygen to fuel ratio. The choice of the carrier gas, which is used to inject the powders into the barrel
of the gun and purge the system after each shot, is also important, especially for reactive materials.

Figure 1 shows a CCDS2000 facility [21]. A channel inside gun barrel 1 is to be filled with gases by
a precision gas distribution system 2, which is computer-controlled. The process starts with filling the
channel with a carrier gas. After that, a certain portion of an explosive mixture is fed such that a stratified
gas medium consisting of explosive charge 3 and carrier gas 4 forms. With the help of the carrier gas flow,
the powder is injected into the barrel (by computer-controlled feeder 5) and forms cloud 6. Substrate
7 is placed at a certain distance from the exit of barrel. After a portion of the powder is injected, the
computer gives a signal to initiate detonation. This is realized by an electric spark. The duration of the
explosive combustion of the charge is about 1 ms. A detonation wave forms in the explosive mixture and
transforms into a shock wave in the carrier gas. The detonation products (heated up to 3500–4500 K) and
the carrier gas (heated by the shock wave up to 1000–1500 K) move at a supersonic speed. The time of
interaction of the gases with the sprayed particles is 2–5 ms. During detonation spraying, the particles of
the powder can be fully melted while being accelerated. The particle velocities can reach 800 m s−1 [19].

The operating unit with two attached powder feeders is a mobile module weighing less than
20 kg, which is compatible with a conventional industrial robot. The powder feeder provides radial
injection of the powder in a narrow zone of the barrel. Radial injection is more preferable than axial
injection from the viewpoint of the coating quality. Moreover, radial injection helps reduce the powder
losses. The possibility of operation at 10 Hz allows increasing the powder deposition rate up to
5 kg h−1 for high-density materials such as WC-Co. The gas distribution system based on fast-response
electromagnetic valves provides a stable supply of working gases. Spraying modes with two-component
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fuels (acetylene and propane, acetylene and butane [25], Super D-Gun mode [26]) are also possible.
A 3D manipulator with stepping motor drivers is an option enabling scanning of the substrate surface.

Figure 1. (a) A schematic of a CCDS2000 facility: 1—gun barrel, 2—computer-controlled precision
gas distribution system, 3—explosive charge, 4—carrier gas, 5—computer-controlled powder feeder,
6—cloud of injected powder and 7—substrate [21] and (b) a general view of the detonation gun of a
computer-controlled detonation spraying (CCDS) facility.

The key feature of the CCDS is the possibility of creating spraying environments of different chemical
properties—from severely oxidizing to highly reducing—in a controllable manner. The combustion
reactions during detonation of a hydrocarbon fuel mixed with oxygen can be described by the following
equation:

CnHm + kO2→ N(a1CO2 + a2H2O + a3O2 + a4H2 + a5OH + a6CO + a7O + a8H), (1)

where ai is the molar fraction of a component of the detonation product mixture, and N is the number
of moles of gases forming upon detonation of the C2H2 + kO2 mixture.

The temperature and velocity of the sprayed particles and the chemistry of the spraying
environment can be controlled by varying oxidizer to fuel ratio k and the amount of the explosive
mixture (explosive charge). Molar fractions ai of the major components of the detonation products of
acetylene-oxygen mixtures of different stoichiometry are shown in Table 1. Methods of calculation
of coefficients ai are based on the theory of gas detonation described in Refs. [3,19,27] and references
therein. The detonation products can possess a very high oxidizing activity due to the presence of
atomic oxygen. Indeed, in the detonation products of the C2H2+2.0 O2 mixtures, the content of atomic
oxygen is about 11 mol. %.
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Table 1. Molar fractions ai of the major components of the detonation products of C2H2 + kO2 mixtures.

Components ai

k = 1.1 k = 1.5 k = 2.0

O 0.009 0.064 0.112
O2 – 0.015 0.065
H 0.215 0.160 0.102
H2 0.165 0.094 0.053
OH 0.013 0.070 0.106
H2O 0.014 0.060 0.083
CO 0.579 0.503 0.411
CO2 0.005 0.033 0.069

In the detonation spraying, the value of the charge of explosive mixture is usually characterized
by the percentage of the volume of the gun barrel, which it occupies. As the explosive charge increases
(in a CCDS facility normally from 30% to 60%), the temperatures up to which the particles heat during
their flight inside the barrel also increase. The highest temperature of the detonation products is
reached in acetylene-oxygen mixtures containing about 50 vol. % of C2H2 [19]. However, the particle
temperature is determined not only by the temperature of the detonation products but also by the
particle velocity (time of interaction with the hot gases). The temperature of the detonation products
decreases with increasing or decreasing oxygen content from this value in the explosive mixture.
Particles moving at lower velocities are heated up to higher temperatures before exiting the barrel.

Variable spraying parameters of the process include the oxygen to fuel ratio k, the explosive
charge (measured as the volume fraction of the barrel, in a number of publications referred to as
“barrel filling”), the spraying distance and the nature of the carrier gas. Due to the pulsed nature of the
detonation spraying process, chemical interactions take place in highly non-equilibrium conditions
as hot gases attack the powder particles. Upon deposition, the molten particles experience fast
cooling (106–107 K s−1), which is fast enough to produce metallic glass coatings in certain systems [28].
The products of chemical reactions may also be metastable in terms of phase and crystalline structure
due to fast reaction and rapid cooling of the splats upon deposition on the substrate.

Depending on the initial composition of the explosive mixture and the nature of the carrier gas,
certain chemical reactions are possible causing changes in the phase composition of the sprayed powder.
A CCDS facility presents a dynamic reactor, in which chemical reactions involving sprayed powder
materials can be conducted and new phases in the coatings can be synthesized. The weight of the
powder injected into the barrel is usually less than the weight of the gas. This ratio is observed to
avoid the formation of a continuous layer in one single shot for brittle materials. If such a situation
does develop, there exists a high probability of the crack formation as the coating cools rapidly. For the
chemical processes involving the feedstock powder and the gaseous species during detonation spraying,
the excess of the gaseous reactants should also be taken into account. The extent of the reaction will
depend on the specific surface area of the powder and the particle temperature and velocity, the
latter determining the time of the particle exposure to hot gases. Along with physical and mechanical
property tailoring of the coatings, variable spraying parameters help control the chemical processes
during spraying.

Our experiments showed that the dependence of the spraying efficiency on the spraying distance
could be non-monotonous. In the case of powders’ reacting with the spraying atmosphere, it is not only
the deposition efficiency that should be monitored when the spraying distance is changed. In Refs. [29],
we reported model investigations: titanium as a chemically active metal was detonation sprayed over a
wide range of spraying conditions. The content of the reaction products can both increase and decrease
with the spraying distance for different combinations of spraying parameters. Figure 2 shows X-ray
diffraction (XRD) patterns of the coatings obtained from a titanium powder at an explosive charge of
25%, k = 1.1 and air as a carrier gas. As the spraying distance was increased from 10 to 100 mm, the
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contents of titanium oxynitrides and titanium oxide Ti2O3 in the coatings increased as the contact time
of the powder with the gaseous environment increased. However, at a different set of parameters, the
content of the products of interaction of titanium with the gaseous environment was greater in coatings
sprayed at a shorter distance (Figure 3). Two possible effects could be considered to rationalize the
observed changes in the relative amounts of phases. On the one hand, the longer the spraying distance,
the longer the powder particles experience the action of the cloud of the detonation products and the
carrier gas. On the other hand, additional heating of the powder particles will result in a decrease in
the viscosity of the melt such that a semi-molten particle containing the initial metal and the products
of the reaction, which are ceramic phases, will break into smaller particles. In the second case, the
metal and the ceramic reaction products can separate from each other, which will decrease the content
of the reaction products in the deposit. These two effects may offset each other, so that the composition
of the coatings will not be affected by the spraying distance.

Figure 2. XRD patterns of deposits obtained by detonation spraying of titanium (carrier gas—air,
explosive charge 25%, k = 1.1, spraying distances 10 mm and 100 mm). These results were obtained in a
study reported in Ref. [29].

Figure 3. XRD patterns of deposits obtained by detonation spraying of titanium (carrier gas—air,
explosive charge 50%, with introduction of N2 (33 vol. %) into the oxygen-acetylene mixture, k = 1.1,
spraying distances 10 mm and 100 mm). These results were obtained in a study reported in Ref. [29].
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In another model investigation, the chemistry changes during detonation spraying of titanium
aluminides were considered [30]. When Ti3Al was sprayed at distances of 10–100 mm, k = 1.1 and
an explosive charge of 40%, no significant differences in the contents of the phases in the coatings
were detected. It was found that the chemical nature of the reaction products did not change with the
spraying distance, that is, the coating material did not become more “oxidized” when longer spraying
distances were used.

3. Mechanisms of Coating Formation by Detonation Spraying

The process of detonation spraying is governed by many factors. The mechanisms of the coating
formation are rather complicated due to involvement of both physical and chemical effects in the
interactions of gas-particle flows with the substrate. A comprehensive concept of the formation of
detonation coatings was outlined in Ref. [31]. For the formation of a strong bond between the coating
and the substrate, inter-diffusion within a depth of several inter-atomic distances should take place.
When the characteristic cooling time is greater than the typical diffusion time, bonding occurs by a static
mechanism. As hot and often molten particles strike the substrate surface, the cooling stage that follows
is long enough to enable mutual diffusion through the contact interface. The surface roughness plays an
important role in the processes of heat transfer from a sprayed particle to the substrate. The roughness
vertices contacting the particle are heated more than the valleys [3,31]. Another mechanism of the
coating formation—a dynamic mechanism—may become valid, when rapid energy dissipation in the
boundary layer occurs or the diffusion coefficients of the sprayed materials increase significantly due
to rapid deformation of the solid particles. The development of the CCDS facilities has allowed not
only improving the coating production process through variation of the process parameters but also
conducting fundamental investigations of the coating formation mechanisms including both physical
and chemical components.

3.1. Studies of the Splat Formation from the Sprayed Particles

Splats are the objects that form when single particles collide with a substrate and adhere to it. They
can be conveniently studied by scanning electron microscopy [19,32]. Their structure helps reveal the
mechanisms of the coating formation under the selected conditions. Splats can form from solid particles
as the latter deform or melt at the interface with the substrate upon transformation of the kinetic energy
into the thermal energy. Molten particles form flattened splat structures. The degree of flattening
can be a measure of the volume fraction of the melt contained in the particle. Overheated particles
disperse into small droplets, which are deposited at a certain distance from the main spot forming a
circle. Figure 4 shows detonation splats formed from nickel particles at different temperature–velocity
combinations [19]. Due to kinetic energy release, particles with temperatures 15%–20% below the
melting point can be strongly fixed exon a flat substrate, similar to the cold spraying processes [17].
Particle overheating by 30–50% above the melting point results in droplet sputtering and crack formation
in the splats.

3.2. Particle Temperatures and Velocities: Measurements and Calculations

Calculations of the particle temperatures and velocities are helpful in predicting the behavior
of the material during detonation spraying. The calculation method developed in Ref. [27] is based
on determining the parameters of the detonation products, which are further used to calculate the
temperatures and velocities of the particles. In order to demonstrate the capabilities of this method,
below we present calculation results for copper, which we selected as a convenient model system.
Figure 5 shows how the temperatures of copper particles change with the explosive charge when
sprayed at different k values. The horizontal part of the curves corresponds to melting of copper.

Higher oxygen contents in the mixtures caused higher particle temperatures. While there was
little influence of the nature of the carrier gas on the particle velocities (Figure 6), it is important to
take into account the nature of the carrier gas when the particle temperatures were considered: higher
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temperatures were reached at the same explosive charges when air was used as a carrier gas instead
of nitrogen (Figure 7). This was due to participation of the oxygen of air in oxidation of the fuel.
When spraying was conducted at k = 2.5, this effect became negligible, as the amount of oxygen in the
mixture was already sufficient to fully oxidize acetylene. The particle parameters can be calculated for
composite particles as well, as has been done in Refs. [33,34] for TiO2-Ag particles.

Figure 4. Detonation splats formed from nickel particles at different temperature–velocity combinations
(calculated values): (a) 360 m s−1, 1450 K; (b) 420 m s−1, 1700 K and (c) 460 m s−1, 2200 K. The substrate
material is steel. These samples were obtained in a study reported in Ref. [19].

Figure 5. Calculated temperatures of copper particles 40 µm in size exiting the barrel of the detonation
gun sprayed with different explosive charges using nitrogen as a carrier gases and k equal to 1.1, 1.5
and 2 (barrel length 1000 mm, barrel diameter 20 mm).

Figure 6. Calculated velocities of copper particles 40 µm in size exiting the barrel of the detonation gun
sprayed with different explosive charges using nitrogen and air as carrier gases (barrel length 1000 mm,
barrel diameter 20 mm, k = 1.1).
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Figure 7. Calculated temperatures of copper particles 40 µm in size exiting the barrel of the detonation
gun sprayed with different explosive charges using nitrogen and air as carrier gases (barrel length
1000 mm, barrel diameter 20 mm, k = 1.1).

The calculated values of particle velocities can be verified by direct measurements using a set-up
for in-flight visualization, in which the detonation pulses are synchronized with a CCD-camera-based
diagnostic device [19].

4. Microstructure Control of the CCDS Coatings

4.1. Nanostructured Coatings by Detonation Spraying: Inheritance of the Structure from the Powder/Formation
by Rapid Cooling

Nano-sized features of thermally sprayed coatings may be either inherited from the nanostructured
powder agglomerates or form as a result of rapid cooling of molten particles upon deposition [35–38].
In a composite material, the formation of nanostructures may occur in parallel to chemical reactions.

During detonation spraying of TiB2-Cu nanocomposite powders, no reaction between the
components occurred, as titanium diboride did not react with copper [39,40]. The size of TiB2 particles
in the coatings depends on the spraying conditions: coatings, in which the growth of TiB2 particles is
limited, can be obtained.

Figure 8. Microstructure of the coatings produced by detonation spraying of 20 vol. % Ti3SiC2-Cu
feedstock powders, explosive charge 30%: (a) k = 1.1 and (b) k = 2.5 [41].

When Ti3SiC2-Cu nanocomposite powders obtained by high-energy ball milling were detonation
sprayed, nanostructured coatings with crystallites of both phases ranging from 20 to 70 nm were
formed by both solid-state deposition (inheritance of the powder structure, Figure 8a) and processes
involving melting, solidification and chemical transformation [21,41–43]. The microstructure of the
coatings formed by molten particles (Figure 8b) differed dramatically from that formed by solid particles.
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In order to determine whether it is the cooling rate that is crucial for the formation of the nanocrystalline
copper-based matrix or a stabilizing effect of the reinforcing TiCx particles formed as a result of silicon
de-intercalation from Ti3SiC2 plays a significant role, an electrolytic copper powder was sprayed at
an explosive charge of 40% and k = 1.1. The crystallite size of copper in the coating was 40 nm. This
showed that even without a second phase, a nanostructured metallic coating could form owing to rapid
cooling of the melt.

4.2. Suspension Detonation Spraying—A Novel Method for Obtaining Nanostructured Coatings

The traditional detonation spraying technology requires a feedstock powder with a particle size
in the range of 10–100 µm. Therefore, the coatings consist of micro-blocks tens of micrometers in size.
As for submicron- and especially nano-sized particles, due to low inertia, they move along with the
gas stream flowing out of the gun barrel and pass the substrate without attaching to its surface.

Similar to suspension plasma spraying [38,44], suspension detonation spraying has recently been
proposed for the deposition of coatings using submicron-sized particles [45]. These particles are mixed
with a liquid, usually containing ethanol and a dispersant, and the resulting suspension is used as
a feedstock for spraying. In Ref. [45], suspensions were made from ethanol and ceramic powders
(γ-Al2O3, TiO2 and hydroxyapatite) with submicron particles, and detonation spraying on a CCDS
facility was performed. The suspension detonation spraying is promising for obtaining coatings
with the use of suspensions containing aggregates of submicron-sized particles, which broadens the
capabilities of the detonation spraying method.

4.3. Dispersion of Molten Particles on Impact and Formation of Fine Particulates in a Matrix

The dispersion mechanism of molten particles upon collision with the substrate depends on the
particle composition. The particle can break into smaller ones keeping the initial composition [46].
In composite particles consisting of two immiscible components or a solid and a liquid component,
dispersion of one of them can take place within the other. Figure 9 shows the surface of detonation
coatings produced by spraying TiO2-2.5 vol. %Ag powders [34]. On the surface of the coatings, frozen
droplets are silver particles. Silver inclusions experience melting and coalescence or dispersion during
spraying. As can be seen from the calculations of the particle temperatures (Table 2), at an explosive
charge of 30%, titanium dioxide did not melt while silver particles experienced melting. The molten
silver droplets coalesced, which resulted in the formation of agglomerates in the coatings several
microns in size (Figure 9a). When the sprayed particles were in a molten or semi-molten state colliding
with the substrate at high velocities (Table 2), molten silver inclusions dispersed into smaller droplets
leading to the formation of submicron and nanoparticles uniformly distributed in the coatings, which
was best achieved in the coatings sprayed at an explosive charge of 60% (Figure 9b,c). Based on the
calculations of the particle temperatures [33] and studies of the surface morphology, it can be concluded
that dispersion of silver particles is favored when titanium dioxide in the sprayed particles is a molten
or a semi-molten state.

Table 2. Calculated temperatures and velocities of composite TiO2-2.5 vol. % Ag particles 20, 40 and
60 µm in size detonation sprayed at explosive charges of 30%, 40% and 60% [33].

Explosive Charge, % Particle Size, µm Velocity, m s−1 Temperature, K * T/Tm (TiO2) ** T/Tm (Ag)

30
20 554 782 0.37 0.63
40 431 1315 0.62 1.06
60 364 1124 0.53 0.91

40
20 614 1606 0.76 1.30
40 514 1703 0.80 1.38
60 430 1400 0.66 1.13

60
20 678 2646 1.25 boiling point reached
40 534 2123 1.00 1.72
60 417 2039 0.96 1.65

* Melting point of titanium dioxide Tm (TiO2) is 2123 K. ** Melting and boiling points of silver Tm (Ag) and Tb (Ag)
are 1235 and 2435 K, respectively.
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Figure 9. Surface of the TiO2-2.5 vol. % Ag detonation coatings obtained k = 1.1 and an explosive
charge of 30% (a) and 60% (b,c) [34].

4.4. Coatings Made of Alternating Layers by Means of Twin Powder Feeding Systems

The twin powder feeding systems in the CCDS facilities can be used to produce coatings
composed of alternating layers of different materials [17,19]. Figure 10 shows a titanium–alumina
graded alternating layer coating produced by spraying the components from two separate powder
feeders. Consecutive injection of different powders allows spraying each powder in its optimal
conditions. This option is not available when premixed or composite powders are used as feedstock
materials. The component having a lower melting point usually determines the spraying conditions of
the mixture. However, when the interaction between the sprayed materials is necessary, it should be
kept in mind that, in the case of alternating layers, it will occur only at the interface.

Figure 10. Microstructure of a titanium-alumina graded alternating layer coating: areas adjacent to the
substrate are titanium-rich, the subsurface layers are alumina-rich [19].
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4.5. Spraying of Composite Feedstock Powders

In ref. [43], two powders were used as feedstock powders for detonation spraying, one of them was
prepared by mixing the Ti3SiC2 and Cu powders in a mortar and, therefore, did not contain composite
agglomerates; the other was milled in a high-energy ball mill and consisted of Ti3SiC2-Cu composite
agglomerates. The uniformity of distribution of reinforcing particles in the detonation coatings is
not the only consequence of the preliminary ball milling of the powder mixture. During detonation
spraying, the reaction between Ti3SiC2 and Cu in the mixture prepared by mixing in a mortar started
in milder conditions than in the mechanically milled mixture. This was due to overheating of the
fine Ti3SiC2 particles contained in the powders prepared by simple mixing. Coatings produced from
the mechanically milled mixture showed a uniform microstructure free from Ti3SiC2 agglomerates
(Figure 11a). Another important observation was that the composite structure of the powder influenced
the substrate/coating interface resulting in a well-bonded coating in the case of the mechanically milled
powders and causing delamination effects in the case of powders prepared by mixing (Figure 11b).

Figure 11. Cross-sections of the coatings produced by detonation spraying of 20 vol. % Ti3SiC2-Cu
powders at an explosive charge of 30%, k = 1.5: (a) ball-milled mixture and (b) mixed in a mortar [43].

5. Chemical Reactions in the Sprayed Materials

5.1. Oxidation by the Detonation Products

Oxidation of powders during the detonation spraying process is possible over a wide range of
conditions. As can be seen from examples given in Table 3, titanium sprayed at k equal to 1.1, 1.5 and 2.5
transformed into oxides; at k = 1.1, it also reacted with nitrogen and formed oxynitrides (Figure 12) [29].
The microstructures of the coatings composed of titanium oxynitrides and oxides were similar to
each other (Figure 13). The bright areas in the images corresponded to unreacted titanium, while the
matrix had a peculiar structure of alternating layers. Such a structure was a result of the chemical
transformation of the metal into reaction products. In particles interacting with the gaseous environment,
the composition of the particle surface layers and that of the particle interior could be different. Upon
deposition on the substrate, these particles flattened, giving a structure of alternating layers.

During detonation spraying, Ti3Al can fully transform into titanium oxides [47]. At k = 2, the
coating was composed of titanium oxides, while the Al/Ti atomic ratio decreased to 0.057. The observed
loss of aluminum could be explained by the mechanical instability of particles having an Al2O3 scale
on their surface during the flight and impact upon the substrate and/or by the formation of the volatile
aluminum suboxide.
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Table 3. Phase composition of the coatings obtained by detonation spraying of titanium using air as a
carrier gas [29].

k Spraying Distance, mm Explosive Charge, % Phases of the Coatings

1.1 10 25 Ti, TiNxOy, Ti2O3
1.1 100 25 Ti, TiNxOy, Ti2O3
1.1 100 30 Ti, TiNxOy, Ti2O3
1.5 10 25 Ti, TiO, Ti2O3, Ti3O5
1.5 100 25 Ti, TiO, Ti2O3, Ti3O5
2.5 100 30 Ti, TiO, Ti2O3, Ti3O5, TiO2

Figure 12. XRD patterns of deposits obtained from titanium at an explosive charge of 30%, a spraying
distance of 100 mm, k = 1.1 and k = 2.5 using air as a carrier gas (reprinted from [29], Copyright (2015),
with permission from Elsevier).

Figure 13. Cross-sections of the deposits obtained from titanium at an explosive charge of 30%, a
spraying distance of 100 mm, k = 1.1 (a) and k = 2.5 (b) using air as a carrier gas (reprinted from [29],
Copyright (2015), with permission from Elsevier).

5.2. Reduction by the Detonation Products

Experiments with TiO2-2.5 vol. % Ag composite powders with rutile as the major phase demonstrated
a possibility of reduction of oxides by the detonation products (Figure 14) [33]. At k = 1.1 and an
explosive charge of 30%, rutile was preserved in the sprayed coatings, although it lost some oxygen.
Further reduction of TiO2 to an oxygen-deficient phase and titanium suboxide Ti3O5 was observed in
the coating sprayed in reducing conditions at a higher explosive charge (60%) and, consequently, at
higher particle temperatures. A peculiar feature of the coatings sprayed in high-temperature reducing
conditions was the presence of the monoclinic λ-Ti3O5 phase, which is metastable at room temperature
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and must have formed owing to rapid cooling of the splats. For comparison, the XRD pattern of the
coating sprayed at k = 2.5 is presented in Figure 14. It can be seen that, at a higher oxygen content in
the mixture, the major phase in the coating was well-crystallized rutile.

Figure 14. XRD patterns of detonation coatings produced from TiO2-2.5 vol. % Ag composite powders,
k and explosive charges marked [33].

Another example of oxide reduction by the detonation products is presented in Ref. [32]. Detonation
spraying of a partially oxidized tantalum powder containing 30 wt. % of Ta2O5 at k = 1.1 allowed producing
coatings, in which the concentration of the oxide was significantly reduced—down to 13–17 wt. %.

5.3. Reactions with the Carrier Gas

Experiments with detonation spraying of titanium using nitrogen as a carrier gas allowed
demonstrating the conversion of the metal into a ceramic compound during detonation spraying [29].
XRD patterns of deposits obtained from titanium at k = 1.1 and explosive charges of 30% and 40%
show that, with increasing explosive charge, the conversion degree of titanium increases (Figure 15).
When nitrogen was introduced into the mixture of O2 + C2H2 and thus had the temperature of the
detonation products, titanium nitride TiN became the major phase in the coatings. The microstructure
of TiN-based coatings shows a layered pattern (Figure 16).

Figure 15. XRD patterns of deposits obtained from titanium at k = 1.1 and explosive charges of 30%, 40%
and 60% using nitrogen as a carrier gas; during deposition with an explosive charge of 60%, nitrogen
(33 vol. %) was introduced into the mixture of O2 + C2H2 (reprinted from [29], Copyright (2015), with
permission from Elsevier).
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Figure 16. Cross-sectional view (a) and microstructure (b) of the deposits obtained from titanium at
k = 1.1 using nitrogen as a carrier gas and an explosive charge of 60%; nitrogen (33 vol. %) was introduced
into the mixture of O2 + C2H2 (reprinted from [29], Copyright (2015), with permission from Elsevier).

The characteristic feature of coatings produced from Ti3Al was the presence of titanium nitrides
Ti2N and TiN with relative contents changing with increasing explosive charge or oxygen content in the
acetylene–oxygen mixtures [30,47]. The source of nitrogen in the detonation sprayed coatings was air
or nitrogen used as carrier gases while the exact phase composition of the coatings was affected by the
particle temperature. A mixture of Ti2N and TiN formed at low temperatures; at higher temperatures,
the only nitride phase in the coatings was TiN. In the presence of air, titanium oxynitrides TiNxOy

formed (Figure 17).

Figure 17. XRD patterns of the deposits produced by detonation spraying of a Ti3Al powder at an
explosive charge of 40%, k = 1.1 and k = 2, carrier gas—air [30].

5.4. Formation of Carbon and Carbon-Containing Phases in the Coatings in Highly Reducing Conditions

Normally detonation spraying is performed with the use of explosive hydrocarbon–oxidizer
mixtures giving only gaseous detonation products avoiding the formation of carbon in the solid state
(detonation soot). However, the explosive mixtures can detonate even at low contents of the oxidizer.
In these cases, the products of detonation contain different forms of nanocarbon [48–52]. For example,
the acetylene–oxygen mixture detonates producing solid carbon when parameter k changes from 0.11
to 0.70. This allowed us to manufacture a special device for the production of nanoscale detonation
carbon [50].
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Detonation spraying of metal powders using explosive mixtures rich in hydrocarbon fuel gives new
opportunities for the deposition of carbon-containing metal-based coatings. As the sprayed particles
are in contact with the detonation products, there is a possibility of carbon uptake by the particles.
By conducting detonation spraying experiments at k = 0.7 with titanium [29] and nickel [53], it was
shown than carbon participates in the phase formation of the coatings. In the presence of nitrogen,
titanium reacted with both, forming titanium carbonitrides TiNvCw [29]. Although nickel can catalyze
graphitization of amorphous carbon, the duration of the detonation spraying process is too short for the
graphitization transformation to occur. However, it is still possible to observe the consequences of the
nickel/carbon interaction during spraying [53]. Along with reflections of nickel, broadened reflections of
a phase structurally similar to nickel (face-centered cubic structure) but with a larger lattice parameter
were present in the XRD pattern (Figure 18a). Energy-dispersive spectra (EDS) of the coatings confirmed
a higher concentration of carbon in the coatings sprayed at k = 0.7 than in the coatings sprayed at k = 1.1.
The phase structurally similar to nickel is, therefore, a carbon-containing nickel-based solid solution.
This solid solution was not observed in the XRD pattern of the coating sprayed at k = 1.1. Areas of the
coating surface that correspond to particles that experienced melting/solidification and those that were
formed through the solid-state deposition differ in the carbon content (Figure 18b): the resolidified
regions contain more carbon than the particles deposited in the solid state. This leads to a conclusion
that the formation of a metastable nickel-based solid solution was due to dissolution of carbon in the
molten nickel particles during spraying. Upon deposition, the Ni-C melt rapidly solidified. It should be
noted that reflections of another metastable phase (possibly a hexagonal nickel) were also present in the
XRD pattern of the coating obtained at k = 0.7 (Figure 18a).

5.5. Reactions between the Phases of Composite Feedstock Powders. Selecting Spraying Conditions to Prevent
Chemical Reactions

The reaction between titanium silicon carbide Ti3SiC2 and copper in Ti3SiC2-Cu composites
during detonation spraying under a range of conditions has been studied [41–43]. This system was
shown to be very sensitive to the spraying conditions. As the particle temperature increased with
increasing oxygen content in the acetylene-oxygen mixtures or with increasing explosive charge, even
slightly—from 30% to 40%—keeping k equal to 1.1, Ti3SiC2 reacted with Cu according to the following
scheme Ti3SiC2 + Cu → TiCx + Cu(Si), which resulted in the formation of TiCx-Cu(Si) composite
coatings. When chemical reactions between the components of the feedstock powders are undesirable,
one has to resort to detonation spraying in relatively cold modes. At the same time, the sprayed
powders have to be heated up to a temperature that is sufficiently high to produce dense coatings with
high bond strength and cohesion between the layers. These conditions can be satisfied for systems
containing ductile components, which can be deposited in the solid state. As was discussed above, an
interaction between the phases of Ti3SiC2-Cu composites leads to dissolution of silicon in the copper
matrix, which reduces the electrical conductivity of the composite. We have shown that the Ti3SiC2 +

Cu phase composition can be preserved in the coating if spraying is conducted at an explosive charge
of 30% and k = 1.1. This coating was formed by densely packed powder agglomerates that did not
experience melting (Figure 8a), their phase composition remaining unchanged [41].
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Figure 18. XRD patterns taken from the surface of detonation coatings obtained from a nickel powder
at k = 0.7 and k = 1.1, explosive charge 50% (a); regions of the surface of the coatings obtained at k = 0.7
resolidified (marked 1) and deposited in the solid state (marked 2) and energy-dispersive spectra
(EDS) from the corresponding points (b). ((b) is reprinted from [53], Copyright (2016), with permission
from Elsevier).

6. Advanced Applications of Detonation Spraying Enabled by the Capabilities of
Computer-Controlled Facilities

The capabilities of the CCDS facilities have been demonstrated by the successful production
of coatings of practical importance. Under optimized detonation spraying conditions, metals were
successfully sprayed onto temperature-sensitive substrates [54]. Careful selection of the spraying
parameters allowed producing cemented carbide-based coatings containing MoS2, a compound that
decomposes at temperatures normally used to produce such coatings [55]. The CCDS technique has
been proven suitable for manufacturing intermediate ceramic layers in metal foil/ceramic structures
designed for catalytic application [56,57].

Metallization of Plastics

Detonation spraying can be used to deposit metallic layers on plastics. A suitable condition
window should be elaborated for forming such coatings. On the one hand, solid particles of metals
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moving at high velocities cause erosion of the substrate surface while rebounding and not adhering to
the substrate. On the other hand, fully molten particles damage the substrate by severe overheating.
Metals with low melting points are the most promising candidates to form coatings on polymers by
detonation spraying, as metallic particles become soft at temperatures that are not too damaging for
the polymer. Under optimized detonation spraying conditions, aluminum, zinc and tin layers were
successfully sprayed onto substrates made of fiberglass, polyester and Teflon to form layers 40–70 µm
thick [54]. The bond strength of the metallic coatings on plastics increases with increasing explosive
charge and can reach 8 MPa. Figure 19 shows a part made of Teflon coated with different materials.
The successful deposition of a metallic layer on the surface of a polymer substrate can be used as a first
step in the fabrication of multi-layer coatings on plastics. Such coatings can be produced by successive
deposition of other materials (higher-melting point metals or ceramics) on a metallic layer adhered to
the polymer substrate.

Figure 19. A Teflon item coated with aluminum, copper and WC/Co [54].

7. Further Research and Outlook

Research on the processes occurring during detonation spraying is far from completion. In future
studies, the external ballistics phenomena pertaining to the process should be addressed. The analysis
of those by means of modeling should allow determining the evolution of the particle parameters with
the distance travelled outside the barrel and the influence of the spraying distance on the composition,
structure and properties of the coatings.

A new modification of classical detonation spraying—suspension detonation spraying—can be
successfully used for biomedical applications, since this technology allows obtaining coatings from
nanosized hydroxyapatite powders. Hydroxyapatite is a bioactive material capable to form a direct
bond with the bone tissues [58]; therefore, coatings made of this material on metal implants are in
high demand in medicine. Suspension sprayed coatings have a number of properties that distinguish
them from coatings obtained by traditional thermal spray technologies. Indeed, the former are less
anisotropic and show a lower surface roughness while retaining the initial crystalline phase of the
feedstock material and its nanostructured state. It may also be possible to obtain coatings with a
columnar structure, which is important for the manufacturing of thermal barrier coatings on gas
turbine parts [59]. Along with other thermal spray technologies, suspension detonation spraying can
become efficient for the production of various products, such as electron emitters, photocatalytic and
self-cleaning surfaces, and solid-oxide fuel cell components [59,60].

An interesting research direction is to investigate the effect of post-spray treatment of detonation
coatings on their structure and properties. The treatment can be carried out by utilizing recent technological
developments, such as pulsed electric current-assisted [61] and laser-assisted [62] technologies.
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Along with research on coatings made of materials traditional for the detonation spraying
method [8,63–65], new materials systems are currently being evaluated [28,66,67]. Systems of scientific
and practical interest are composites and alloys; further investigations may tackle problems connected
with the structure control of these coatings at the nanoscale.

8. Conclusions

Detonation spraying with the computer control of the process appeared in 2005 and since then
has proved to be a thermal spraying method of high flexibility. A key advantage of the CCDS is the
possibility of working with precisely measured quantities of the explosive gaseous mixtures and using
different oxygen to fuel ratios. Depending on the oxygen to fuel ratio, the chemical properties of the
spraying environment can be changed from oxidizing to reducing. The temperatures of the detonation
products reach 3500–4500 K, and the carrier gas is heated by the shock wave up to 1000–1500 K. The
gases move at a supersonic speed and exchange heat and chemically interact with the powder during
2–5 ms. The powder particles can be heated up to the material’s melting temperature. Particle velocities
as high as 800 m s−1 can be reached. Although the duration of the exposure of the sprayed material to
high temperatures is short, subjected to the action of hot gases and experiencing partial or complete
melting, the powder particles may be involved in chemical reactions causing changes in the elemental
and phase composition of the coating relative to the feedstock powder. Oxidation can occur due to
the presence of atomic oxygen in the detonation products, while reduction is possible by CO, H2 and
atomic hydrogen. In highly reducing conditions, nanosized detonation carbon is formed in the solid
state as a result of incomplete combustion of the fuel. Upon incorporation into the sprayed material,
carbon can become a coating component (a separate phase) or experience chemical interactions with
the sprayed material to form carbon-containing phases. Several carrier gases can be used to inject
the feedstock material into the barrel of the detonation gun; their chemical properties influencing the
elemental and phase composition of the coatings. Nitridation occurs in some materials due to chemical
reactions with nitrogen used as a carrier gas. Reactions between the phases of composite feedstock
powders can also contribute to the phase development of the coatings. Due to the pulsed nature of the
detonation spraying process, chemical interactions take place in highly non-equilibrium conditions
as hot gases attack the powder particles. The reaction products tend to be metastable in terms of the
phase and crystalline structure due to fast reactions and rapid cooling of the splats upon deposition on
the substrate. So, a CCDS facility presents a dynamic chemical reactor, in which controllable flows
of chemically active gases of pre-determined compositions are used to conduct chemical reactions in
the sprayed materials and synthesize coatings containing new phases. By adjusting the composition
of the spraying atmosphere and energy input into the powders, undesirable chemical reactions can
be prevented.

Through a careful selection of the spraying parameters, fine-grained detonation coatings, including
nanostructured coatings, are obtainable either by allowing the deposited material to inherit the
nano-sized features from the nanostructured feedstock powders or by rapid solidification of molten
particles. Dispersion of molten particles upon impact on the substrate can be used to advantage to refine
the grain size of the coating material or reduce the size of low-melting temperature inclusions in a matrix
in composite coatings. New opportunities in deposition of nanostructured coatings open up with the
development of a new technique—suspension detonation spraying. This technique is based on the
CCDS technology and enables spraying nanosized particles contained in microdroplets of suspensions,
which are used as feedstock materials instead of powders consisting of micrometer-sized particles.

The computer control enables using a twin powder feeding system, with which two powders can
be sprayed alternately under different conditions optimal for each of the feedstock materials resulting
in the formation of coatings composed of alternating layers.

Under optimized detonation spraying conditions, spraying onto temperature-sensitive substrates
was realized. Careful selection of the spraying parameters allowed retaining compounds in the coatings
that tend to decompose at elevated temperatures. Recent successes achieved in the coating production,
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property tailoring and fundamental investigation of the coating formation processes using the CCDS
facilities show that detonation spraying is currently a powerful method of coating deposition with a
high level on the process control.

Future research in the area of detonation spraying should tackle problems of external ballistics,
deposition of composite coatings of novel compositions and structure control of the coatings at
the nanoscale.
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