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This is the second part of a review article that deals with an analysis of the influence of wetting at the sub-
strate-coating interface and surface phenomena, substrate deformation, dynamics of splashing, splat-
substrate interaction and spraying at off-normal angles on droplet flattening, and the formation of splats
in thermal spraying, which affects the coating quality. The results agree well with experimental data and
improve understanding of the thermal spray processes to make them more effective.

1. Introduction

This article is the second part of a review dedicated to the
droplet flattening and the splat formation in thermal spraying. It
follows Part 1 (Ref 1) and covers the following issues that pro-
duce a noticeable effect on the flattening process:

• Wetting and surface phenomena

• Substrate deformation

• Splashing of the impinging droplets

• Splat-substrate interaction

• Spraying at off-normal angles

These factors are important in order to understand coating for-
mation during thermal spraying and increase quality of coatings
produced for different industrial applications.

2. Effect of Wetting and Surface 
Phenomena

It is well known that the main part of droplet kinetic energy is
transformed into the energy of viscous forces (Ref 2-4). In the
mechanics of droplet spreading, the surface forces play an im-
portant role at the end of the flattening process because they stop
the flattening and determine a characteristic time of the process
(Ref 3). Wetting between the spreading droplet and the substrate
plays an important role in the droplet flattening because it affects
not only the surface phenomena but also the contact thermal re-
sistance at the splat-substrate interface, which is an important
parameter for the development of the coating structure (Ref 5).
This section involves an analysis of the influence of wetting and
the surface effects on the parameters of droplet flattening and

splat formation. Special attention is given to the effect of wetting
on the development of porosity.

2.1 Influence of Wetting on Droplet Flattening

The formulas for splat thickness and radius in Section 2 of
Part 1 (Ref 1) were obtained under an assumption that the main
part of the droplet kinetic energy is used to overcome the viscous
forces at the substrate surface (Ref 2, 3). This assumption is
valid when the Weber number, We = ρU2Rpσ–1 (where ρ is the
density of the droplet, U is the velocity of the droplet impinge-
ment, Rp is the droplet radius, and σ is the surface tension coef-
ficient), exceeds the Reynolds number, Re = 2RpUρµ–1 (where µ is
the dynamic viscosity of the droplet material). That is, We > > Re1/2

(Ref 3). This situation is typical for thermal spraying.
Wetting has an important influence on the development of

the contact between the lower surface of the splat and the sub-
strate surface (Ref 6). Thus, it affects the value of the contact
heat transfer coefficient, αc, which determines the rate of the
heat transfer from the splat to the substrate (Ref 5). Taking into
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account that the value of αc increases with a decrease in the con-
tact wetting angle, τ, between the substrate and the flattening
droplet, Fig. 1, it is possible to introduce an effective value, αc*,
of the heat transfer coefficient αc:

αc* = 0.5αc (1 + cos τ) (Eq 1)

In the case of ideal wetting when τ = 0, it is obtained from Eq
1 that αc* = αc. When the angle τ increases and wetting worsens,
then the contact between the splat and the substrate is also ad-

versely affected, and the value of αc* decreases. This leads to a
decrease in the velocity of the splat solidification, Vs*, which de-
pends on the value of αc* and can be presented in a form:

Vs* = αc*Tp/(qpρ) (Eq 2)

where Tp is the droplet temperature and qp is the latent heat of fu-
sion of the droplet material.

Thus the solidification velocity, Vs*, in Eq 2 decreases with
an increase in τ. To take wetting into account, it is necessary to

Nomenclature

a thermal diffusivity, m2/s
A1 Parameter in Eq 6
b Splat thickness, m
B1 Parameter in Eq 6
c Sound velocity, m/s
c1 Specific heat, J/kgK
D Splat diameter, m
E Dimensionless parameter in Eq 38
F F = U exp(URp

−1t)
G Thermal gradient, K/m
K Semiempirical coefficient in Eq 28, m/sK2

P Pressure, N/m2

Pa Average pressure, N/m2

Pg Gas pressure, N/m2

Pim Impact pressure, N/m2

Pσ Capillary pressure, N/m2

q Heat flux, W/m2

qp Latent heat of fusion of the droplet material, J/kg
Q1 Released heat, J
Q2 Heat spent for heating, J
r Radial coordinate, m
rk Critical radius of embryo of crystallization, m
R Splat radius, m
Rc Contact thermal resistance, m2K/W
RP Particle radius, cavity radius, m

Rpr Pore radius, m
Re Reynolds number: Re = 2RpUρ/µ
t Time, s
tf Characteristic time of completion of flattening, s
tfr Characteristic time of completion of flattening due to

surface roughness, s
tfs Characteristic time of completion of flattening due to

surface effects, s
t0.9 Characteristic time of 90% completion of flattening, s
T Splat temperature, °C
Tk Melting point of droplet material, °C
Toh Splat initial overheating, °C
Ts Substrate temperature, °C
Tsb Substrate temperature at the splat-substrate interface,

°C
Tsp Splat temperature at the splat-substrate interface, °C
Ttr Transition temperature, °C
U Particle (droplet) impact velocity, ms–1

|U| Absolute value of U, m/s
Un Normal component of U, m/s
Vc Cooling velocity, K/s
Vs Solidification velocity, m/s
We Weber number: We = ρU2Rp/σ
Y Dimensionless parameter: Y = Pm/Pim

Greek Symbols

α Dimensionless parameter: α = ε/Rp
β Dimensionless parameter: β = Vs/U
γ γ = exp (0.4θ)
γ1 Empirical coefficient
δ Thickness of splat lower part, m
∆P Increment of pressure, N/m2

∆T Supercooling, °C
∆Th Thermal super-cooling, °C
∆Tp Super-cooling developed by pressure, °C
ε Roughness size, m
ζ Dimensionless splat thickness: ζ = b/RP and pressure

ratio: ζ = Pa/Pm
η η = r/R
θ Dimensionless time: θ = U Rp

−1t

ι Substrate curvature, m–1

µ Droplet dynamic viscosity, Ns/m2

ξ Dimensionless splat radius: ξ = R/RP
ρ Droplet density, kg/m3

σ Coefficient of surface tension, N/m
τ Wetting angle, (degree)
υ Specific heat ratio
ϕ Spraying angle, (degree)
χ Dimensionless parameter of droplet mass loss
ψ1 Dimensionless parameter
ψ2 Dimensionless parameter
ψ3 Dimensionless parameter
ψo Function of ϕ in Eq 31, 32

Subscripts

c Critical
e Effective
f Final
m Maximum

o Initial
p Particle
* Characteristic
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substitute the value of Vs in the formula for the final values of the
splat thickness, ζf = b/Rp, and radius, ξf = R/Rf, by the value of
Vs* from Eq 2. Thus, an increase in the contact wetting angle
causes an increase in the splat thickness and a decrease in the
splat radius. It also follows that the influence of wetting on the
flattening process decreases with an increase in the velocity, U,
of the droplet impingement onto the substrate surface, which
leads to a decrease in the parameter, β* = Vs*U

–1. At the same
time, an increase in the substrate initial temperature, Tso, gives
rise to the solidification velocity, Vs*, and contributes to an in-
crease in the effect of wetting on the droplet flattening. Thus, an
increase in Tso gives rise to an effect that is similar to a decrease
in the contact wetting angle.

The final values of the dimensionless splat thickness, ζf =
b/Rp, and radius, ξf = R/Rp (where b and R are the splat thickness
and radius, respectively), have a form:

ζf = 1.826 Re–1/2 [1 + 0.12(α Re)1/2 – 0.68β* Re1/2  ln (0.3 Re)]

  α = ε/Rp (Eq 3)

ξf = 0.8546χ1/2 Re1/4 [1 – 0.06(α Re)1/2 + 0.34β* Re1/2  ln (0.3 Re)]

(Eq 4)

where ε is the height of the roughness “ teeth”  on the substrate
surface. Figure 2 shows that an increase in the contact wetting
angle leads to an increase in the final splat thickness and to a de-
crease in the final splat radius.

The splat can contain dissolved oxygen due to diffusion in
the liquid phase of the droplet and the splat during thermal
spraying (Ref 7). The presence of dissolved oxygen is established
to cause a decrease in the contact wetting angle and an improve-
ment of wetting between the substrate and the liquid splat (Ref 8).

2.2 Influence of Wetting on the Development of
Porosity

Gas and shrinkage porosity are often formed in thermally
sprayed coatings (Ref 9-12). The most important is gas porosity,
which is usually detrimental to coating properties. To decrease
porosity it is necessary to improve understanding of the factors

that have a prime influence on this process. Wetting is among
these factors. Consider flattening of the droplet on the rough
substrate when there is a good (τ = <90°) and poor (τ = > 90°)
wetting between the liquid splat and the substrate (Fig. 3). In this
case a gas cavity is formed between the “ teeth”  of the surface
profile and the liquid splat. When τ = <90° (Fig. 3a), consider an
equilibrium condition where the sum of the pressure developed
in the flattening splat, P, and the capillary pressure, Pσ, is equal
to the gas pressure, Pg, inside the cavity (Ref 11-15):

P + Pσ = Pg  Pσ = 2σ cos τ/R  Pg = Pgo(Ro/R)3υ (Eq 5)

where Ro and R are the initial and current values of the cavity ra-
dius, Pgo is an initial value of the gas pressure, and υ is the spe-
cific heat ratio. Consider for simplicity an isothermal case when
υ = 1. Then from Eq 5 the cubic equation for the cavity radius,
R, is transformed to:

Fig. 2 Variation of the final values of the splat thickness and the splat
radius with a wetting angle (Ref 6) Fig. 3 Influence of wetting on formation of pores in splat
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R = 21/3B
1
1/3Ro [1 − 2A

1
3/(81B1)]    A1 = 2σ cos τ/(PRo)  

B1 = Pgo/P (Eq 6)

In the case of poor wetting when τ =  >90° (Fig. 3b), the for-
mula for the cavity radius is similar to Eq 6. From Eq 6 it is seen
that the cavity radius decreases with an increase in σ and a de-
crease in τ. The cavity radius is minimum when τ = 0. After so-
lidification this cavity is transformed into a pore. Because the
velocity of the splat solidification is much greater than the veloc-
ity of diffusion of the dissolved gases from the liquid splat to the
cavity, the value of R can be considered as the pore radius, which
is developed after solidification. Thus, under the same spray
conditions the splat porosity increases with an increase in the
contact wetting angle, that is, when wetting between the splat
and substrate is poor.

2.3 Effect of the Surface Phenomena on Flattening

The main part of the droplet kinetic energy is dissipated upon
impact and transformed into the energy of the viscous forces
(Ref 2-4, 13). The surface processes start to play a role when the
droplet kinetic energy essentially decreases. This occurs at the
final stage of flattening. The influence of the surface phenomena
on the droplet flattening was studied in Ref 3, 4.

In Ref 4, an analytical correlation between the final value of
the dimensionless splat radius, ξf, and the Weber number, We,
and the Reynolds number, Re, was established. In the special
case of very high Reynolds numbers the variation of ξf was
shown to be dependent only on the Weber number: ξf =
(We/3)1/2, provided that We = > 100. These values of We corre-
spond to thermal spray applications.

Modeling of the droplet flattening undertaken in Ref 3 shows
that the surface tension has no practical influence in the early
stages of the process. Later, when the surface tension forces
overcome those of inertia, a liquid film breakup in the spreading
process occur. The breakup will occur later with an increase in
the droplet impact velocity.

Thus, the surface forces arrest the flattening process. It is
worth estimating the characteristic time of this event. The pres-
sure, P, developed upon the droplet impact promotes spreading
of the liquid on the substrate surface. Flattening stops when P
becomes equal to the capillary pressure, Psf = 2σ cos τb–1,
which hinders the spreading process (Ref 6). It is important to
know the time, tf, of finishing the droplet flattening. Assuming P
= Psf, α = 0, and β = 0, (Ref 6):

tf = 2.5a−1 ln (0.144χ1/2We)      a = UR
p
−1 (Eq 7)

It is interesting to compare this time with the time, t0.9, which
is the time required to reach 90% completion of flattening. The
analytical expression for t0.9 is obtained in Ref 13 and 14 under
an assumption that the major part of the droplet kinetic energy is
dissipated during flattening due to the viscous effects. When Re
> > 1, from Ref 13, 16, it is found that

t0.9 = 1.125a–1  ln  (0.3 Re) (Eq 8)

The ratio, ψ1, of the time, t0.9, to tf is:

ψ1 = 0.45 ln  (0.3 Re)/ln  (0.144χ1/2 We) (Eq 9)

Consider, for example, plasma spraying of molybdenum
powder particles when Rp = 20 µm, ρ = 9900 kgm–3, U = 150
ms–1, σ =  1 Nm –2, µ = 0.003 kg (ms) –1, and χ = 0.8, then Re =
30,000, We = 4455, and ψ1 = 0.62. Thus, the characteristic time,
t0.9, is markedly less than the value of tf. The flattening process
may be hindered by the surface roughness (Ref 14). Using the
results obtained in Ref 14 and 17, it can be shown that the finish-
ing time, tfr, for the splat flattening due to the surface roughness
is:

tfr = 2.5a–1 ln [(1 + 10α–1/2)/3] (Eq 10)

The ratio, ψ2, of the time, tfr, to t0.9 can be written:

ψ2 = 2.22 ln [(1 + 10α–1/2)/3] ln  (0.3 Re) (Eq 11)

When Re = 30,000 and α = 0.1, then ψ2 = 0.85. Therefore,
due to dissipation of the droplet kinetic energy caused by the
roughness, the flattening process was completed earlier than in
the case where the roughness was absent. In the presence of
roughness, the splat thickness increases in comparison with the
case when α = 0 and, hence, the capillary pressure, Pσ, de-
creases and the surface effects start to break the flattening proc-
ess later. The time for the flattening to finish, tfs, in this case is:

tfs = 2.5a–1 ln  (0.144 We χ–1/2 + 0.016 We2 α1/2χ–1) (Eq 12)

Solidification of the lower part of the splat during flattening
leads to a decrease in the splat thickness (Ref 17, 18) and to an
increase in Psf. Thus, the time of finishing of the flattening proc-
ess, tfl, decreases. For a smooth surface, tfl, can be shown to have
a form:

tfl = tf(1 + 1.27β We)–1 (Eq 13)

When α = 0 and β = 0, the final values of the dimensionless
splat thickness, ζf, and the splat radius, ξf, can be written as:

ζf = 6.93χ1/2  We–1 (Eq 14)

ξf = 0.439χ1/4  We1/2 (Eq 15)

The splat radius is seen to increase with decreasing surface
tension. This agrees with the modeling results presented in Ref
3. The formula from Eq 15 for ξf is slightly different from that
found by others (e.g., ξf = 0.577 We1/2 in Ref 4). For example, in
the case of the plasma spraying of molybdenum powder parti-
cles with the previously mentioned spray parameters, it is ob-
tained from Eq 14 and 15 that bf = 0.03 µm and Rf = 554 µm.

It must be taken into account that even if the substrate surface
is considered to be smooth its roughness can be approximately
0.1 to 1 µm, which exceeds the estimated value of the final splat
thickness, bf. As a result the flattening process becomes unsta-
ble, splashing occurs, the splat loses its regular shape, and
splash-shaped splats are formed. Splashing can be avoided by
increasing the substrate initial temperature (Ref 19, 20). But this
refers mainly to the substrate surface with a very small rough-
ness.
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Thus, it seems that in practice the formulas in Eq 14 and 15
describing variations of the final splat thickness and the final
splat radius with the Weber number when the surface effects
dominate (as well as the similar formula found by others) (Ref 3,
4), cannot be used to estimate the values of bf and Rf in thermal
spraying. For these purposes, the equations for bf and Rf, de-
pending on the Reynolds number (when the viscous effects play
the major role), must be used (Ref 2, 16, 17, 21, 22). The same
applies to Eq 12 and 13, which estimate the values of tfs and tfl.
The flattening process is believed to be finished before influ-
ences due to roughness and solidification on the surface effects
take effect.

3. Influence of Substrate Deformation

Assume that droplet impact causes the substrate to have cur-
vature, ι, and the substrate becomes concave (positive curva-
ture) or convex (negative curvature) in the direction of the
droplet impingement (Fig. 4). Assume that the curvature is posi-
tive. Then the following equations describing the droplet flat-
tening characteristics for the typical thermal spray situation
when Re > > 1 are obtained (Ref 23).

ζ = γ–1(1 + 0.8ι  Re θ2)1/2   γ = exp (0.4θ) (Eq 16)

ξ = 1.155(χγ)1/2(1 + 0.8ι  Re θ2)–1/4 (Eq 17)

When ι = 0 from Eq 16 and 17, the formula established in Ref 17
comes. When the curvature is negative, the corresponding terms
in Eq 16 and 17 change the signs. It can be seen that the substrate
negative curvature (ι < 0) leads to a decrease in the splat thick-
ness and an increase in the splat radius in comparison with the
case of a flat substrate (ι = 0). Positive curvature (ι > 0) contrib-
utes to an increase in the splat thickness and to a decrease in the
splat radius during flattening. Thus, the influence of the positive
substrate curvature is similar to that of the substrate roughness,
which hinders droplet spreading in flattening (Ref 14, 21). Typi-

cal variations of  ζ and ξ with increasing θ are shown in Fig. 5
and 6 for the different values of ι.

Next the time of finishing of the flattening process when ι >
0 will be established. This process finishes when dζ/dθ = 0 and
dξ/dθ = 0. From the results of Ref 23 it follows that this occurs
at the time θ = θf:θf = 0.5 (ι Re)–1. It is interesting to compare
this time with the time θ0.9, which is defined as a time required
to reach 90% completion of flattening (Eq 8). The ratio ψ3 of θf
to θ0.9 has the following form: ψ3 = θf/θ0.9 = 0.444 [ι Re ln (0.3
Re)]–1.

Parameter ψ3 decreases with increasing ι and Re. Consider,
for example, plasma spraying of molybdenum powder particles

Fig. 4 Substrate deformation during splat formation

Fig. 5 Influence of substrate deformation on variation of splat thick-
ness with time (Ref 23)

Fig. 6 Influence of substrate deformation on variation of splat radius
with time (Ref 23)
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when Re = 30,000 (Rp = 20 µm and U = 150 ms–1) and ι = 0.1
m–1. Then ψ3 = 0.81. Hence, in this case the value of θf is ap-
proximately 20% less than the time θ0.9.

The time, tfr, of finishing of the flattening process due to the
substrate roughness is given by Eq 10. When Re = 30,000 and α
= 0.1, the ratio ψr = tfr/tf is equal to 0.58. Thus, the substrate
roughness may hinder flattening more intensively than the posi-
tive curvature of the substrate. This tendency is not so pro-
nounced when solidification of the lower part of the splat occurs
during flattening because the solidification process can be
shown to increase the value of θfr.

Experimental analyses of effects of the substrate nature on
the droplet flattening were presented in Ref 24 and 25. The ex-
periments undertaken in Ref 26 with different substrate materi-
als (glass, steel, and copper) showed that the Young’s modulus
of the substrate influenced the flattening process of the imping-
ing droplets. The splat diameter was reported to increase with an
increase in the substrate Young’s modulus; that is, with a transi-
tion from glass to steel and further to copper. In Ref 25 a similar
tendency was observed with the glass substrate and the molyb-
denum substrate. This occurred due to a decrease in the elastic
response of the substrate, which was accompanied by a corre-
sponding decrease in the droplet energy dissipated into the sub-
strate during the impact and an increase in the energy available
for the flattening process (Ref 24).

An increase in the Young’s modulus of the substrate leads to
a decrease in the substrate curvature (Ref 26) and this, according
to Eq 17 results in an increase of the splat diameter. In Ref 24 and
25 there are not enough data to provide a quantitative compari-
son between the theoretical and experimental results. But it is
possible to conclude that the results obtained agree with the ex-
perimentally observed tendencies of the splat flattening on dif-
ferent substrates.

4. Splat-Substrate Mechanical 
Interaction

Generation of high pressure at the impact zone during droplet
flattening is an important factor for the development of the sub-
strate-coating microadhesion (Ref 9, 20, 25) as well as the coat-
ing porosity (Ref 9, 10-12). Experimental data show that molten
liquid impacting onto glass substrates produce small (5 to 10
µm) pits (Ref 27). This clearly indicates that the pressure gener-
ated upon impact has an essential influence on the splat-sub-
strate mechanical interaction in thermal spraying. The process
of pressure generation was studied numerically in Ref 28 and 29
and analytically in Ref 6, 7, 22, and 30.

The numerical solution of the complete Navier-Stokes equa-
tions based on the modified SOLA-VOF method obtained in Ref
29 shows that right after the impact, pressure at the regions close
to the substrate increases to a very high value (150 MPa). This
pressure decreases in the direction of the free surface of the
droplet. As the droplet spreads on the substrate, the pressure de-
creases very quickly, and in less than 1 µs the pressure all over
the splat reduces close to the ambient pressure. Very high pres-
sure lasts approximately 0.1 µs.

Analysis undertaken in Ref 28 by means of numerical solu-
tion of the full Navier-Stokes equations indicates that the mate-
rial density, the particle impact velocity, and the particle

diameter are the main factors governing the development of the
pressure. The pressure increases with an increase of these pa-
rameters and after the impact increases up to 400 to 600 MPa. At
the early stage of the droplet spreading, the viscous force is neg-
ligible in comparison with the inertial force, and the viscosity of
the droplet material is shown to have no significant effect on the
pressure generation.

For engineering practice it is necessary to have simple for-
mulas to estimate the generation of high pressure. Although
these formulas are approximate they reflect all the main features
of the process and allow understanding of the formation of the
substrate-coating microadhesion and coating porosity. Such
analytical formulas agree well with the experimental data (Ref
22). The main analytical results are given in the following para-
graphs.

In the center of the droplet the impact pressure, Pim, is deter-
mined by the compressibility effects and can be presented as
(Ref 31):

Pim = 0.5γ1ρcU (Eq 18)

where c is the sound velocity in the impinging droplet. The value
of the coefficient, γ1, in general can be found empirically. At
very high impact velocities corresponding to thermal spraying
the coefficient, γ1, can be taken as unity (Ref 22, 31).

In the central part of the impinging droplet within the dis-
tance r = rm from its center of approximately 0.1 µm, the mean
value of the pressure, Pa, with respect to the droplet height can
be presented as:

Pa = P0 − µFb2r−3⁄3 + URp
−1ρFb2r−1⁄3 (Eq 19)

where F = U exp( URp
−1t). From Eq 19 it follows that at r = rm,

Pa has the value Pm:

rm = 2.45Rp  Re–1/2 (Eq 20)

Pm = P0 + ∆P (Eq 21)

where in Eq 20 Re = 2RpUρµ–1. In Eq 21 ∆P = 0.09ρUFb2Rp
–2

Re1/2. From Eq 19 and 21 it follows that an increase in the droplet
velocity, U, and density, ρ, leads to a decrease in rm and an in-
crease in Pm. Therefore, an increase in the kinetic energy of the
droplet causes an increase in the pressure impulse generated
upon impact and makes it closer to the splat center. Thus, the
pressure variation becomes sharper.

The flow viscosity during the droplet impact and flattening
can be increased effectively due to factors such as cavitation de-
veloped during flattening (Ref 31), the roughness of the sub-
strate surface (Ref 14), and the rheological properties of the
droplet material in the thermal interval of solidification. Viscos-
ity increases effectively when cavitation occurs due to addi-
tional radiative and thermal losses of energy caused by gas
bubbles (Ref 32, 33). The flow viscosity also increases effec-
tively when the droplet flattening occurs at a rough surface due
to additional deceleration of the flow (Ref 14). Rheological be-
havior of the droplet material manifests in an increase of the
flow viscosity due to the processes of relaxation and retardation
of the flow motion (Ref 34, 35). An increase in µ gives rise to an
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increase in the dissipation of the droplet energy and hence to a
decrease in Pm and an increase in rm.

Under the thermal spray conditions Re is very high (Re = 104

to 105) (Ref 4, 9). For example, when Re = 30,000, it can be ob-
tained from Eq 20 that rm = 0.01Rp. Thus rm has the order of 10–7

m and does not exceed 1 µm. Thus, the value of rm corresponds
approximately to the lower limit of the interval of r where the
formula in Eq 19 for Pa is valid. Hence the radial variation of the
pressure according to Eq 19 can be considered starting from r =
rm.

For thermal spraying it is important to know the final values
of the droplet pressure at t = tf when the flattening can be consid-
ered to be complete. When Re > > 1, the value of tf is obtained
(Ref 1, 16). The maximum increase in pressure is (Ref 22):

∆P = 0.11ρU2 Re1/3 [1 + 0.24α1/2 Re1/2 - 1.36β  Re1/2  ln (0.3 Re)]

(Eq 22)

This formula shows that the maximum pressure increases with
an increase in the surface roughness and decreases with an in-
crease in the solidification velocity in the lower part of the splat.
The value of ∆P is also enhanced by the Reynolds number.

During droplet flattening on a smooth surface (α = 0) with
very small influence of the solidification process (β = 0) Pm =
P0 + 0.11ρU2 Re1/3. It is worth comparing this maximum pres-
sure with the impact pressure Pim (Ref 31). The ratio Y = Pm/Pim
can be written as Y = 0.22Uc–1 Re1/3. Under the typical parame-
ters corresponding, for example, to the plasma spraying of me-
tallic powders when U = 150 ms–1, Re = 30,000, and c = 3000
ms–1, Y = 0.34. Thus, the pressure distribution upon impact can
be presented as follows. In the very center of the droplet this
pressure is maximum and equal to Pim. Within the distance of
approximately 0.1 µm the pressure decreases almost to 1/2 the
value of Pm and then decreases according to the formula in Eq
19. Assuming r = ηR(η < 1) the following approximate formula
for the pressure Pa is obtained:

Pa = P0 + 0.48ρU2η–1χ–1/2  Re–5/1 2[1 + 0.3α1/2 Re1/2 

  – 1.7β Re1/2 ln (0.3 Re)] (Eq 23)

When the surface is smooth (α = 0) and splat solidifica-
tion is negligible (β = 0), it is obtained from Eq 23 that Pa =
P0 + 0.48ρU2η–1χ–1/2 Re–5/12. The formula in Eq 23 is valid
when r = ηR > > rm = ηcR or η > > ηc. From Eq 23 ηc = 2.45
Re–1/2 RpR

–1. When, for example, Re = 30,000 and the flattening
degree RRp

−1 = 5, ηc = 0.003. Therefore, the formula in Eq 23
can be used to estimate the splat pressure everywhere with an ex-
ception of the central part of the splat where r is approximately
0.1 µm. In the latter region the formulas in Eq 18 and 21 must be
used.

One of the main applications of the information of pressure
distribution during droplet flattening is concerned with the pos-
sibility of predicting substrate-coating microadhesion. Usually
the substrate surface is rough and even; even if it is considered
smooth, some small roughness always exists. To have good ad-
hesion it is necessary to put the surfaces of the substrate and the
coating into close contact. This can be done at the very high
pressure developed during the droplet flattening. To obtain such
close contact this pressure must exceed the capillary pressure,

Pσ, which arises at the substrate-coating interface due to the
roughness (Fig. 7). Capillary pressure can be estimated as Pσ =
4σε–1, where σ is the surface tension coefficient. An important
parameter is the ratio, ζ, of the dynamic pressure, Pa, to the cap-
illary pressure Pσ:ζ = Pa/Pm.

From Eq 23 it follows that the substrate-coating microadhe-
sion increases with an increase in the density and velocity of the
impinging droplet and the roughness of the substrate surface.
Microadhesion decreases with an increase in the droplet mass
loss upon impact and the surface tension at the substrate-droplet
interface. Substrate-coating microadhesion is maximum in the
central part of the splat and diminishes in the direction of its pe-
riphery. These tendencies correspond to those found experimen-
tally during thermal spraying (Ref 25).

Thus, good substrate-coating microadhesion can be expected
when ζ ≥ 1 or when r ≤ re = ηeR where ηe is such value of η,
which corresponds to ζ = 1. This means that the pressure devel-
oped during the droplet impact exceeds the capillary pressure
until r ≤ re.

Figure 8 illustrates the behavior of ζ for plasma sprayed mo-
lybdenum particles when Re = 20,000, U = 150 ms–1, ρ = 9900
kgm–3, σ = 2.5 Nm–1, χ = 1, and ε = 0.2 µm. The radius, re, of
the zone of good adhesion increases with an increase in the sub-
strate roughness and decreases with an increase in the solidifica-
tion velocity in the lower part of the splat.

Fig. 7 Final stage of droplet impingement onto a substrate surface

Fig. 8 Variation of ratio ζ along the droplet-substrate interface (Ref
22)
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The experimental data concerning plasma spraying of mo-
lybdenum powder particles onto glass and molybdenum sub-
strates show that only the central part of the molybdenum splat
adheres to the substrate surface. This part represents less than
10% of the initial particle volume (Ref 25).

According to the equation of droplet mass conservation dur-
ing flattening (Ref 1), when Vs = 0, in this case re = 0.3 R and ηe
= 0.3. Intersections of the line ζ = 1 with the curves in Fig. 8 give
η = ηe. It is seen that ηe < 0.3, and this agrees well with the ex-
perimental results presented in Ref 23.

The influence of the substrate deformation on the splat-sub-
strate mechanical interaction is analyzed in Ref 23. The concave
form of the substrate is shown to cause an increase in rm and a
decrease in Pm. Thus, an increase in the positive substrate curva-
ture leads to a decrease in pressure generated upon the droplet
impact and to a more uniform distribution of this pressure. Such
a situation occurs because in this case some part of the kinetic
energy of the impinging droplet is used for deformation of the
substrate and the rest of the kinetic energy, which contributes to
the development of pressure decreases.

From the results obtained in Ref 23 it follows that an increase
in the positive substrate curvature gives rise to a decrease in the
value of rc and, hence, to a decrease in the central area of the
splat where good adhesion between the coating and the substrate
and poor coating porosity can be observed.

The previously mentioned results can be also applied to the
situation when the impinging droplets are not deposited onto the
substrate surface but onto already deposited coating layers.

5. Dynamics of Splashing

Splashing plays a key role in the splat formation (Ref 19, 24,
36). Splat-substrate interaction and solidification of the lower
part of the splat is reported to be a critical issue for splashing
(Ref 19, 20, 37-40).

The experimental results show that on a smooth surface
splashing occurs at low substrate temperatures, Ts, and does not
occur at higher temperatures. A transition substrate temperature,
Ttr, is shown to exist for different substrate materials (Ref 19, 41,
42). This temperature defines the thermal interval of splashing
in such a way that splashing occurs when an initial temperature
of the substrate, Tso, is lower than Ttr. Splashing is absent when
Tso = >Ttr (Fig. 9). Splashing occurs more easily on a rough sur-
face of the substrate (Ref  2, 36). It does not occur when the splat

radius, R, is in a certain interval of values depending of the spac-
ing of roughness (Ref 36). This article follows Ref 20 and 41 to
give the main results of an analysis of the mechanisms of the de-
velopment of splashing during thermal spraying.

5.1 Splashing on a Smooth Surface

The splashing observed on a smooth substrate surface can be
explained as follows: High pressure developed upon the droplet
impact contributes to establishing close contact between the
substrate and the central part of the splat where r = ≤ r*. This
pressure causes an increase in the melting point, Tk, of the liquid
phase of the droplet and development of a supercooling ∆Tp in
addition to a thermal supercooling ∆Th created by cooling due to
the heat removal from the splat (Ref 37, 38).

The contact thermal resistance, Rc, at the substrate-splat in-
terface slows down heat transfer from the splat to the substrate
and, hence, a cooling velocity, Vc, of the liquid splat. As a result
under a low initial temperature, Tso, of the substrate, the super-
cooling ∆Th could be insufficient for crystallization of the splat
to occur, and the main contribution to the total supercooling
would be ∆Tp. In this case the splat crystallization will occur in
the region of the best contact between the splat and the substrate
where r = ≤ r*. Due to this, the form of the central part of the
splat will be kept regular (disk-shaped). Splashing will occur
when r = ≥ r* and splash-shaped (finger-shaped) splats will
form (Ref 36).

An increase in the initial temperature of the substrate, Tso,
leads to a decrease in the contact thermal resistance, Rc (e.g., due
to decomposition of impurities at the interface), and to an in-
crease in the heat removal from the splat (Ref 25). Then the
value of ∆Th increases. When Tso attains the transition (critical)
value, Ttr, the supercooling achieves its critical value ∆T*. This
allows solidification of the whole splat to occur. This leads to an
increase in the splat radius, R, and formation of regular disk-
shaped splats (Ref 19, 42). Note that ∆Tp is important mostly in
the central part of the splat where high pressure is developed and
becomes less important at the periphery of the splat when the
pressure decreases (Ref 22). Supercooling ∆Tp can be estimated
as (Ref 15):

∆Tp = TkP(ρqp)
–1 (Eq 24)

where Tk is the melting point of the droplet material.
Pressure developed in the central part of the splat can be pre-

sented in a form of Eq 22 (Ref 22). For example, in the case of
plasma spraying of zirconia with the same parameters as pre-
viously mentioned, it is obtained from Eq 22 that P = 3.18 ⋅ 108

Nm–2 and ∆Tp = 229 °C for Rp = 15 µm, σ = 0.5 Nm–1, and ε =
0.05 µm. The value of ∆Tp is even higher as the pressure in-
creases Tk. Supercooling ∆Th is developed due to removal of the
heat from the splat to the substrate with the heat flux, q, which
can be estimated as follows: q = αc (Tsp – Tsb), where Tsp and Tsb
are the temperatures of the splat and the substrate respectively at
the interface, and αc is the contact heat transfer coefficient at the
substrate-splat interface (αc = Rc

−1). Taking into account that Tsp
= Tk + ∆Toh and ∆Th = Tk – T, where ∆Toh is an initial overheat-
ing of the splat and T is a current temperature of the splat, the
equation for the supercooling ∆Th is:

Fig. 9 Scheme of formation of splats on a smooth substrate surface
with splashing (Tso < Ttr) and without splashing (Tso > Ttr)
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∆Th = Tsb + qαc
−1 − ∆Toh − T (Eq 25)

Total supercooling ∆T is equal to the sum of ∆Tp and ∆Th:

∆T = ∆Th + ∆Tp (Eq 26)

Beginning the process of crystallization of the splat it is nec-
essary to achieve embryos of crystallization with a critical size,
rk, which are formed due to supercooling. During the growth of
a spherical embryo the following heat, Q1, is released:
Q1 = 4πrk

3qpρ/3.
It is considered that the density of the liquid phase of the splat

is equal to that of the solid phase. Due to Q1, the heating of the
spherical layer rk ≤ r ≤ r1 around the embryo takes place from a
current temperature, T, to a temperature, T1, which should not
exceed Tk. The following heat, Q2, is spent for this heating:
Q2 = 4π(r1

3 − rk
3)ρc1δT/ 3 where δT = T1 – T and c1 is the spe-

cific heat of the splat material. From the balance equation Q1 =
Q2, rk

3qp = c1δT(r1
3 − rk

3) is obtained. The value of δT can be pre-
sented as: δT = ∆T – ∆1T, where ∆ 1T = Tk – T1 and ∆1T charac-
terizes approaching the temperature T1 to Tk, that is, decreasing
of the supercooling due to release of the latent heat of fusion.
Then, ∆1T = ∆T − qprk

3 [c1(r1
3 − rk

3)]−1. To have ∆1T = >0 it is
necessary for the supercooling ∆T to exceed some critical value
∆Tc. This value is obtained when ∆1T = 0:

∆Tc = qp[c1(r1
3rk

−3 − 1)]−1 (Eq 27)

For example, in the case of plasma spraying of zirconia, qp =
0.71 ⋅ 106 Jkg–1 and c1 = 604 J (kgK)–1 (Ref 39). Taking r1 =
1.9rk, from Eq 27, ∆Tc = 201 °C. Thus, when the supercooling
∆T in the splat liquid phase attains the value of ∆Tc, the splat so-
lidification starts in the lower part of the splat, extends in the di-
rection of the upper surface of the splat, and influences
splashing.

The time for establishing supercooling is about the charac-
teristic time, td, of the heat diffusion in the lower part of the splat
with a thickness δ, that is td = δ2a–1, where a is the thermal dif-
fusivity of the splat material. The value of td must be compared
with the characteristic impact time tim = RpU

–1. The ratio Ω1 of
td to tim is Ω1 = δ2U (aRp)

–1.
In the case of plasma spraying of zirconia coatings with a

thickness, b, when a = 6.7 × 10–6 m2s–1, α = 0, β = 0, and δ =
0.2b, from Ref 14 and 17, b = 0.8 µm and Ω1 = 0.5. Thus, criti-
cal supercooling is established during the droplet impact, and
solidification influences splashing and droplet flattening. Under
high supercooling crystal growth occurs according to the rela-
tion between the critical velocity of solidification, Vkc, and the
critical supercooling ∆Tc. From Ref 40 Vkc = K(∆Tc)

2, where K
is the empirical coefficient. Taking into account that a cooling
velocity in the splat can be presented as Vc = VkG, where G is the
thermal gradient, the following equation for the critical cooling
velocity, Vc, is:

Vcc = G(K∆Tc)
2 (Eq 28)

Thus, the critical supercooling in the splat is achieved when
Vc = Vc*, and solidification of the splat takes place if Vc = ≥ Vcc.
Using Eq 28 it is also possible to estimate the value of ∆Tc when

the critical cooling velocity is known. Supercooling can also be
presented as:

∆T = Vc[(GK)–1]1/2 (Eq 29)

5.2 Splashing on a Rough Surface

Splashing on a rough surface depends on surface morphol-
ogy, particularly on the average peak spacing, s. A valley of
roughness on the substrate surface must be sufficiently wide to
allow the splat to be flattened to its final diameter, D = 2R, or it
will spill over the roughness peak into the next valley to form
splashes (Ref 36). Therefore, the final diameter of the splat must
be less than the spacing, s, between the peaks. If the value of D
is much smaller than s, the impinging small droplets will strike
the side of the valley and then run downhill to form splashes. Ex-
periments show that to minimize splashing the splat diameter
must be in the interval between s and 0.25 s (Ref 36): 0.25 s < D
< s. Splashing occurs when D is outside this range. When it is in-
side, the kinetics of splashing are similar to that for the smooth
surface.

5.3 Comparison with the Experimental Data

Consider plasma spraying of zirconia powder particles.
From Ref 42 it follows that in this case the critical cooling veloc-
ity, Vcc, is equal to 5.48 × 108 Ks–1. Taking ∆Tc = 201 °C (as was
found previously) and estimating G, which is equal to 107 Km–1

(Ref 42), it is obtained from Eq 28 that K = 1.36 × 10–3 m(Ks)–1.
Putting Vc = Vc1 = 1.4 × 108  Ks–1, it is obtained from Eq 29 that
∆T = 101 °C < ∆Tc. When Vc = Vc2 = 6 × 108 Ks–1, it is ob-
tained from Eq 29 that ∆T = 210 °C > ∆T*. The cooling velocity,
Vc1, corresponds to Tso = 348 K, and the value of Vc2 corre-
sponds to Tso = 573 K (Ref 42). Therefore, the transition sub-
strate temperature must correspond to Tso = Ttr, which is

Fig. 10 Variation of parameter ηe with respect to particle radius 
(Ref 41)
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between 348 and 573 K. It follows from Ref 42 that the value of
Ttr = 523 K.

The substrates in Ref 42 exhibit a low roughness. With the
“cold”  substrate (Tso = < Ttr), as shown in Fig. 10, the central
disk-shaped part of the splat can be considered to have a radius
in the interval 0.16 to 0.51 R. With the “hot”  substrate (Tso = >
Ttr), no splashing occurs, and the value of R can be estimated
from Part I (Ref 1) of this review. With ε = 0.05 µm and the pa-
rameters corresponding to plasma spraying of zirconia, from
Part 1 R = 71 µm. This value of R is in the range of the experi-
mentally observed values of R, which vary from 69 to 137 µm
for the initial powder size distribution from 22 to 45 µm (Ref
42). Thus, the theoretical results agree with the experimental ob-
servations.

6. Spraying at Off-Normal Angles

Thermal spraying at off-normal angles is used in some spe-
cial applications (e.g., development of the coating in the inner
part of a pipe), and it can influence markedly the coating struc-
ture and properties (Ref 43-46). The coating quality depends
significantly on the flattening of thermally sprayed droplets and
the droplet-substrate mechanical interaction when the adhesive
bonds are developed.

Plasma and flame spraying of alumina and molybdenum
powders at angles ranging from 90 to 45° (with some measure-
ments at 30°) was investigated in Ref 43, and measurable vari-
ations in deposition efficiency, surface roughness, and porosity
over the angular range studied were reported to occur. In Ref 44
the effect of different deposition angles in the range from 90 to
30° on the properties of tungsten carbide-cobalt coatings
sprayed by detonation gun and plasma techniques was studied.
Tucker and Price (Ref 44) stated that some changes in micro-
structure were detected at low angles of deposition, and there ap-
peared to be little change in coating hardness, strain to failure,
alumina erosion, or low stress abrasion resistance as a function
of angle of spraying between 90 and 45°.

An investigation of the effects of droplet impact angle in at-
mospheric plasma spray deposition of aluminum, aluminum ox-
ide, copper, 95Ni-5Al alloy, and molybdenum powders onto
type 304 stainless steel plates has been undertaken (Ref 45).
Also aluminum wire was deposited by single-wire plasma, twin-
wire arc, and combustion flame spray processes. It was shown
that the deposition efficiency and coating porosity started to
change markedly at ϕ = 45°. Substantial changes in deposition
efficiency and coating porosity that could affect coating proper-
ties and process performance were observed at ϕ = 30° for many
of the cases studied. On the basis of these observations Smith,
Neiser, and Dykhuizen (Ref 45) conclude that the angle ϕ = 45°
can be recommended as a general limit for off-normal thermal
spraying for achieving quality coatings.

In Ref 46 the influence of the substrate orientation on the
coating formation was studied for the vacuum plasma spray
forming of astroloy. It was shown that the spray angle had an es-
sential effect on the splat morphology and deposit charac-
teristics including the porosity level, the deposition efficiency,
the deposit thickness, and the microhardness.

Engineering practice requires simple formulas that permit
estimation of these processes. Much has been done in relation to

the flattening of droplets during thermal spraying at normal an-
gles (Ref 2, 17), However, quantitative information about the in-
fluence of thermal spraying at off-normal angles on droplet
flattening and droplet-substrate mechanical interaction is neces-
sary. This information includes formulas describing the time
evolution of the splat thickness, b, splat radius, R, rate charac-
teristics, db/dt, dR/dt, and pressure, P, developed and the de-
pendence of the final values of these parameters on the Reynolds
number, Re, taking into account a droplet impact angle, ϕ. These
analytical results, which are in agreement with the experimental
data, were obtained in Ref 30 and 47.

Consider a droplet of radius, Rp, impinging under an angle ϕ
(between a substrate and the centerline axis of the spraying gun)
onto the substrate surface and forming a cylindrical splat (disk)
of radius, R, and thickness, b, which vary with time, t, during
flattening. The splat circularity (a shape factor of elongation,
unity being a perfect circle) decreases with a decrease in the
spray angle, ϕ, and an assumption on the splat circularity can be
considered reasonable up to ϕ, approximately 45° (Ref 46).

As was established in Ref 30 and 47 the mean pressure in the
splat Pa is given by the formula:

Pa = P0 – µFb2(3 – cos ϕ)/(9r3) + aρFb2(1 – cos ϕ)/(3r) (Eq 30)

From Eq 30 it follows that the pressure has the value, Pm, at
the distance r = rm of approximately 0.1 µm:

rm = Rp(1 – cos ϕ)–1[2 Re*
–1(3 – cos ϕ)]0.5 (Eq 31)

Pm = P0 + ∆P (Eq 32)

where ∆P = 0.157ρUnFb2Rp
–2 Re*

–0.5(1 – cos ϕ)2 (3 – cos ϕ)–0.5

Re* = Re ψo(ϕ)

Re = 2Rp|U|ρµ–1 

ψo = sin ϕ (1 – cos ϕ)–1

and where Re* is an effective Reynolds number depending on ϕ.
Because the splat circularity can be considered to occur when
90° ≤ ϕ ≤ 45°, the value of ψo varies from 1 to ~2.4.

When ϕ = 90°, from Eq 31 and 32 the formulas for rm and Pm
are obtained, corresponding to thermal spraying at normal an-
gles (Ref 22). From Eq 31 and 32 it follows that the value of rm
increases and the value of Pm decreases with a decrease in ϕ.
Therefore, as the thermal spraying angle decreases, the maxi-
mum pressure developed during the droplet impact decreases,
and the location of the maximum is displaced outward toward
the splat periphery. Thus, the radial pressure distribution be-
comes more uniform than for spraying normal to the substrate
surface (90°).

Using Eq 32 the following equation is obtained for the final
value of the maximum increase in pressure ∆Pf:

∆Pf = 0.116ρp|U|2 Re0.75η1(ϕ) (Eq 33)

where η1(ϕ) = sin2.75 ϕ(1 – cos ϕ)1.25(3 – cos ϕ)–0.5.
The value of ∆Pf is maximum at ϕ = 90° and decreases with

a decrease in the spraying angle. The final splat thickness, ra-
dius, and rate characteristics have the form:
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ζf = 1.826 Re*
–1/2 (Eq 34)

ξf = 0.8546χ*
1/2 Re*

1/4  χ* = χsin ϕ (Eq 35)

When ϕ = 90° the formulas describing the flattening charac-
teristics during thermal spraying at normal angles are obtained
when α = 0 and β = 0. Figures 11 and 12 show variations of
spraying parameters with respect to Re and ϕ. A decrease in the
spraying angle, ϕ, causes a decrease in the normal component,
Un, of the droplet velocity, U (Un = |U|sin ϕ). According to the
theoretical and experimental data available this contributes to a
decrease in the final splat thickness ζf (Ref 45) and hence to an
increase in the final splat radius, ξf. On the other hand, a de-
crease in ϕ leads to a decrease in the radial component, Vr, of the
flow velocity, V, and the velocity of spreading of a droplet. This
contributes to an increase in ζf and a decrease in ξf. Finally a
geometrical factor ψo(ϕ) increases with a decrease in the spray-
ing angle ϕ.

Thus, during thermal spraying at off-normal angles the effec-
tive Reynolds number, Re*, increases with a decrease in ϕ.
Therefore, the final splat thickness, ζf, decreases when ϕ de-
creases (Ref 47). The final splat radius ξf depends also on the ef-
fective splashing factor χ*. Because this factor decreases with an
increase in ϕ and the geometrical factor, ψo (ϕ), increases when
ϕ increases, the behavior of ξf in general is nonuniform with re-
spect to ϕ. When the spraying angle decreases these flattening
characteristics increase, and at ϕ = ϕm they reach the maximum
values. The further increase in ϕ leads to a decrease in ξf (Ref
47).

From Eq 35 it follows that ϕm = 60°. The value of ξf in-
creases when ϕ decreases from 90 to 60°, has the maximum at ϕ
= 60°, and then decreases as ϕ increases. The value of ξf at ϕ =
45° is less than at ϕ = 60° and is very close to that at ϕ = 75°. For
this reason it cannot be shown properly in Fig. 12.

The pressure developed during the impact of the droplet in-
fluences the droplet-substrate microadhesion. To obtain good
adhesion, it is necessary to force the surfaces of the substrate and
the droplet together. The very high pressure developed during
the droplet impact and flattening makes this possible. It can be

shown that the substrate-droplet microadhesion decreases with
a decrease in the spraying angle ϕ (Ref 30). Therefore, microad-
hesion is maximum during spraying at normal angles when ϕ =
90°.

Gas porosity formed in thermal spray coatings can be de-
creased by applying high pressure, which is developed upon the
droplet impact (Ref 10-12). This pressure must exceed mostly
the capillary pressure at the gas-liquid droplet interface, which
is significantly greater than the atmospheric pressure. The ra-
dius of pores, Rpr, can be approximated using the following
equation (Ref 11):

Rpr = R0[2σR0
−1(Pa + 2σR0

−1)−1]Γ (Eq 36)

where Γ = (3υ)–1, R0 is the radius of a gas bubble in a liquid
splat, which after solidification is transformed in a pore, and υ is
the specific heat ratio. From Eq 36 it follows that the pore size is
minimum at ϕ = 90° and increases with a decrease in the spray-
ing angle. As P0 < < ∆P, the final value of the pressure, Pa, can
be taken equal to the final value of ∆P. This value of ∆P exceeds

Fig. 11 Variation of final splat thickness with the Reynolds number at
different spraying angles (Ref 47)

Fig. 12 Variation of final splat radius with the Reynolds number at
different spraying angles (Ref 47)

Fig. 13 Variation of relative porosity with respect to spraying angle
(Ref 30)
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the capillary pressure term, and the latter can be neglected in the
denominator of Eq 36. Thus, from Eq 36:

RR0
−1 = (2σPa

−1R0
−1)Γ (Eq 37)

Under an assumption that the number of pores remains the
same at different pressure conditions, the parameter R R0

−1 de-
pending on ϕ can be considered as a relative porosity. From Eq
37 it follows that the ratio, E, of the difference between the val-
ues of this parameter at any spraying angle, ϕ, and at normal an-
gle 90° to that determining relative porosity at any spraying
angle, ϕ, in terms of the pressure is:

E = {[Pa(90°) – Pa(ϕ)]/Pa(90°)}Γ (Eq 38)

The ratio, E, in Eq 38 increases with a decrease in ϕ. Figure
13 presents the values of E calculated for different angles. In the
same figure a fit to the experimental values of the relative poros-
ity of the aluminum coatings plasma sprayed onto a stainless
steel and the experimental values of the relative porosity are
given. The experimental data were taken from Ref 45. The theo-
retical results are seen to be in a reasonable agreement with the ex-
perimental observations at off-normal angles between 30 and 90°.

Montavon et al. (Ref 46) showed that the deposit thickness
decreases with an increase in ϕ. When the spraying angle
changes from 90 to 45° the deposit thickness decreases by a fac-
tor of approximately three. From Fig. 11 it follows that the final
splat thickness, ζf, decreases by a factor of approximately 1.5
when ϕ changes from 90 to 45 °. It could be assumed that the de-
posit thickness, which includes many splats, is more sensitive to
the variations of ϕ and is subjected to a larger decrease.

The conclusion of Ref 45 that the 45° angle can be recom-
mended as a reasonable limit for off-normal thermal spraying
for the development of the quality coatings is also supported by
the results. It was shown that the final splat radius attained the
maximum value at ϕ = 60°, then decreased when ϕ enhanced.
Its value at ϕ = 45° differed insignificantly from that at ϕ = 60°.
Thus, the angle ϕ = 45° can be recommended as a reasonable limit
for off-normal thermal spraying for achieving the quality coatings.

7. Conclusions

A decrease in the contact wetting angle between the splat and
the substrate leads to a decrease in the splat thickness and an in-
crease in the splat radius that contributes to reinforcement of the
splat-substrate adhesive bonding. The splat porosity increases
with an increase in the contact wetting angle. Influence of wet-
ting on the flattening process decreases with an increase in the
velocity of the droplet impingement onto the substrate surface
and a decrease in the substrate initial temperature.

The analytical results, taking into account the surface effects,
give an underestimated value of the final splat thickness and
overestimated values of the final splat radius and the charac-
teristic time of finishing of flattening. It follows that it is neces-
sary to use the analytical results based upon the prime influence
of the viscous effects on the flattening parameters.

The approximate formulas describing the time evolution of
the splat thickness and radius during the flattening process and
the pressure developed on the droplet impact are established tak-
ing into account the substrate deformation. The positive sub-

strate curvature leads to an increase in the splat thickness and to
a decrease in the splat radius and the pressure developed. The
time of finishing of the flattening process is obtained, which is
less than the same time in the case when the substrate deforma-
tion is absent. The surface roughness is shown to hinder flatten-
ing more intensively than the positive curvature of the substrate.

Droplet-substrate microadhesion and coating porosity are
shown to depend significantly on the ratio between the pressure
developed upon impact and the capillary pressure. Microadhe-
sion is found to be maximum in the central part of the splat and
to decrease in the direction of its periphery, while coating poros-
ity is shown to be minimum in the central part of the splat and to
increase toward its periphery. Droplet-substrate microadhesion
increases with an increase in the density and velocity of the im-
pinging droplet and the roughness of the substrate surface. Mi-
croadhesion decreases with an increase in the droplet mass loss
upon impact and the surface tension at the droplet-substrate in-
terface. Coating porosity demonstrates an opposite behavior
with respect to the previously mentioned parameters.

Supercooling established in the flattening droplet is shown to
consist of thermal supercooling and supercooling formed due to
high pressure developed upon the droplet impact. Solidification
starts when the supercooling exceeds the critical value corre-
sponding to the critical value of the cooling velocity, which in
turn corresponds to the critical (transition) initial temperature of
the substrate. With the “cold”  smooth substrate when Tso is <Ttr,
the marked contribution to supercooling is due to its high pres-
sure part. In this case a disk-shaped splat is formed in the central
part, then splashing occurs, and the splash-shaped splats are
formed at the periphery. With the “hot”  smooth substrate (Tso is
>Ttr) the thermal supercooling is high enough to allow solidifi-
cation in the lower part of the whole splat. As a result, no splash-
ing occurs and a regular disk-shaped splat is formed. On a rough
surface of the substrate splashing does not occur when the final
splat diameter is in the certain range of values with respect to the
average peak spacing of the surface roughness.

Analytical formulas describing variations of the final values
of the splat thickness and splat radius with the Reynolds number
and the spraying angle are established. In thermal spraying at
off-normal angles the final splat thickness decreases with a de-
crease in the spraying angle. The final splat radius varies
nonuniformly with a decrease in the spraying angle and attains
the maximum value when this angle is 60 °. The 45° angle can be
recommended as a reasonable limit for off-normal thermal
spraying for achieving the quality coatings. An analytical for-
mula for the droplet pressure during impact on a substrate sur-
face predicts a decrease in pressure and a more uniform
distribution with a decrease in the spraying angle. Substrate-
coating microadhesion is predicted to be a maximum during
spraying at normal angles and to decrease when the off-normal
angle decreases. Coating porosity is a minimum during thermal
spraying at normal angles and increases with a decrease in the
spraying angle.
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