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Abstract 

Underwater cold spray (UCS) is a promising low-temperature technique for repairing protective 
coatings on submerged components, but the effects of processing parameters and surrounding water 
remain poorly understood. Here, blended Sn–Zn powder was deposited onto 304 stainless steel by 
low-pressure UCS, and the effects of water depth, traverse speed, gas pressure, gas temperature, and 
stand-off distance were investigated, supported by single-particle impact simulations. At a water 
depth of 25 mm, the deposition efficiency decreased from 32% in air to 2%, no Zn was detected, 
and the substrate temperature dropped substantially. Reducing the traverse speed to 5 mm/s yielded 
a continuous coating. Increasing the gas pressure from 0.4 to 0.6 MPa moderately reduced the 
deposition efficiency but raised the Zn area fraction from 2% to 23%. The coating delaminated at a 
gas temperature of 623 K, and no coating formed at a stand-off distance of 10 mm. Simulations 
showed that a 4 μm water film dissipated approximately 12% and 22% of the kinetic energy of Sn 
and Zn particles, respectively, before impact. UCS coating formation is thus governed by gas–water 
interaction at the jet scale and water-film energy dissipation at the particle scale, the latter 
preferentially suppressing Zn deposition. 

Keywords 

underwater cold spray; Sn–Zn coating; water film; gas–water interaction; deposition efficiency; 

impact simulation 

Nomenclature 

Abbreviations 

CFD Computational fluid dynamics 

CS Cold spray 

DE Deposition efficiency 

EOS Equation of state 

GP Gas pressure 

GT Gas temperature 

SEM Scanning electron microscope 

SOD Stand-off distance 

TS Traverse speed 
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UCS Underwater cold spray 

WD Water depth 

Latin symbols 

A Initial yield stress, MPa 

B Hardening constant, MPa 

C Strain rate constant 
C0 Isentropic speed of sound, m/s 

Em Internal energy per unit volume, J/m3 

FR Powder feeding rate, g/min 

G Shear modulus, GPa 

G₀ Reference shear modulus, GPa ܩ௉′  Derivative of G with respect to P at the reference state ܩ ′்  Derivative of G with respect to T at the reference state, MPa/K 

m Thermal softening exponent 
n Work hardening exponent ݊′ Hardening exponent 

P Pressure, MPa 

R Particle radius, μm 

s Material constant 
t Spray time, min 

T Temperature, K 

Tm Melting temperature, K 

Tr Reference temperature, K 

v Specific volume, m3/kg 0ݒ Initial specific volume, m3/kg 

Δm Mass gain of the specimen after spraying, g 

Y Yield stress, MPa 

Ymax Maximum yield stress, MPa  

Y₀ Reference yield stress, MPa ௉ܻ′ Derivative of Y to P at the reference state 

Greek symbols 

β Work hardening constant 
Γ0 Grüneisen coefficient ̇ߝ Strain rate, 1/s ߝṗ Equivalent plastic strain rate, 1/s ߝ௣ Equivalent plastic strain 0̇ߝ Reference strain rate, 1/s ߟ Compression ratio, v0/v ߟ′ Nominal volumetric compressive strain δ Water film thickness, μm ρ Density, kg/m3 0ߩ Reference density, kg/m3 

1. Introduction 
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Cold spray (CS) is a solid-state deposition process in which micron-sized particles, typically 1–
50 μm in diameter, are accelerated to velocities of approximately 300–1200 m/s by a heated 
supersonic gas jet, with air, nitrogen, or helium commonly used as the process gas (Refs. 1–3). 
Unlike conventional thermal spray processes, CS deposits particles without melting them. Bonding 
is generally associated with severe plastic deformation and adiabatic shear instability at the particle–
substrate or particle–particle interface (Refs. 4, 5). The relatively low processing temperature 
minimizes oxidation, thermal degradation, residual thermal stress, and undesirable phase 
transformations. Consequently, CS has attracted considerable attention for coating deposition (Ref. 
6), component repair (Ref. 7), surface strengthening (Ref. 8), and additive manufacturing (Ref. 9). 

Among these applications, the repair of damaged protective coatings is particularly important for 
extending the service life of engineering components. Such coatings may deteriorate or delaminate 
during service because of environmental exposure, mechanical loading, impact, or interfacial 
defects. Various techniques, including thermal spraying (Ref. 10), plasma nitriding (Ref. 11), and 
chemical-paste-based repair (Ref. 12), have been developed to restore damaged coatings. However, 
underwater repair remains challenging because the surrounding water affects heat transfer, material 
deposition, and interfacial bonding, thereby limiting the applicability of many conventional repair 
processes. 

Several thermal processes have been investigated for underwater coating deposition. Laser 
cladding has been applied underwater using both wire and powder feedstocks (Refs. 13–15). The 
surrounding water can substantially alter heat transfer, cooling and solidification conditions, and the 
resulting coating characteristics. Underwater plasma spraying has also been shown to produce self-
fluxing Ni-based hardfacing coatings with relatively homogeneous microstructures, low porosity, 
and no apparent cracks, although coating formation was highly sensitive to the nozzle stand-off 
distance (Ref. 16). These studies demonstrate the feasibility of underwater coating deposition using 
thermal processes. However, such processes involve substantial thermal input and may promote 
oxidation, undesirable phase transformations, residual stresses, and thermal distortion, motivating 
the development of lower-temperature deposition techniques. 

Underwater cold spray (UCS) has recently emerged as a lower-temperature alternative for 
underwater coating deposition. Liu et al. (Ref. 17) demonstrated the deposition of aluminum 
coatings by UCS and observed greater particle deformation under water than in air. Their single-
particle impact simulations indicated that deposition could occur when the particle impact velocity 
was sufficiently high. As a spray-based, solid-state process, UCS may offer operational advantages 
for localized and on-site repair compared with laser cladding. Its low thermal input also avoids bulk 
melting and reduces the risks of oxidation and undesirable phase transformations. Nevertheless, the 
effects of processing parameters on UCS coating characteristics have not been systematically 
investigated, and the influence of the water film on particle deposition remains insufficiently 
understood. 

In this study, a blended Sn–Zn powder was selected as the feedstock because of its potential for 
protecting iron and ferrous alloys against corrosion, particularly through the sacrificial anodic action 
of Zn (Refs. 18, 19). A low-pressure cold spray system was employed because its compact and 
portable configuration is well suited to on-site repair applications (Refs. 20, 21). The effects of water 
depth, traverse speed, gas pressure, gas temperature, and nozzle stand-off distance on UCS coating 
formation were systematically examined. Surface morphology, cross-sectional microstructure, 
deposition efficiency, and Zn area fraction were characterized to determine how processing 
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conditions influence coating development. Particle-impact simulations were further conducted to 
elucidate the influence of a water film on particle impact and deposition at the substrate surface. 
The overall objective was to clarify the relationships among UCS processing conditions, water-film 
effects, particle deposition behavior, and the resulting coating characteristics. 

2. Materials and Methods 

2.1 Materials  

The feedstock was prepared by blending Sn and Zn powders at a mass ratio of 1:1. As shown in 
Fig. 1, the Zn powder consisted predominantly of spherical particles with a nominal average 
diameter of 3 μm, whereas the Sn powder exhibited an irregular morphology with a nominal average 
diameter of 15 μm (Ref. 22). Grade 304 stainless steel was used as the substrate material. 

 

 

Fig. 1 Morphologies of the (a) Zn and (b) Sn powders. 

2.2 Cold Spray Experiments 

Figure 2 shows the experimental setup used for the cold spray tests. A rectangular tank filled with 
tap water was used to provide the underwater environment. A gas outlet at the top of the tank vented 
the process gas. The water volume was assumed to remain approximately constant during spraying 
because only a negligible amount of water was expelled from the tank. 

 

 

Fig. 2 (a) Schematic diagram of the experimental setup, (b) the nozzle traverse path. 
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A grade 304 stainless steel substrate with dimensions of 50 × 50 × 2 mm³ was clamped 
horizontally in a vise and immersed in water. The experiments were conducted using a commercial 
low-pressure cold spray system (DYMET 423, Obninsk Center for Powder Spraying, Russia). The 
spray gun was oriented normal to the substrate surface, and the nozzle was immersed in water during 
underwater spraying. During coating deposition, the nozzle traversed over the substrate according 
to the prescribed processing conditions. 

The substrate temperature was measured using a thermocouple attached to the rear surface of the 
substrate. The thermocouple was aligned with the nozzle centerline, as illustrated in Fig. 2(a). For 
the temperature measurements, the nozzle was held stationary above the substrate. Each 
measurement was continued for approximately 35 s, by which time the measured temperature had 
reached a steady state. 

The experimental conditions are summarized in Table 1. Cold spray experiments were first 
conducted in air and underwater at a water depth (WD) of 25 mm to evaluate the influence of the 
underwater environment on coating formation. Here, WD was defined as the vertical distance from 
the water surface to the substrate surface. An additional experiment was conducted at WD = 0 mm, 
in which only the backside of the substrate was in contact with water, to isolate the cooling effect 
of water below the substrate. The effects of traverse speed (TS), gas pressure (GP), gas temperature 
(GT), and stand-off distance (SOD) on the underwater cold spray process were also systematically 
investigated. 

 

Table 1 Experimental conditions. 
Items Values 

Environment Air, water depth (WD)=0/25 mm 

Traverse speed (TS) 5/10/20 mm/s 

Stand-off distance (SOD) 5/10 mm 

Gas pressure (GP) 0.4/0.5/0.6 MPa 

Gas temperature (GT) 523/623 K 

Pitch 2 mm 

Pass number 1 

 

2.3 Coating Characterization 

After spraying, the specimens were dried and weighed using an analytical balance with a 
resolution of 0.01 mg. The deposition efficiency (DE) of the resulting coatings was calculated by: 

ܧܦ         = ∆௠ிோ×௧ × 100%                            (Eq 1) 

where ∆݉ is the mass gain of the specimen, g. FR is the powder feeding rate (4.98 ± 0.62 g/min; 
mean ± SD of five measurements), and t is the spray time of one specimen, min. 

Macroscopic images of the coatings were taken with a digital camera (Canon EOS M). The 
coating cross-section was mechanically polished before observation using polishing suspensions of 
9 μm, 3 μm, and 0.05 μm. The microstructure of the coatings was observed by a scanning electron 
microscope (SEM, Hitachi FESEM SU-70). The Zn area fraction in the coating was measured by 
image analysis (ImageJ) of ten randomly selected cross-sectional SEM images with a magnification 
of ×1500.  
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2.4 Impact Simulation 

The impact simulation was implemented in ANSYS Autodyn 2020R2 using the Eulerian method 
to investigate the effect of the water film thickness on the Sn/Zn particle impact deformation 
behavior. The Eulerian method is often used for CS particle impact simulation because it 
accommodates large deformation without the severe mesh distortion encountered in Lagrangian 
simulations (Ref. 23). Fig. 3 shows the model dimensions. A 2D axisymmetric model was adopted 
for the simulation. Two particle materials, Sn and Zn, were simulated impacting a Sn target, which 
represents particle impact onto the previously deposited Sn-rich coating. The Sn and Zn particle 
diameters were 15 and 3 μm, respectively. In our previous research (Ref. 22), computational fluid 
dynamics (CFD) simulations were carried out under the spray conditions (GP=0.4 MPa, GT=523 K, 
SOD=5 mm) in air for Sn and Zn particles. The details of the calculation, boundary conditions, and 
computational domain are given in Ref. 22. Here, only the particle temperature and velocity are 
listed in Table 2 for Sn and Zn. 

 

 

Fig. 3 Schematic of the particle impact simulation: the particle vertically impacts the substrate where 
a water film is located on its surface. R and δ refer to the particle radius and water film thickness, 
respectively. 
 

Table 2 Material properties and average velocity and temperature of Sn (15 μm) and Zn (3 μm) 
particles upon impact on the substrate. The particle velocity and temperature were calculated by 
CFD simulations in our previous research (Ref. 22). 

Materials 
Density 
(kg/m3) 

Specific heat 
(J/(kg K)) 

Melting 
temperature (K) 

Average particle 
velocity (m/s) 

Average particle 
temperature (K) 

Sn 7310 217 505 280±5 380±3 

Zn 7140 380 693 293±30 468±6 

 

Following Liu et al. (Ref. 17), the water film on the substrate surface was considered. Different 
film thicknesses were investigated: 0, 1, 2, and 4 μm. A fine mesh equal to R/25, where R is the 
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particle radius, was used for meshing the particle, water film, and impact region of the substrate. A 
relatively coarse mesh was used elsewhere. 

The water behavior was described by the Mie-Grüneisen equation of state (EOS) in ANSYS 
Autodyn. This EOS is linear in internal energy and is widely used for materials subjected to high-
velocity impact. The corresponding relation between pressure P and internal energy Em is (Ref. 23): 

 ܲ = ఘ0஼02ఎ′(1−௦ఎ′)2 (1 − ௰0ఎ′2 ) +  ௠                    (Eq 2)ܧ0ߩ0߁

where 0ߩ  is the reference density. C0 is the speed of sound. s is a material constant, ߟ′ = 1 0ߩ)− ⁄ߩ ) is the nominal volumetric compressive strain. Γ0 is the Grüneisen coefficient. Em is the 
internal energy per unit volume. The corresponding material properties and parameters are shown 
in Table 3. 
 

Table 3 Material properties and parameters for water (Ref. 24). 
 Unit Value 

Density, ρ0 kg/m3 1000 

Speed of sound, C0 m/s 1483 

s — 1.75 

Grüneisen coefficient, Γ0 — 0.28 

 

Tables 4 and 5 present the material parameters for Sn and Zn, respectively, used in the impact 
simulation. The elastic response of Sn and Zn was described by a linear EOS based on the bulk 
modulus, together with the shear modulus (Tables 4 and 5). The plastic behavior of Sn was 
calculated using the Steinberg-Guinan strength model (Ref. 25), while the Johnson-Cook strength 
model (Ref. 23) was used for Zn. The Steinberg-Guinan model defines the shear modulus (G) and 
yield stress (Y) as a function of strain, pressure (P), and temperature (T) for a strain rate ̇ߝ ≥105 s-

1 (Ref. 25), which makes it suitable for CS particle impact, where strain rates typically range from 
105-108 s-1 (Refs. 26, 27). ܩ = 0ܩ {1 + (ீು′ீ0) ௉ఎ1 3⁄ + (ீ೅′ீ0) (ܶ − 300)}                 (Eq 3) 

ܻ = 0ܻ {1 + (௒ು′௒0) ௉ఎ1 3⁄ + (ீ೅′ீ0) (ܶ − 300)} (1 +  ௣)௡               (Eq 4)ߝߚ

subject to the limit 

0ܻ(1 + ௣)௡ߝߚ ≤ ௠ܻ௔௫                         (Eq 5) 

where ߟ = 0ݒ ⁄ݒ  is the compression ratio. β is the work hardening constant. n is the work hardening 
exponent. ߝ௣ is the equivalent plastic strain. ௠ܻ௔௫ is the maximum yield stress. The subscript 0 

refers to the reference state (T=300 K, P=0 MPa, ߝ௣=0). ܩ௉′ = ௗீௗ௉, ܩ ′் = ௗீௗ், and ௉ܻ′ = ௗ௒ௗ௉ are the 

derivatives of G and Y with respect to P or T at the reference state. 
 

Table 4 Material properties and parameters for Sn (Refs. 28, 29). 
 Unit Value 

Density kg/m3 7278 
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Specific heat J/(kg K) 220 

Bulk modulus (T=380 K) GPa 41 

Shear modulus, G0 (T=380 K) GPa 16.65 

Yield stress, Y0 MPa 160 

Maximum yield stress, ௠ܻ௔௫ MPa 220 

Hardening constant, 2000 — ߚ 

Hardening exponent, n — 0.06 

Derivative ܩ௉′ = ௗீௗ௉ — 1.55 

Derivative ܩ ′் = ௗீௗ் MPa/K -37.95 

Derivative ௉ܻ′ = ௗ௒ௗ௉ — 0.01386 

Melting temperature K 505 

 

Table 5 Material properties and parameters for Zn (Refs. 30, 31). 
 Unit Value 

Density kg/m3 7140 

Specific heat J/(kg K) 377 

Bulk modulus (T=468 K) GPa 64 

Shear modulus (T=468 K) GPa 36 

Yield stress, A MPa 82.51 

Hardening constant, B MPa 288.34 

Hardening exponent, ݊′ — 0.1786 

Strain rate constant, C — 0.0202 

Reference strain rate, 0̇ߝ s-1 1 

Reference temperature, Tr K 300 

Melting temperature, Tm K 693 

Thermal softening exponent, m — 0.843 

 

For Zn, the Johnson-Cook model was used to compute its plastic behavior. This model defines 
the constitutive relationship between the yield stress Y and the equivalent plastic strain ߝ௣ , 
equivalent plastic strain rate ߝṗ, and temperature T as (Ref. 23): ܻ = ܣ) + (′௣௡ߝܤ (1 + ܥ ln (ఌ̇೛ఌ̇0)) (1 − ்− ೝ்೘்− ೝ்)௠               (Eq 6) 

The first bracketed term in Eq. 6 represents the effect of strain hardening, where A, B, and ݊′ are 
the initial yield stress at low strain, strain hardening constant, and exponent, respectively. The 
second parenthesis represents the effect of the strain rate, where C and 0̇ߝ  are the strain rate 
constant and reference strain rate, respectively. The third parenthesis represents the effect of thermal 
softening, where Tr, Tm, and m are the reference temperature, melting temperature, and thermal 
softening exponent, respectively. 

3. Results and Discussion 
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3.1 Effect of the Water Environment 

Cold spray experiments were conducted in air and at water depths (WDs) of 0 and 25 mm under 
otherwise identical spraying conditions (GP = 0.4 MPa, GT = 523 K, SOD = 5 mm, and TS = 20 
mm/s) to evaluate the influence of the water environment on coating formation. The resulting 
surface morphologies are shown in Fig. 4. Continuous coatings were obtained in air and at WD = 0 
mm, whereas spraying at WD = 25 mm produced a discontinuous deposit consisting of numerous 
isolated deposition spots. These results indicate that the presence of a water layer above the substrate 
strongly suppresses particle deposition. 

 

Fig. 4 Top-view photographs of coatings sprayed under GP=0.4 MPa, GT=523 K, SOD=5 mm, 
TS=20 mm/s in (a) air, (b) WD=0 mm, and (c) WD=25 mm. The pitch was set at 2 mm. 

 

Two water-related effects may contribute to the discontinuous deposition observed at WD = 25 
mm: resistance from the water film on the substrate or deposit surface and disturbance of the gas–
particle jet. Liu et al. (Ref. 17) showed that a water film can dissipate particle kinetic energy before 
particle–substrate contact and thereby reduce the probability of deposition. Consistent with this 
mechanism, the coating deposited at WD = 25 mm exhibited numerous impact craters (Fig. 5) and 
a much lower deposition efficiency (~2% versus ~32% in air) than those produced in air and at WD 
= 0 mm, with no detectable Zn in the deposit (Figs. 6–7). Because the Zn particles were substantially 
smaller than the Sn particles, their deposition was expected to be more sensitive to the resistance 
imposed by the water film, as examined below using particle-impact simulations. 
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Fig. 5 Surface morphology of the coating obtained using the CS conditions (GP=0.4 MPa, 
GT=523 K, SOD=5 mm, TS=20 mm/s) in (a)-(b) air; (c)-(d) WD=0 mm; and (e)-(f) WD=25 mm. 
(b), (d) and (f) are magnified views of the boxed regions in (a), (c), and (e), respectively.  

 

 

Fig. 6 Effect of the environment (air, WD=0 mm/25 mm) on the (a) deposition efficiency, (b) Zn 
area fraction in the coating. The corresponding CS conditions are (GP=0.4 MPa, GT=523 K, SOD=5 
mm, TS=20 mm/s).  
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Fig. 7 Coating cross-section microstructure obtained under the CS conditions (GP=0.4 MPa, 
GT=523 K, SOD=5 mm, TS=20 mm/s) in (a) air, (b) WD=0 mm, and (c) WD=25 mm. 

 

The underwater gas jet may also contribute to the reduction in deposition. Figure 8 schematically 
illustrates the spherical-bubble model commonly used to describe the behavior of an underwater gas 
jet. High-velocity gas injection into water generates an unsteady gas–liquid interface and pressure 
fluctuations near the nozzle outlet (Refs. 32–34). These effects can increase the hydrodynamic 
resistance acting on the jet and may reduce the effective gas and particle velocities. In addition, 
underwater gas injection can exhibit a periodic back-attack phenomenon associated with the 
expansion and contraction of the gas cavity (Refs. 32, 35, 36). Penetration of the gas–water mixture 
into the jet core may intermittently disturb particle transport and contribute to the discontinuous 
deposition observed in Fig. 4(c). Because the particle velocity and local jet pressure were not 
directly measured in the present study, this interpretation is based on the reported behavior of 
underwater gas jets (Refs. 32–36). 

 

 
Fig. 8 (a) Schematic of the spherical bubble model (Ref. 32). The bubble diameter continuously 
varies during spraying, leading to a periodically occurring back-attack. (b) Schematic highlighting 
several regions of the flow structure in underwater jetting. The CFD simulation shows an inviscid 
jet core, a mixing layer where the inviscid jet and fluid diffuse, and the jet wake, which contains 
potentially large-scale, intermittent bubbles (Ref. 34). An intermittent layer of bubbles and droplets 
also forms.  

 

Water also affected coating formation through substrate cooling. Figure 9 compares the substrate-
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temperature histories under the three environmental conditions. At WD = 0 mm, contact between 
the backside of the substrate and water caused only a modest decrease in substrate temperature 
relative to spraying in air, accompanied by relatively small changes in deposition efficiency and Zn 
area fraction. In contrast, the substrate temperature decreased substantially at WD = 25 mm. This 
difference suggests that the agitated water above the substrate removed heat more rapidly than the 
relatively quiescent water below it. 

 

 

Fig. 9 Substrate backside temperature evolution directly beneath the nozzle axis in different 
environments. The nozzle did not move during temperature measurement, and the duration was 
around 35 s. 

 

Substrate temperature is known to influence cold spray deposition. Fukumoto et al. (Ref. 37) 
reported an increase in copper deposition efficiency with increasing substrate temperature, while 
Yin et al. (Ref. 38) showed that substrate heating promotes interfacial deformation and mechanical 
interlocking through thermal softening. Therefore, the lower substrate temperature at WD = 25 mm 
may have reduced the deformability of the substrate and deposited material, thereby decreasing the 
probability of stable bonding. The surface morphologies in Fig. 5 are consistent with this 
interpretation: coatings produced in air and at WD = 0 mm contained more deposited particles, 
whereas the WD = 25 mm surface was dominated by impact craters. 

The critical velocity for cold spray deposition is also temperature dependent. Chaban et al. (Ref. 
39) reported that the critical velocity decreases as substrate temperature increases. Accordingly, the 
higher substrate temperatures measured in air and at WD = 0 mm would be expected to facilitate 
deposition relative to WD = 25 mm. This is consistent with the higher deposition efficiencies and 
Zn area fractions obtained under these conditions. 

Overall, the water environment affected coating formation through the combined effects of 
substrate cooling, water-film resistance, and underwater-jet instability. These effects substantially 
reduced the probability of particle deposition at WD = 25 mm. 

3.2 Effect of Traverse Speed 

The previous results showed that a continuous UCS coating could not be obtained at TS = 20 
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mm/s under the selected underwater conditions. Therefore, the traverse speed was reduced to 
increase the local exposure time and the amount of powder delivered to the substrate. 

Figure 10 shows the coating morphologies obtained at different traverse speeds. The coating 
coverage increased progressively as the traverse speed decreased. At TS = 20 mm/s, deposition 
remained highly discontinuous. Reducing the traverse speed to 10 mm/s substantially increased the 
coated area, although isolated uncoated regions were still present. A continuous coating was 
obtained at TS = 5 mm/s. 

 

 

Fig. 10 Top-view photographs of coatings sprayed under GP=0.4 MPa, GT=523 K, SOD=5 mm, 
WD=25 mm and (a) TS=20 mm/s, (b) TS=10 mm/s, and (c) TS=5 mm/s. The pitch was set at 2 mm. 

 

A lower traverse speed increases the residence time of the spray over a given substrate area and 
therefore increases the number of particles delivered per unit area. Because the underwater jet 
delivers particles intermittently, a higher local particle dose allows isolated deposits to overlap and 
merge into a continuous coating. 

As shown in Fig. 11, the deposition efficiency increased from ~2.3% at TS = 20 mm/s to ~4.5% 
at 10 mm/s and ~9.4% at 5 mm/s. Because DE is normalized by the amount of powder fed, this 
increase cannot be explained by the larger particle dose alone. A plausible explanation is that, at 
lower traverse speeds, the initial deposits form a continuous Sn–Zn layer more quickly, so that 
subsequent particles increasingly impact previously deposited material rather than the bare stainless-
steel substrate. Because the soft Sn–Zn deposit deforms more readily than the hard 304 stainless 
steel, particle–deposit bonding is expected to be easier than particle–substrate bonding. In addition, 
the longer local dwell time of the gas jet may help displace the water film from the impact region. 
These results demonstrate that traverse speed is a key parameter for achieving continuous coating 
formation and acceptable deposition efficiency in UCS. 
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Fig. 11 Effect of the traverse speed (TS=5, 10, 20 mm/s) on the deposition efficiency. The 
corresponding CS conditions are (GP=0.4 MPa, GT=523 K, SOD=5 mm, WD=25 mm).  

 

3.3 Effect of Gas Pressure 

The effects of gas pressure were investigated at GP = 0.4, 0.5, and 0.6 MPa. As shown in Fig. 12, 
continuous coatings without obvious cracking or delamination were obtained at all three pressures, 
indicating that the coating integrity was maintained within the investigated pressure range. 

 

Fig. 12 Top-view photographs of coatings sprayed under GT=523 K, SOD=5 mm, TS=5 mm/s, 
WD=25 mm and (a) GP=0.4 MPa, (b) GP=0.5 MPa, and (c) GP=0.6 MPa. The pitch was set at 2 
mm. 

 

Figure 13(a) shows that the deposition efficiency decreased from ~9.4% at 0.4 MPa to ~8.2% at 
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0.5 MPa and ~6.2% at 0.6 MPa. A similar trend was observed in our previous low-pressure cold 
spray study using the same powder system (Ref. 22). At relatively high particle velocities, rebound 
and erosion of previously deposited material may become increasingly important. This decrease in 
deposition efficiency observed here may therefore reflect an increased erosion or rebound 
contribution at higher gas pressure. A similar trend was reported by Che et al. and Liberati et al. 
(Refs. 40–42), who attributed the decrease in Sn deposition efficiency with increasing gas pressure 
to more pronounced erosion.  

 

 

Fig. 13 Effect of the gas pressure (GP=0.4, 0.5, 0.6 MPa) on the (a) deposition efficiency, (b) Zn 
area fraction in the coating. The corresponding CS conditions are (GT=523 K, SOD=5 mm, TS=5 
mm/s, WD=25 mm).  

 

In contrast, the Zn area fraction increased markedly as the gas pressure increased from 0.4 to 0.6 
MPa, as shown in Figs. 13(b) and 14. Increasing gas pressure generally increases particle velocity 
and can therefore improve the ability of the smaller Zn particles to overcome the resistance 
associated with the water film. The substrate-backside temperature increased by only ~10 K (Fig. 
15), suggesting that substrate thermal softening had little effect on the increase in Zn area fraction. 

 

 

Fig. 14 Coating cross-section microstructure obtained for different gas pressures under the CS 
conditions (GT=523 K, SOD=5 mm, TS=5 mm/s, WD=25 mm), and (a) GP=0.4 MPa, (b) 
GP=0.5 MPa, and (c) GP=0.6 MPa. 

 



 

16 
 

 

Fig. 15 Substrate backside temperature evolution directly beneath the nozzle axis for different gas 
pressures. The nozzle did not move during the temperature measurement, and the duration was 
around 35 s. 

 

Thus, increasing the gas pressure produced two opposite trends: it reduced the overall deposition 
efficiency by about one-third, possibly because of enhanced rebound or erosion, while substantially 
increasing the incorporation of Zn into the coating. Gas pressure therefore provides an effective 
means of controlling the composition of Sn–Zn coatings deposited by UCS. 

3.4 Effect of Gas Temperature 

The influence of gas temperature was investigated at 523 and 623 K under otherwise identical 
conditions (GP = 0.4 MPa, SOD = 5 mm, TS = 5 mm/s, and WD = 25 mm). As shown in Fig. 16, a 
continuous coating was obtained at 523 K, whereas no adherent coating remained on the substrate 
after spraying at 623 K. Coating fragments were recovered from the water tank after the 623 K 
experiment, indicating that deposition occurred initially but was followed by delamination. 

 

 

Fig. 16 Top-view photographs of coatings sprayed under GP=0.4 MPa, SOD=5 mm, TS=5 mm/s, 
WD=25 mm, and (a) GT=523 K and (b) GT=623 K. At 623 K, only traces remained after the coating 
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detached.  

 

Increasing the gas temperature generally increases both particle and substrate temperatures and 
can reduce the critical velocity for cold spray deposition (Refs. 43, 44). For UCS, however, the 
substrate-backside temperatures at gas temperatures of 523 and 623 K differed only slightly (Fig. 
17), possibly because agitated water enhanced heat removal. This suggests that the higher particle 
temperature, rather than a substantial increase in substrate temperature, may have played a dominant 
role in the observed delamination.  

 

 

Fig. 17 Substrate backside temperature evolution directly beneath the nozzle axis for different gas 
temperatures. The nozzle did not move during temperature measurement, and the duration was 
around 35 s. 
 

 

Fig. 18 Top-view photographs of coatings sprayed under GP=0.4 MPa, GT=523 K, TS=5 mm/s, 
WD=25 mm, and (a) SOD=5 mm and (b) SOD=10 mm.  
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In the present Sn–Zn/304 stainless steel system, thermal-expansion mismatch is expected to 
contribute to interfacial stress development because the coefficients of thermal expansion of Sn and 
Zn are higher than that of 304 stainless steel (Ref. 45). Suhonen et al. (Ref. 46) showed that thermal 
and quenching effects can generate tensile residual stresses, whereas particle peening tends to 
generate compressive stresses. Because Sn and Zn are considerably softer than the stainless-steel 
substrate, the peening contribution at the coating–substrate interface may be relatively limited. 
Taken together, these observations suggest that the delamination at 623 K is most likely caused by 
increased tensile stresses arising from the larger temperature drop of the hotter particles upon 
quenching by the substrate and surrounding water, combined with the thermal-expansion mismatch 
between the Sn–Zn coating and the stainless-steel substrate.  

3.5 Effect of Stand-Off Distance 

The effect of stand-off distance was investigated at SOD = 5 and 10 mm under otherwise identical 
conditions (GP = 0.4 MPa, GT = 523 K, TS = 5 mm/s, and WD = 25 mm). A continuous coating 
was obtained at SOD = 5 mm, whereas no coating was observed at SOD = 10 mm (Fig. 18). No 
coating fragments were found in the water tank after the 10 mm test, suggesting that particle 
deposition was strongly suppressed rather than followed by coating detachment. 

The reduced deposition at the larger stand-off distance is likely associated with stronger 
interaction between the gas–particle jet and the surrounding water. As the stand-off distance 
increases, particles remain in the gas–water mixing region for a longer time, increasing the 
likelihood of momentum loss and trajectory deviation before impact on the substrate. The periodic 
penetration of the gas–water mixture into the jet core may further disturb particle transport at 
locations farther from the nozzle outlet. 

Fronzeo et al. (Ref. 34) reported that the inviscid-core length of an underwater gas jet can be 
approximately twice the nozzle-exit diameter under comparable pressure-ratio conditions. Based on 
the present nozzle outlet diameter of 4.8 mm, the corresponding characteristic length is ~9.6 mm. 
This rough estimate suggests that a stand-off distance of 10 mm places the substrate near or beyond 
the region where the jet begins to experience substantial interaction with the surrounding water. This 
provides a plausible explanation for the strong deterioration in coating deposition observed at SOD 
= 10 mm. 

3.6 Deposition Mechanism 

Figure 19 compares single-pass tracks deposited in air and under water. In air, a continuous track 
was formed at TS = 5 mm/s (Fig. 19(a)). Under water, isolated deposits were obtained at TS = 20 
mm/s (Fig. 19(b)), whereas reducing the traverse speed to 5 mm/s increased the local particle dose 
and allowed the individual deposits to overlap into a continuous track (Fig. 19(c)). 

 



 

19 
 

 

Fig. 19 Single-pass tracks deposited under GP = 0.4 MPa, GT = 523 K, and SOD = 5 mm: (a) in air, 
TS = 5 mm/s; (b) WD = 25 mm, TS = 20 mm/s; (c) WD = 25 mm, TS = 5 mm/s. 

 

At the same traverse speed of 5 mm/s, the underwater track was considerably narrower than the 
track deposited in air (~1.8 mm versus ~6.5 mm; Figs. 19(a) and 19(c)), and it was flanked by an 
eroded band approximately 5 mm wide. This indicates that particles reached the periphery of the jet 
but deposited only near the nozzle centerline. As shown schematically in Fig. 8(b), the water fraction 
in the jet increases with radial distance from the jet core. Particles traveling through this two-phase 
region are therefore more likely to experience momentum loss and trajectory deviation, which 
reduces their probability of reaching the substrate with sufficient velocity for deposition. 

In addition to the jet-scale effects, the water film on the substrate plays an important role in 
individual particle deposition. Liu et al. (Ref. 17) showed numerically that an interfacial water film 
can reduce particle impact energy and may remain trapped between the particle and substrate when 
sufficiently thick. To further examine this effect for the present Sn–Zn system, single-particle impact 
simulations were performed for Sn and Zn particles with different water-film thicknesses. 

Figures 20(a) and 20(b) show the kinetic-energy histories of Sn and Zn particles impacting the 
substrate with and without a water film. For both particle species, the kinetic energy at contact 
decreased progressively as the water-film thickness increased. The energy loss began when the 
particle interacted with the film, before direct contact with the substrate. As shown in Fig. 20(c), 
compression of the water generated a high-pressure region in front of the particle, resulting in rapid 
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particle deceleration. The fractional kinetic-energy loss was greater for Zn particles than for Sn 
particles (Fig. 20(d)), which can be attributed to their smaller size and lower inertia, making them 
more susceptible to deceleration by the water film. 

 

 

Fig. 20 Kinetic energy evolution of (a) Sn and (b) Zn particles for different water film thicknesses. 
(c) Pressure contour upon the impact of the particle: a Sn particle impacted the Sn substrate with a 
4 μm thick water film. The initial velocity and temperature of the particle were set at 280 m/s and 
380 K, respectively (see Table 2). (d) Energy loss of Sn/Zn particles before contact with the substrate. 
Arrows in (a) and (b) mark the initial contact between the particle and substrate. 

 

The combined experimental and numerical results therefore suggest that UCS coating formation 
is governed by two coupled mechanisms. At the jet scale, gas–water interaction causes intermittent 
and spatially non-uniform particle delivery. At the particle scale, the water film dissipates particle 
kinetic energy before substrate contact. Because the smaller Zn particles experience a larger 
fractional energy loss, their deposition is more strongly suppressed, resulting in a lower Zn area 
fraction at WD = 25 mm. These mechanisms explain the strong sensitivity of UCS coating formation 
to traverse speed, gas pressure, and stand-off distance observed in the present study. 

4. Conclusion 
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Sn–Zn coatings were deposited on 304 stainless steel by low-pressure underwater cold spray. The 
effects of the water environment and the main processing parameters were investigated through 

experiments and single-particle impact simulations. The main conclusions are as follows: 

1. The water environment strongly suppressed deposition. At WD = 25 mm and TS = 20 mm/s, 
the deposit was discontinuous, the deposition efficiency decreased from about 32% (in air) 
to about 2%, and no Zn was detected. When only the substrate backside was in contact with 
water (WD = 0 mm), coating formation changed little. This indicates that the water above 
the substrate, rather than backside cooling alone, was responsible for the deterioration. 

2. Water above the substrate lowered the substrate temperature substantially (about 311 K, 
compared with about 448 K in air). This likely reduced the deformability of the substrate 
and the deposited material and raised the critical velocity, decreasing the probability of 
bonding. 

3. Reducing the traverse speed to 5 mm/s increased the local particle dose. It allowed the 
isolated deposition regions to overlap into a continuous coating and raised the deposition 
efficiency to about 9%. 

4. Increasing the gas pressure from 0.4 to 0.6 MPa lowered the deposition efficiency from 
about 9.4% to 6.2%, possibly through enhanced rebound or erosion. At the same time, it 
increased the Zn area fraction in the coating from about 2% to about 23%. Gas pressure 
therefore offers an effective way to control coating composition in UCS. 

5. At GT = 623 K, the coating deposited but subsequently delaminated. This is most likely 
caused by increased tensile stresses arising from the higher particle temperature and the 
thermal-expansion mismatch between Sn–Zn and the stainless steel substrate. At SOD = 10 
mm, no coating formed, consistent with stronger gas–water interaction beyond the inviscid 
jet core. 

6. Impact simulations showed that an interfacial water film dissipates particle kinetic energy 
before contact with the substrate. The fractional loss was larger for the 3 μm Zn particles 
than for the 15 μm Sn particles, which explains the preferential loss of Zn under underwater 
conditions. 

Within the investigated ranges, continuous UCS coatings were obtained at TS = 5 mm/s, GT = 523 

K, SOD = 5 mm, and GP = 0.4–0.6 MPa. Future work will focus on improving deposition efficiency 

by limiting gas–water mixing in the free-jet region, for example through nozzle designs that shield 

the jet or allow a shorter stand-off distance. The porosity, adhesion strength, and residual stress of 
UCS Sn–Zn coatings will also be evaluated. 
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