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Abstract: A comparison of the numerical simulation and an experimental study of the collision
of the particles and the substrate during detonation spraying is presented. The spraying regimes
were chosen to provide unmelted, partially melted, and completely molten particles. The numerical
simulation was performed using the smoothed particle hydrodynamics (SPH) method with velocity
and temperature settings as initial conditions. Good agreement was obtained between the simulation
results and the experimental data, making the SPH simulation suitable for analysis of the deformation
of particles and the substrate during detonation spraying. Information about the particle’s shape
evolution during the collision is presented. An increase in temperature and plastic strain is analyzed
at different points of the particle and substrate. Under certain spraying regimes, it is possible to melt
a solid particle due to its high-strain-rate deformation, but no melting of the substrate was observed
during the simulation.

Keywords: detonation spraying; coatings; copper; numerical simulation; SPH method

1. Introduction

Thermal spraying is one of the most common methods for the formation of protective
coatings and repairing the worn components of machines. Technologies related to thermal
spraying are based on heating and accelerating the particles, which, depending on the
spraying regimes, can remain in the solid state or become partially or completely molten.
When colliding with the substrate, the particles deform and cool rapidly [1]. Detonation
spraying is considered one of the best thermal spray techniques that can be used for
the fabrication of high-quality coatings of various materials: metals and their alloys [2–4],
intermetallics [5–7], metal oxides [8–11] and metal carbide composites [12–14]. The coatings
obtained are used in the gas and oil industries, chemical production, automobile production
and other industries [15,16].

The quality of the detonation spray coating essentially depends on its adhesion to
the substrate. Adhesion, in turn, depends on the features of deformation, heating, and
subsequent cooling of the particles that form the first layer of the coating. Since the
interaction of a particle with a substrate during detonation spraying is an extremely high-
strain-rate phenomenon, it can hardly be visualized experimentally; therefore, it is practical
to study it using numerical simulation methods. Various computational methods, such as
Lagrangian, Arbitrary Lagrangian-Eulerian [17–19], Smoothed Particles Hydrodynamics
(SPH) [20] and Coupled Eulerian-Lagrangian [21], are extensively used for this purpose.
The molecular dynamics simulation was also used to analyze the particles’ behavior upon
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collision with single- and polycrystalline substrates and to investigate the recrystallization
and related phenomena on the particle/substrate interface [22].

In most of the previously published studies, the spraying process was analyzed when
the particle was cold in the initial state. This approach allows one to adequately simulate
the particle deformation during the cold spraying [23]. However, it is not applicable to
the detonation spraying, since due to heating by the detonation products, the temperature
of the particles could be from several hundreds to a thousand and more degrees. The
deformation of hot (in particular, molten) particles obviously differs significantly from the
deformation of the material in the cold state.

In this study, we specify both the initial temperature and velocity of a particle in an
SPH simulation to analyze its deformation and corresponding heating during detonation
spraying. To simplify the analysis, a simple combination of materials was used in the work:
copper particles were sprayed on a copper substrate. The numerical simulation results
were compared with the experimental data to verify the correctness of the approach used.

This paper is structured as follows. Section 2 provides the details of the experiment,
the material characterization techniques and numerical simulation. Section 3.1 describes
the results of an experimental observation of the collision of a particle with a substrate in
various spraying regimes. Section 3.2 shows the results of a numerical simulation using
the same collision parameters as in the experimental study. We describe the results for
solid/solid collisions and liquid/solid collisions separately in Sections 3.2.1 and 3.2.2,
respectively. Finally, Section 3.3 provides a comparison of the SPH-simulation results and
the experimental data.

2. Materials and Methods

The heating and acceleration of the particles during detonation spraying is carried out
due to the interaction of the detonation products with the particles themselves. The most
commonly used fuel is acetylene, which is associated with its high detonability and high
temperature of its detonation products [15]. The highest temperature is achieved during the
combustion of an acetylene-oxygen mixture consisting of 50% acetylene [24]. The heating of
the sprayed particles is determined not only by the temperature of the detonation products,
but also by the time of their interaction with the powder particles in the barrel. In addition
to the oxygen/fuel ratio, the coating formation process is influenced by the following
parameters: the spraying distance, the type of carrier gas, and the explosive charge (i.e., the
fractions of the barrel volume filled with an explosive mixture). The influence of spraying
regimes on the formation of a copper coating was analyzed by Batraev et al. [25], who
showed how the explosive charge affects the temperature and velocity of the particles.

2.1. Experimental Details

Detonation spraying was performed using the CCDS2000 facility (Lavrentyev Institute
of Hydrodynamics of SB RAS, Novosibirsk, Russia) [26]. The diameter and the length
of the barrel were 20 mm and 1000 mm, respectively. The spraying distance (that is, the
distance from the muzzle of the barrel to the substrate) was equal to 50 mm. The range
of regimes was selected in such a way as to provide the spraying of solid, partially and
completely molten particles (Table 1). This was achieved by changing the volume of filling
the barrel with an explosive mixture. The velocity and temperature of the particles were
calculated using the LIH software, which is based on the mathematical model developed
by Gavrilenko and Nikolaev [27]. The parameters for the different regimes are summarized
in Table 1. The mixture of acetylene (C2H2) and oxygen (O2) in a ratio of 1:1.07 (by volume)
was used as fuel. The spherical copper powder GTV 80.55.1 (GTV Verschleißschutz GmbH,
Luckenbach, Germany) was sieved in the particle size range 40–45 µm (Figure 1). Copper
disks 20 mm in diameter and 3 mm thick were used as substrates. Before the experiment,
the substrates were annealed at 850 ◦C with a holding time of 1 h, followed by cooling in a
furnace. After that, the substrates were grinded using SiC paper and diamond suspensions
and polished with Al2O3 suspension to a mirror-finish to eliminate the effect of roughness
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on the deformation and bonding formation between the particles and the substrates. Only
one shot of the particles on the copper substrate was performed during the experiments in
each selected regime. Therefore, there was a formation of so-called splats instead of the
whole coating. This allowed us to observe the deformation of the individual particles.

Table 1. Detonation spraying regimes.

Volume of the Barrel Filling
with Explosive Mixture *, % T, K V, m/s

65 1839 402
60 1558 405
50 1356 389
40 1231 338
35 1042 311

* With respect to the total volume of the barrel.
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Figure 1. Initial copper powder (a) and the histogram of the particle size distribution (b).

2.2. Analysis of the Experimental Samples

The samples obtained were investigated using an optical microscope (OM) ZEISS Axio
Observer A1m (Carl Zeiss Microscopy GmbH, Jena, Germany) and a scanning electron
microscope (SEM) ZEISS EVO 50 XVP (Carl Zeiss Microscopy GmbH, Jena, Germany). The
samples were analyzed both normally to the substrate and using transverse microsections.
The microsections were prepared by a standard technique consisting of cutting, molding,
and grinding with SiC papers and diamond suspensions followed by polishing using
colloidal silica. The geometry of the formed splats was investigated using an optical
interferometer Zygo New View 7300 (Zygo Corporation, Middlefield, CT, USA).

2.3. Details of SPH Simulation

SPH is a mesh-free Lagrangian method that is used in the current study to simulate
the collision between the particles and the substrate. Previously, it was successfully used to
analyze high-strain-rate phenomena associated with large plastic strains; for example, to
simulate explosive welding [28–32], magnetic pulse welding [33–35], etc. The popularity
of this method is mainly due to the excellent agreement between the simulation results
and the experimental data. In particular, it reproduces with high accuracy the processes of
plastic flow at interfaces and vortex formation during explosive welding. The fundamentals
of the SPH method are discussed in detail in [36,37].

A numerical simulation was performed in 3D formulation. We considered the impact
of a single spherical particle with a diameter dp = 45 µm and a cylindrical substrate with
a diameter 400 µm and a height 200 µm (Figure 2) at a collision angle of 90◦. In order to
determine the reasonable number of SPH-particles per copper particle, a convergence test
was carried out. The number of SPH-particles was gradually increased until no difference
was seen in the results of the analysis. In this way, we obtained the graph shown in Figure 3.
Hence, in this study the number of SPH-particles was increased from 500 to 14,500. As
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can be seen from Figure 3, the convergence of the model is reached when the number of
SPH-particles per copper particle is approximately equal to 12,500. This number of elements
provides an SPH-particle size of about 0.6 µm, which corresponds to dp/75. This resolution
was reasonable for reproducing the main particle–substrate impact phenomena [38]. The
calculation process was stopped 150 ns after the onset of impact, when the significant
plastic deformation ceased.

Metals 2022, 12, x FOR PEER REVIEW 4 of 14 
 

 

A numerical simulation was performed in 3D formulation. We considered the impact 
of a single spherical particle with a diameter dp = 45 µm and a cylindrical substrate with a 
diameter 400 µm and a height 200 µm (Figure 2) at a collision angle of 90°. In order to 
determine the reasonable number of SPH-particles per copper particle, a convergence test 
was carried out. The number of SPH-particles was gradually increased until no difference 
was seen in the results of the analysis. In this way, we obtained the graph shown in Figure 
3. Hence, in this study the number of SPH-particles was increased from 500 to 14,500. As 
can be seen from Figure 3, the convergence of the model is reached when the number of 
SPH-particles per copper particle is approximately equal to 12,500. This number of ele-
ments provides an SPH-particle size of about 0.6 µm, which corresponds to dp/75. This 
resolution was reasonable for reproducing the main particle–substrate impact phenomena 
[38]. The calculation process was stopped 150 ns after the onset of impact, when the sig-
nificant plastic deformation ceased. 

 
Figure 2. Scheme of the computational domain. 

 
Figure 3. Convergence plot for maximum plastic strain. 

The Johnson–Cook model was used to take into account the strain hardening and 
thermal softening of the materials. In the Johnson–Cook model, the yield strength is de-
termined according to the following equation: 𝜎 = 𝐴 𝐵 𝜀 1 𝐶𝑙𝑛𝜀∗ 1 − 𝑇∗ , (1) 

Figure 2. Scheme of the computational domain.

Metals 2022, 12, x FOR PEER REVIEW 4 of 14 
 

 

A numerical simulation was performed in 3D formulation. We considered the impact 
of a single spherical particle with a diameter dp = 45 µm and a cylindrical substrate with a 
diameter 400 µm and a height 200 µm (Figure 2) at a collision angle of 90°. In order to 
determine the reasonable number of SPH-particles per copper particle, a convergence test 
was carried out. The number of SPH-particles was gradually increased until no difference 
was seen in the results of the analysis. In this way, we obtained the graph shown in Figure 
3. Hence, in this study the number of SPH-particles was increased from 500 to 14,500. As 
can be seen from Figure 3, the convergence of the model is reached when the number of 
SPH-particles per copper particle is approximately equal to 12,500. This number of ele-
ments provides an SPH-particle size of about 0.6 µm, which corresponds to dp/75. This 
resolution was reasonable for reproducing the main particle–substrate impact phenomena 
[38]. The calculation process was stopped 150 ns after the onset of impact, when the sig-
nificant plastic deformation ceased. 

 
Figure 2. Scheme of the computational domain. 

 
Figure 3. Convergence plot for maximum plastic strain. 

The Johnson–Cook model was used to take into account the strain hardening and 
thermal softening of the materials. In the Johnson–Cook model, the yield strength is de-
termined according to the following equation: 𝜎 = 𝐴 𝐵 𝜀 1 𝐶𝑙𝑛𝜀∗ 1 − 𝑇∗ , (1) 

Figure 3. Convergence plot for maximum plastic strain.

The Johnson–Cook model was used to take into account the strain hardening and
thermal softening of the materials. In the Johnson–Cook model, the yield strength is
determined according to the following equation:

σ =
(

A + B
(

ε
p
e

)n)
(1 + Clnε∗)

(
1 − (T∗)m), (1)

where A is the yield stress, B is the hardening constant, n is the hardening exponent
associated with quasi-static test, C is the strain rate constant, m is the thermal softening
exponent, ε

p
e is the effective plastic strain, ε* is the effective plastic strain rate normalized

with respect to the reference plastic strain rate, T* is the dimensionless coefficient calculated
by the following formula:

T∗ =
T − T0

Tm − T0
, (2)
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where T is the current temperature of the material, T0 is the room temperature, Tm is the
melting temperature.

The linear Mie-Grüneisen equation of state was used to describe the copper behavior
under high-strain-rate conditions. The copper parameters used in the calculations are
shown in Table 2.

Table 2. Copper parameters for Johnson–Cook and Mie–Grüneisen equations used in the calculation.

Parameter Value Units

Density 8900 kg/m3

Shear modulus 44.7 GPa
Thermal conductivity 386.5 W/m·K

Specific heat 383 J/kg·K
Sound speed 3940 m/s
Parameter S 1.489 -

Grüneisen parameter, Г0 2.02 -
Yield stress, A 90 MPa

Hardening constant, B 292 MPa
Hardening exponent associated with quasi-static test, n 0.31 -

Strain rate constant, C 0.025 -
Thermal softening exponent, m 1.09 -

Melting temperature 1356 K

3. Results and Discussion

According to the data in Table 1, the increase in the volume of the barrel filled with an
explosive mixture leads to a simultaneous increase in both the temperature and velocity
of the particles. When the barrel is filled to 50% of its total volume, the calculated particle
temperature corresponds to the melting temperature of copper (1356 K). At lower filling
of the barrel, the particles were in the solid state and at higher filling they were in the
liquid state. The following sections present the results of experimental studies and the
numerical simulation of the interaction of particles with a substrate, depending on their
initial temperature and velocity.

3.1. OM and SEM Results

Figure 4 shows the particles on the substrate as viewed in the direction normal to
the substrate, as well as the cross-section of the samples. Spraying of particles below the
melting point leads to the formation of dome-shaped splats (Figure 4a–d). Such spraying
conditions are characterized by the detachment of particles from the substrate; this can be
understood from the formation of craters left as a result of the impact and rebound of the
particles. This feature indicates that the particles did not reach the temperature-velocity
parameters that ensured the formation of a strong bonding upon impact with the substrate.

The change in splats from dome-shaped to disc-shaped occurs when the melting point
of copper is reached (Figure 4e,g). The subsequent increase in temperature leads to more
noticeable flattering of the particles (Figure 4g–j). Figure 4f,h,j show examples of specific
metal splashing around the crater resulting from the interaction of partially or completely
molten particles with the substrate. The overheating of the particles (Figure 4 i,j) leads to
their splashing and significant loss of the spraying material [15]. Splashing traces were
detected at a distance of 20 µm from the formed splat.

According to the particle size analysis, in the initial powder, there is the presence of
finer and coarser particles than the average size 40–45 µm (Figure 1b). Spraying parameters
are optimized for specific particle sizes. Therefore, if the particle size deviates to a larger side
from the optimum value, it is not fully heated and it separates from the substrate, leaving
a specific crater (Figure 5a). When spraying smaller particles, the significant splashing
of the material can occur, which indicates their overheating (Figure 5b). Hence, traces
of “underheated” and “overheated” particles are observed, even within a single sample.
It is known from the literature that at the stage of acceleration of overheated particles,
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their fragmentation into smaller droplets is possible with subsequent partial evaporation,
leading to a loss of sprayed material mass [15]. Similar phenomena are observed not only
for metallic powders [39], but also for cemented carbides [40] and metal oxides [41].
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3.2. Numerical Simulation Results

Figure 6 shows the particle shape evolution and plastic strain change of the substrate
and particle during impact at the different spraying regimes. For all cases, the maximum
strain reaches a value of ε = 0.8−1.0 at the initial stage of interaction (during the first
15 ns) in all spraying regimes, but with the further development of the process, there are
noticeable differences depending on the state of the particles.
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Figure 7 illustrates the penetration depth of particles in the substrate at the various
spraying parameters. The calculation shows that the penetration depth of the particles
grows almost linearly as the barrel filling volume increases from 35 to 50%. With a further
increase in the barrel filling to 60–65%, the growth of the penetration depth slows down
and reaches the threshold value (~13 µm). This behavior is typical for liquid particles when
their strength is insufficient to penetrate the substrate.
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Let us consider the impact processes when: (i) the particle’s temperature is below the
melting temperature (35% of the barrel filling, T = 1042 K, V = 311 m/s); (ii) the particle’s
temperature is equal to the melting temperature (50% of the barrel filling, T = 1356 K,
V = 389 m/s); and (iii) the particle’s temperature is above the melting temperature (65% of
the barrel filling, T = 1839 K, V = 402 m/s).

3.2.1. The Collision below the Melting Point

When colliding with the substrate, a particle that does not reach the melting tempera-
ture is plastically deformed. The plastic strain increases with time and reaches ε~3 near
the particle/substrate boundary. The minimum value of the plastic strain (ε~0.3) is typical
for the upper zone of the particle, which is farthest from the substrate. The particle has
a domed shape and rises above the substrate’s surface. The splashing is not observed
(Figure 6a) because the temperature and velocity of the particle are too low to initiate this
process. To better understand the changes in temperature and strain that occur during
the interaction of a particle and a substrate, it makes sense to study the process at several
individual points. In this regard, two gauges were set directly in the center of the impact
(P1, S1 in Figure 8) and four gauges were set at some distance from the center (P2, P3, S2,
S3 in Figure 8, where P and S refer to the particle and the substrate, respectively).
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At point P1 (the point of the particle closest to the substrate) in the time interval from
0 to 5 ns, a sharp spike in temperature (by 200 K) is observed, which is associated with
the beginning of the particle deformation and the transition of its kinetic energy to heat
(Figure 9c). After that, the temperature at point P1 increases monotonically and changes
insignificantly. At points P2 and P3, the temperature increases for a longer time and its total
increase is less compared to point P1 (Figure 9c). According to the calculations, different
points of the particle are heated at rates ranging from 6 × 108 K/s to 4 × 1010 K/s.
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Figure 9. Time dependence of the plastic strain and temperature at points P1, P2, P3 of the particle
(a,c) and S1, S2, S3 of the substrate (b,d) during impact at temperatures below the particle melting
point (barrel filling 35%, T = 1042 K, V = 311 m/s).

The substrate’s temperature at point S1 (Figure 9d) increases by 73 K. Its value mono-
tonically increases and reaches 428 K after a short period of oscillation. The substrate
temperature increases most significantly at point S2 (it rises from 300 to 510 K throughout
the simulation period). It is obvious that at a certain initial temperature of the particle,
below the melting temperature, and a certain initial velocity, such an increase in tempera-
ture is possible that partial melting occurs due to collision. According to the simulation
results, this situation should be observed when the barrel is filled 35%, which corresponds
to an initial velocity of 311 m/s and an initial temperature of 1042 K. In this case, the local
temperature of the particle can rise to 1440 K due to collision.

The maximum strain (ε~2.0–2.2) takes place in points P2 and S2 at some distance from
the center of impact (Figure 9a,b). This feature was previously observed in studies on the
simulation of the cold spraying process [42,43]. The microvolumes of the material around
points P1 and S1 are surrounded by a substantial amount of material and cannot move
over significant distances in the radial direction. Simultaneously, due to the axial symmetry
of the problem, the material around these points cannot move toward the symmetry axis.
Therefore, the potential for significant shear at points P1 and S1 is limited. The material
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around points P2 and S2, oppositely, has more freedom of shear in the radial direction,
which explains the observed phenomenon.

Noticeable deformation of points P3 and S3 more distant from the symmetry axis
begins at t = 15–20 ns. This corresponds to the moment when the displacement of the
material is equal to the particle radius. The strain of the particle and the substrate at the
points in the central collision region, as well as at the points farthest from the collision zone,
do not exceed ε~1.3.

3.2.2. The Collision at Equal or above the Melting Point

As can be seen from Figure 6, there is no fundamental difference in the interaction
between the particle and the substrate at a temperature equal to the melting point and
above the melting point. Therefore, these two cases can be considered within one Section.

According to the Johnson–Cook equation, the yield strength of the material at the
melting point is equal to zero. However, molten particles with higher velocity penetrate the
substrate, which deforms more significantly than during the collision with the unmelted
particles.

As in the previous case described in Section 3.2.1, an abrupt increase in temperature
is observed at points S1 and S2 due to collision (Figure 10c,f). In this case, as the initial
temperature and velocity of the particle increase, the magnitude of the temperature grows,
and the heating rate also increases. The splashing phenomenon at the particle/substrate
interface is observed at t = 25 ns. In the graphs illustrating the time dependence of strain,
this phenomenon is expressed in a sharper increase in strain at point S3 from ε~0.2–0.3 to
ε~1.2 (Figure 10a,d) at t = 25–40 ns. Maximum strain values at the chosen points reach
ε~1.7–1.8.
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Figure 10. Time dependence of the plastic strain and temperature at points P1, P2, P3 of the copper
particle (b,e) and S1, S2, S3 of the substrate (a,c,d,f) during the simulation of collision when the
particle’s temperature reaches the melting point (a–c) and above the melting point (d–f).

Note that the substrate temperature does not exceed 660 K, even at high initial veloci-
ties and temperatures of the particle. Therefore, it follows from this simulation that there is
no significant melting of the substrate material during detonation spraying.
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3.3. Comparison of SPH-Simulation Results and Experimental Data

Surface analysis of the samples using an optical interferometer was performed in the
direction normal to the substrate. The 3D model obtained during the analysis allows us
to evaluate the shape of the particle and the substrate in various sections. The obtained
results were compared with the simulation results. In this regard, Figure 11 shows the
experimental and simulation results on the same scale. According to Figure 11, the particles
with a temperature below the melting point rise above the substrate. The flattering of the
particles and their penetration into the substrate occurs when the particles’ temperature
reaches and exceeds the melting point. The areas raised above the central zone of the
crater are formed at its edges. Their formation might be explained by the extrusion of the
substrate material (Figure 11c–e). The number of such areas increases with an increase in
the temperature and velocity of the particle. Despite some difference between the shape of
the simulated and experimentally formed splats, the experimentally observed geometry
of the particles is in good agreement with the simulation results. Some discrepancy in the
geometry may be due to the non-ideal shape of the particles in the experiment, as well as
due to deviations in the materials parameters used in the simulation from the parameters
of the real material. However, we found that the result obtained shows the effectiveness of
SPH in simulating the processes that occur during detonation spraying.
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Figure 11. Comparison of the experimental and simulated shape of the particle at the barrel filling
volume of 35% (a), 40% (b), 50% (c), 60% (d), 65% (e). The left row shows the side view of the particle
obtained using an optical interferometer. The middle and the right rows show the side view and the
cross section through the middle of the particle, respectively.

4. Conclusions

The samples of the copper splats sprayed on the copper substrates were obtained using
computer-controlled detonation spraying. The spraying parameters were chosen to provide
unmelted, partially and completely melted particles. The single copper particle impact
with the copper substrate was simulated using the SPH method. The initial conditions,
namely the velocity and the temperature of the particle, were set in accordance with the
experimental data. The following conclusions can be drawn.
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1. The shape of the simulated splats agrees well with the experimental results. Par-
ticles that have not reached the melting point during spraying have a domed shape after
collision. When the temperature of the particle is equal to or higher than the melting point,
penetration in the substrate leads to the formation of the crater with raised edges. Thus,
SPH simulation can be efficiently used to simulate detonation spraying.

2. Specific metal splashing around the crater occurs due to the interaction of partially
or completely molten particles with the substrate. The splashing of the particle is observed
at a distance of 20 µm from the crater.

3. The simulation results reveal that the collision process is accompanied by a spike
in the particle’s temperature. Moreover, according to the calculations, different points of
the particle are heated at rates ranging from 6 × 108 K/s to 4 × 1010 K/s. The maximum
temperature and deformation were observed at some distance from the center of the
collision, at or near the edge of the craters.

4. During the impact at the certain spraying regimes, partial melting of the solid
particle is possible. The temperature increase in the copper substrate during the collision
does not exceed 660 K, even at high initial temperatures and velocities of the particles.
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