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Abstract. This paper presents a numerical simulation of the cold gas-dynamic spraying process of Al-Zn-TiO:
composite powder onto a steel substrate. Using computational fluid dynamics (CFD) in COMSOL Multiphysics, the
characteristics of the gas flow in a de Laval nozzle and the particle dynamics are obtained for various spraying
parameters. Optimal conditions are determined: gas pressure of approximately 0.6 MPa, temperature of ~600°C,
nozzle-to-substrate distance of 15 mm, spray angle of 90°. At these conditions, particles reach supersonic velocities
of approximately 500-600 m/s, sufficient for their deposition on steel. It is shown that increasing gas pressure and
temperature facilitates particle acceleration and increases their impact energy, while excessively small or large
spraying distances reduce the efficiency of the process. Simulation of the impact interaction of particles with the
substrate revealed intense plastic deformation of the powders under optimal parameters, ensuring strong adhesion
of the coating to the base. The results of the numerical experiment are consistent with the observed characteristics
of dense and adhesion-strong coatings. It has been established that the proposed CFD model can be used as an
effective tool for optimizing the parameters of cold gas-dynamic spraying of composite powders.
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1. Introduction

Cold Gas Dynamic Spray (CGDS) is a solid-phase coating application method in which powder particles
are accelerated to high velocities by a heated, compressed gas stream and deposited onto a substrate by high-
speed impact without melting [1, 2]. Since the particles are not heated to the melting temperature, the coating
is formed without oxidation or other thermal damage to the base material [3]. The result is dense, low-porosity
coatings with predominantly compressive residual stresses [4]. CGDS allows coating heat-sensitive materials
without overheating and preserving the original powder microstructure [5].

Currently, the CGDN method is successfully used to deposit various materials-pure metals, alloys, and
metal-matrix composites [6, 7]. The particles bond to the substrate through their strong plastic deformation
upon impact, which leads to the formation of a strong interfacial bond without melting [8]. It is known that
certain impact conditions are necessary for successful particle deposition-in particular, the particle velocity
must exceed a critical value that ensures adhesion of a given material to the substrate [9, 10]. For example, for
aluminum on steel, the critical velocity is approximately 500 m/s [9, 10]. If the particle moves more slowly, it
will not adhere to the surface, so reaching and exceeding the critical velocity is a key factor in the process.

The velocity and energy of the particles are affected by the process parameters of the CGDN: gas pressure
and temperature, nozzle geometry, nozzle-to-substrate distance (nozzle overhang), particle size, and spray
angle [11, 12]. Increasing the gas pressure and temperature increases the flow velocity and particle acceleration
due to an increase in the pressure gradient and a decrease in the gas density [13, 14]. Reducing the nozzle
overhang (spraying too close) can lead to under-acceleration of the particles and their flattening against the
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substrate, while an excessively large overhang leads to dispersion and deceleration of the particles in the air
[15, 16]. Each powder material has its own critical deposition velocity; for Al-Zn-TiO: composite particles, it
is determined mainly by the properties of the aluminum matrix (about 500 m/s), since it is the ductile aluminum
that ensures adhesion to the substrate. Zinc, being a softer metal, has a lower critical velocity. However, its
presence promotes anodic protection and does not impair adhesion. Solid TiO: particles dispersed in aluminum
increase coating hardness but have virtually no effect on adhesion once the matrix reaches the required
velocity. Therefore, modeling requires taking into account the multicomponent nature of the powder, but
critical deposition conditions are, as a first approximation, estimated for aluminum.

Experimental optimization of the CGDN process requires repeated parameter variations and coating
quality analysis, which is time-consuming and resource-intensive. Therefore, numerical modeling plays an
important role in predicting the behavior of the gas flow and particles under various spraying conditions [17,
18]. Computational fluid dynamics (CFD) and impact mechanics methods allow one to determine the velocity
and temperature distribution in the jet, particle trajectories and velocities, their temperature, and the stresses
upon collision with the substrate. Such models are used to estimate critical velocities and the boundaries of the
"deposition window" - the ranges of parameters within which a high-quality coating is formed [19]. In this
study, a comprehensive CFD modeling of the CGDN of Al-Zn-TiO- composite powder on steel was performed.
The goal of the modeling is to determine the parameters at which maximum velocity and efficient particle
deposition are achieved, and thereby substantiate the optimal process conditions.

2. Materials and methods

The numerical model was developed in COMSOL Multiphysics AB (v6.2) and includes a coupled
analysis of gas flow, particle motion, and impact on the substrate. Deposition onto a flat steel substrate was
considered using a 100 mm long de Laval nozzle (convergent-divergent) with a throat diameter of 2 mm and
an outlet diameter of 6 mm. The calculations included the inner region of the nozzle and the outer section from
the nozzle exit to the substrate surface (Fig. 1). The model is axisymmetric (3D with a degree of symmetry),
which is justified by the axial nature of the flow.
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Fig. 1. Installation diagram and calculated setting of the gas turbine.

Turbulent compressible flow equations (RANS, k- model) were solved for air as the working gas. The
total (stagnation) pressure PO and temperature T_O were specified at the nozzle inlet, and the atmospheric
pressure of 0.1 MPa was specified at the nozzle outlet. The nozzle walls were assumed to be adiabatic and
non-slip. Initial calculations were performed at PO = 6x105 Pa and TO = 600 °C (873 K), which corresponds
to typical operating conditions.

When flowing through a convergent-divergent nozzle, the gas expands to supersonic speeds-in our case,
the calculated exit flow reached ~1200 m/s at PO = 0.6 MPa and T0 = 600 °C. Due to adiabatic expansion, the
gas temperature in the jet core decreased to approximately ~327 °C. The supersonic core region extended from
the nozzle exit to the substrate, forming the so-called "patch™ of the shock jet on the surface.

The composite powder particles were defined as a discrete Lagrangian phase (using the Particle Tracing
module in COMSOL) in one-way coupling with the gas-that is, the effect of the particles on the flow was
neglected due to their low concentration. For simplicity, all particles were assumed to be spherical (in reality,
Al-Zn powder has an irregular shape, but for computational efficiency, an equivalent sphere was adopted). The
particle diameter was assumed to be 20 um as representative (fraction 20-50 um); the material density was
~2700 kg/m? (close to aluminum, given that the composition is 80% Al + 15% Zn + 5% TiO>).

Particles were introduced into the flow at the nozzle throat with initial velocities equal to the local gas
velocity (zero slip during introduction). The particles were subjected to drag forces (aerodynamic drag), taking
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into account the Cunningham correction for small particles, as well as gravity, the effect of which is
insignificant for a horizontal spray axis. Interparticle interactions were neglected (rarefied flow).

It was assumed that the particles would not melt or disintegrate during the process-which is justified,
since the gas temperature, although high, has a short flight time, and aluminum begins to melt at 660°C;
calculations show that the particle temperature does not reach the melting point.

The substrate was modeled as a stationary solid wall; upon particle contact with the substrate, the solution
was transferred to the Solid Mechanics module to evaluate deformation. An elastoplastic impact model was
used to evaluate the stress-strain state upon particle impact with the substrate: the particle material (primarily
aluminum) was described by an elastoplastic model with a yield strength of ~100 MPa, and the substrate
material (steel) was described by a yield strength of ~250 MPa. These values correspond to soft Al-Zn powder
and St3 steel, respectively. Impact modeling allowed us to assess whether plastic deformations develop in the
particle and substrate and whether they are sufficient to form an adhesion contact area.

To study the influence of spraying conditions, a series of calculations were performed with various
parameters. The main variable values were: gas pressure PO (0.4; 0.5; 0.6 MPa), temperature TO (400; 500;
600 °C), and nozzle offset d (distance from the outlet section to the substrate: 5; 15; 25 mm). The spray angle
remained perpendicular (90° to the surface) in all experiments. Each calculation was performed until a steady-
state flow regime was established and the particles reached the substrate.

To ensure statistical reliability, the trajectories were modeled for a packet of 100 particles uniformly
distributed across the flow cross-section at the inlet. A separate high-precision calculation was also performed
for optimal parameters with a fine time step (0.1 us) for a detailed impact analysis.

For computational stability and reproducibility, standard simplifications for cold spraying were adopted:

1. The sphericity of the particles (although real Al-Zn particles have an irregular shape and contain TiO-

agglomerates) simplifies the calculation of aerodynamic drag and momentum transfer.

2. The 20 um monofraction is used as a representative size (actually ~20-50 um according to

specification and SEM); the size distribution was not explicitly modeled.

3. Absence of interparticle collisions and agglomeration in flight; one-way connectivity (particles do not

affect the gas).

4. Solid state of particles throughout the entire path (without melting/destruction) and constant properties

of materials.

5. The initial particle velocity is equal to the local gas velocity at injection. These assumptions focus the

analysis on the key physics of acceleration and impact and make the model computationally tractable.

3. Results and discussion

Computational fluid dynamics predicted that at a pressure of 0.6 MPa and 873 K, the nozzle forms a
supersonic jet with a gas discharge velocity of up to ~1200 m/s (Fig. 2a). Under these conditions, Al-Zn-Ti0O2
particles accelerate to terminal impact velocities of approximately 600-700 m/s at a distance of 15 mm (Fig.
2¢). Shorter distances (e.g., 10 mm) lead to underexpansion of the flow and excessive impact forces, while
larger distances (>25 mm) allow the particles to decelerate, reducing the impact velocity below the critical
threshold for bond formation.

The impact model showed that upon impact, the particles experienced severe plastic deformation and
flattened into disc-shaped splats. The von Mises stress within the particle peaked at approximately 300 MPa,
confirming localized plastic flow (Fig. 2b). To put an impact stress of 300 MPa in context, this level is an order
of magnitude higher than the yield strength of pure aluminum (on the order of only tens of MPa) and
comparable to or even higher than the yield strength of mild steel (approximately 250 MPa). This high von
Mises stress confirms that the particle moves well beyond its elastic limit, experiencing severe plastic flow,
while the substrate surface is also locally fluid. These extreme stress and strain rate conditions favor the
formation of adiabatic shear instability (a localized shear band with thermal softening) at the impact boundary
rather than bulk melting of the material [20]. In other words, bonding remains a solid-state process dominated
by intense plastic deformation and interfacial heating, with no evidence of localized melting or uncontrolled
shear failure. Thus, the observed deformation and interfacial loading state are consistent with metallurgical
solid-state bonding via plastic deformation, rather than indicating any melting or adiabatic shear instability
that compromises the integrity of the deposit. In the substrate region immediately beneath the particle, a stress
field approaching the yield strength was observed, resulting in shallow indentation and minor plastic
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deformation, but without significant damage to the substrate. The high strain rate and localized heating
facilitated the formation of an adiabatic shear layer, facilitating metallurgical bonding.
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Fig. 2. (a) Surface plot and three-dimensional slice of the velocity magnitude in the midplane; (b) particle
trajectories in the nozzle plume; (¢) von Mises stress distribution in the substrate at the moment of particle
impact.

The simulation results showed that the adhesion efficiency increased significantly with increasing gas
pressure and temperature, reaching a stable regime at temperatures above ~0.6 MPa and 600 °C. Based on
these data, the cold spraying process was carried out at a temperature of 600 °C, 0.6 MPa, and a distance from
the surface of about 15 mm with a moderate powder feed rate (~0.5 g/s), since these parameters ensured
sufficient particle velocity and deformation for metallurgical bonding. The resulting coatings had a dense
lamellar structure without signs of delamination, which is consistent with the results of previous studies
emphasizing the crucial role of impact conditions in ensuring adhesion [21, 22].

Numerical simulations in COMSOL Multiphysics provided a detailed understanding of the sputtering
process. The gas jet reached supersonic speeds, creating a high-velocity core in which particles accelerated to
500-600 m/s under optimal conditions (0.6 MPa, 600°C, 15 mm standoff, 90° spray angle) (Fig. 2a). Impact
simulations showed that these velocities generated sufficient plastic deformation and interfacial stress for
effective adhesion. Curved surface simulations showed that particle impact velocities decreased slightly at the
edges due to deflection, explaining the minor thickness variations. Numerical predictions matched
experimental trends for deposition efficiency, roughness, and coating quality, confirming the model's
reliability as a tool for process optimization.

Optimal deposition parameters were determined based on a comprehensive analysis of gas-dynamic
modeling and experimental observations. Coatings deposited at a gas pressure of 0.6 MPa, a gas temperature
of 600°C, and a distance from the electrode of 15 mm demonstrated the most favorable microstructural
characteristics: dense particle packing, a uniform layered structure, and the absence of delamination.

To confirm the choice of optimal sputtering conditions, a series of computational fluid dynamics
calculations were performed at a constant gas temperature of 800 K and a fixed nozzle-to-substrate distance
of 0.01 m, while the working gas pressure varied from 4 x 105 Pa to 6 x 105 Pa. The gas and particle flow
velocity fields were visualized for each condition (Fig. 3a-c). The simulation results clearly show that
increasing the pressure leads to a significant increase in the particle velocity at the nozzle outlet.
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Fig. 3. (a) Velocity distribution at P =6 x 105 Pa, T =800 K, d = 0.01 m;(b) Velocity distribution at P =5 x
105 Pa, T =800 K, d =0.01 m;(c) Velocity distribution at P =4 x 105 Pa, T =800 K, d = 0.01 m.

At a pressure of 4 x 105 Pa, the maximum particle velocity was approximately 620 m/s. At a pressure of
5 % 105 Pa, it increased to approximately 710 m/s. At a pressure of 6 x 105 Pa, the particle velocity exceeded
820 my/s. This indicates that higher chamber pressure leads to greater particle acceleration due to increased
pressure gradients along the nozzle. Since particle velocity directly affects the deposition behavior (e.g., the
degree of particle deformation upon impact and adhesion), the conditions P = 6 x 105 Pa and T = 800 K are
considered optimal for producing high-quality coatings.

Fig. 4a and 4b show the temporal evolution of the gas temperature field inside the nozzle fromt=0 s to
t=10.05 s, simulated with a time step of 0.001 s. At the initial instant (t = 0 s), the temperature remains relatively
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uniform along the entire length of the nozzle and is ~800 K, indicating stable initial thermal conditions (Fig.
4a). As the simulation progresses, by t =0.05 s (Fig. 4b), a pronounced temperature gradient arises, with higher
temperatures concentrated near the nozzle walls and inlet, and cooler regions located downstream. This
behavior indicates adiabatic expansion and energy dissipation of the working gas along the nozzle. Localized
heating zones indicate the development of a boundary layer, which affects both the gas velocity and the thermal
energy transfer by particles.
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Fig. 4. Temperature distribution in the spray jet at times (a) 0 s and (b) 0.05 s.

Fig. 5 shows the evolution of particle trajectories over the simulation interval from 0 to 0.05 s. The data
was obtained with high temporal resolution (0.001 s step). The simulation reflects the behavior of particles
under the influence of a supersonic gas jet during cold spraying.

At time = 0 s, the particles are densely grouped near the nozzle entrance, indicating their injection into
the flow with an initially uniform spatial distribution (Fig. 5a). By time = 0.05 s, the particles have advanced
significantly along the nozzle axis, forming a focused, high-speed flow (Fig. 5b). Convergence toward the
centerline indicates effective particle acceleration and aecrodynamic focusing, due to the nozzle geometry and
gas flow dynamics.

This trajectory evolution is crucial, as it directly correlates with particle impact velocity and deposition
efficiency. The highest particle density reaching the substrate is observed in the stagnation region near the
nozzle exit, ensuring efficient coating formation under the simulated pressure and temperature conditions.
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Fig. 5. (a) Particle trajectories at t = 0 s; (b) Particle trajectories at t = 0.05 s.

Computational fluid dynamics (CFD) and thermal modeling calculations confirmed that increasing the
gas pressure from 4 x 105 Pa to 6 x 105 Pa (at a gas temperature of 800 K) leads to a significant increase in
particle exit velocity, exceeding 650 m/s at maximum pressure. This indicates increased deposition potential
at elevated driving forces. Modeling also identified a distance of ~15 mm as favorable, where particles maintain
high velocity and focus on the substrate surface, promoting efficient deposition and uniform coating growth.
Thermal modeling showed that the gas temperature on the substrate after expansion remained around 500 K,
significantly below the melting point of the materials, preventing thermal degradation.
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The particle flight velocities predicted by the model were compared with experimental data to assess the
model's validity. CFD simulations showed that under optimal spraying conditions (gas pressure of ~0.6 MPa,
gas temperature of ~600°C, and a 15 mm offset), the particles would reach impact velocities of approximately
500-600 m/s. This predicted velocity range exceeds the typical critical velocity (~500 m/s) required for
aluminum particles to adhere to a steel substrate. As predicted, coatings were successfully deposited at 0.6
MPa and 600°C with strong adhesion, indicating that the particles indeed achieved velocities high enough to
exceed the adhesion threshold. In contrast, at lower stagnation pressures (0.4 MPa) or gas temperatures
(400°C), the model predicted a significant reduction in particle velocity, and experiments under these
conditions resulted in either very poor adhesion or no coating deposition, indicating that the particles did not
reach critical velocity in these cases. Although direct measurement of particle velocity was not available in our
setup, these qualitative results (the presence or absence of an effective coating) provide indirect confirmation
of the modeling results. Furthermore, the model correctly captured the effect of standoff distance on particle
velocity and deposition: it predicted an optimal standoff window of approximately 10-20 mm (with ~15 mm
being ideal) and showed that extreme standoff distances would be detrimental (particles would experience
excessive drag at large distances or incomplete acceleration at very short distances). This behavior was
confirmed experimentally: for example, at a distance of 5 mm, the high-velocity gas jet caused particle
splashing and substrate abrasion instead of effective deposition, while at a distance of 25 mm, the particles
slowed down and led to insignificant coating buildup. Such close agreement between simulated particle
velocities and experimental results convincingly confirms the accuracy of the COMSOL model. In particular,
the model's ability to predict successful and unsuccessful deposition conditions (via velocity thresholds and
trends) confirms its credibility as a reliable predictive tool for optimization and parameter selection in the cold
gas dynamic spraying process.

4. Conclusion

Numerical modeling of the CGD process for Al-Zn-TiO2 powder allowed us to identify the optimal
parameters for efficient coating deposition. It was found that at a gas pressure of approximately 0.6 MPa, a
temperature of approximately 600°C, a nozzle-to-substrate distance of approximately 15 mm, and a
perpendicular spray angle (~90°), particles accelerate to supersonic velocities (~500-600 m/s), exceeding the
critical deposition velocity of aluminum on steel (approximately 500 m/s). Achieving this velocity ensures
intense plastic deformation of the particles upon impact and strong adhesion of the coating to the substrate
without melting the material. It has been shown that increasing the pressure (up to ~0.6-0.7 MPa) and gas
temperature (up to ~600-800 °C) leads to an increase in the particle velocity at the nozzle outlet and,
consequently, to an increase in their impact energy, which contributes to an increase in the efficiency of
forming a dense and adhesively strong coating. Conversely, deviations from the optimal spraying distance
negatively affect the process: too small an extension (e.g., 5 mm) leads to insufficient particle acceleration and
the effects of scattering and erosion of the substrate by the high-speed jet, while too large an extension (e.g.,
25 mm) causes the particles to slow down in the air and reduce their ability to attach to the surface. Thus, the
existence of a "spraying window" is confirmed — a range of distances of approximately 10-20 mm (for the
given conditions) within which maximum deposition efficiency is achieved (with an optimum of
approximately 15 mm), while going beyond this range sharply reduces the coating quality.

A key result is the identification of the particle adhesion mechanism: upon impact at supersonic speed,
stresses and strains develop in the particle material that significantly exceed the yield strength (estimated
equivalent stresses of ~300 MPa for aluminum), indicating severe plastic deformation without melting.
Simulation confirmed the formation of a local adiabatic shear band upon impact, which facilitates the
destruction of the oxide film and metallurgical adhesion at the interface without melting. Thus, the numerical
model reliably describes the physics of the cold spray process and can serve as an effective tool for predicting
and optimizing its parameters. The obtained results are consistent with literature data and experimental
observations, and the developed model has practical significance for managing the quality of cold sprayed
coatings.
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