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Properties of the coatings developed during thermal spraying are essentially determined by rapid solidi-
fication of splats formed as a result of impingement of the melted powder particles onto a substrate sur-
face. The processes of flattening droplets and formation of splats in thermal spraying have been studied
intensively during the last two decades. The last review on this topic was published at the end of 1994.
Since then many papers have been dedicated to investigating splat formation, taking into account such
important issues as roughness of the substrate surface, wetting phenomena, and splashing. This review,
consisting of two parts, includes the main results obtained since 1994 and examines the influence of so-
lidification of the lower part of the splat, substrate roughness, wetting at the substrate-coating interface,
substrate deformation, oxidation, and splashing on the dynamics of flattening of droplets and the forma-
tion of splats. Flattening of composite powder particles, splat-substrate interaction, and development of
splat-substrate adhesion and splat porosity are discussed. Part 1 of the review covers the following issues,
which significantly influence the droplet flattening and splat formation: droplet solidification during
flattening and roughness of the substrate surface, composite morphology of the powder particles, and
oxidation processes. The results provide a better understanding of the thermal spray processes to in-
crease their efficiency.

1. Introduction

Coating quality obtained during thermal spraying depends
greatly on the dynamics of flattening the molten powder parti-
cles. During the last two decades this process has been studied
intensively by analytical, numerical, and experimental methods
(Ref 1).

Flattening of the thermally sprayed particles (droplets) de-
fines the size and the form of splats developed on the substrate
and/or on the prior-deposited coating layers. Solidification of a
single splat plays an essential role during thermal spraying be-
cause it is almost independent of solidification of the other
splats. Thus, the structure and properties of a coating can be con-
sidered in terms of formation and solidification of the single
splats (Ref 1-5).

The principle findings of investigations, which were under-
taken earlier and reviewed in Ref 1, are:

• The kinetics of the droplet flattening depend upon the drop-
let size and the impact velocity.

• Initially, just after impact, inertial effects dominate. The
viscous flow effect becomes more important as the droplet
spreads, and the influence of the surface energy could be-
come a significant factor toward the end of the spreading
process.

• The major part of the kinetic energy of the impinging drop-
let is dissipated in overcoming the viscous forces of the
flowing droplet. Therefore, the analytical results based on
this assumption agree very well with the experimental data.

• Solidification of an impinging droplet occurs during its
flattening and significantly influences the splat formation.

• The effect of splashing is very important for the develop-
ment of splats.

During recent years much attention has been given to further
investigation of the droplet flattening and splat formation, tak-
ing into account different physical processes. Simple analytical
formulas, which are necessary for engineering practice to esti-
mate the parameters of the flattening process, were obtained.

The present review deals with the results obtained after the
publication of the paper (Ref 1) and covers the following issues
that influence droplet flattening and splat formation: roughness
of the substrate surface, droplet solidification during flattening,
composite morphology of the powder particles, oxidation proc-
esses, wetting and surface phenomena, substrate deformation,
splashing of the impinging droplets, and splat-substrate interac-
tion.

Better understanding of the previously mentioned processes
contributes to an increase in efficiency of the thermal spray ap-
plications. The present review consists of two parts. In Part 1 the
influence of solidification and substrate roughness, composite
morphology of the powder particles and oxidation processes on
the flattening of droplets, and the formation of splats in thermal
spraying are considered. Part 2 involves analysis of issues such
as wetting and surface phenomena, splat-substrate interaction,
splashing of the impinging droplets and substrate deformation
on the droplet flattening, and splat formation.
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2. Influence of Solidification and 
      Surface Roughness

The main focus of the papers reviewed in Ref 1 was to ana-
lyze droplet flattening onto a smooth surface without taking into
account the splat solidification and the surface morphology.
However, the surface roughness significantly alters the flatten-
ing dynamics (Ref 6-10), as does the surface-splat friction (Ref
9, 10). The droplet solidification also influences markedly the
droplet flattening (Ref 1, 11-14). The droplet mass loss during
impingement due to splashing must also be taken into account
(Ref 1, 8-10, 14).

In Ref 7 several types of an idealized rough surface were con-
sidered, and the two parameters characterizing roughness and its
influence on the flattening process were introduced, that is, (a)
volume of the valley space corresponding to a unit area of the
surface and (b) flowability of a spreading droplet in the valley of
the rough surface. With an averaging of the droplet flow, the for-
mulas for the splat diameter and the time of flattening were ob-
tained. It was shown that the ratio of the splat diameter, D, to
that of the droplet, dp, could be approximately presented as
D/dp = 1.06Re1/6, where Re is the Reynolds number. In Ref 7,
solidification of the flattening droplet was not taken into ac-
count. 

Nomenclature

aL Relative volume of oxidation in splat
aS Solid phase thermal diffusivity, m2/s
b Splat thickness, m
dp Particle diameter, m
D Splat diameter, m
Do Coefficient of diffusion of oxygen, m2/s
Dmv Dynamic component of coefficient of diffusion, m2/s
De Effective coefficient of diffusion of oxygen, m2/s
RP Particle radius, m
U Particle (droplet) impact velocity, ms–1

R Splat radius, m
t Time, s
r Radial coordinate, m
f Friction coefficient
o1 Dimensionless parameter: o1 = RpVs/εU
o2 Dimensionless parameter: o2 = RpVs/δU
qp Latent heat of fusion of the droplet material, J/kg
P Pressure, N/m2

VS Solidification velocity, m/s
Vdf Volume of diffusive layer, m3

tS Characteristic solidification time, s: tS = δ/VS
tc Characteristic impact time, s: tc = Rp/U

tr Characteristic time, s: tr = ε/VS
tox Characteristic time of oxidation, s
tp Characteristic time, s: tp = bU–1

Ap Dimensionless parameter: Ap = 1 – δox/δdf
A Liquid phase thermal diffusivity, m2/s
Rc Contact thermal resistance, m2K/W
Rco Contact thermal resistance at the interface, m2K/W
Rcp Contact thermal resistance of the precipitate layer,

 m2K/W
R1 Layer thermal resistance, m2K/W
T Splat temperature, °C
TS Substrate temperature, °C
Ttr Transition temperature, °C
m Mass, kg
qmx Mass flux, kg/m2s
Sp Particle surface area, m2

Z Dimensionless parameter: Z = mox/mp
M Dimensionless parameter in Eq 28
H Dimensionless parameter in Eq 29
X Dimensionless parameter in Eq 33
Re Reynolds number: Re = 2RpUρ/µ
Ree Effective Reynolds number: Ree = 2RpUeρ/µe

Greek symbols

α Dimensionless parameter: α = ε/Rp
αC Contact heat transfer coefficient at the splat-substrate

 interface, W/m2K
β Dimensionless parameter: β = VS/U
δ Thickness of splat lower part, m
δ1 Layer thickness, m
∆P Increment of pressure, N/m2

ε Roughness size, m
ζ Dimensionless splat thicknes: ζ = b/Rp
θ Dimensionless time: θ = URp

−1t
λ1 Layer thermal conductivity, W/mK
µ Droplet dynamic viscosity, Ns/m2

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

ρL Liquid phase density, kg/m3

ρS Solid phase density, kg/m3

ρox Oxide density, kg/m3

ϕ Solid volume fraction
ϕox Volume fraction of oxidation
χ Dimensionless parameter of droplet mass loss
ψ Correction factor
ω Correction factor
Ω Correction factor

Subscripts

o Initial
* Characteristic
e Effective
f Final

p Particle
ox Oxidized material
df Diffusive
m Maximum
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At the same time modeling of the flattening process under-
taken in Ref 11, 12 and analytical estimates obtained in Ref 13
within the framework of the Stefan problem show that spreading
of the liquid droplet during flattening and solidification cannot
be considered separately, and solidification plays an important
role in the entire process.

The general approach to the theoretical analysis of the flat-
tening process developed in Ref 15 results in analytical formulas
for the flattening characteristics that agree well with the experi-
mental data. This approach has been used in Ref 6, 8 to 10, and
14 to investigate the effect of surface roughness and solidifica-
tion on the droplet flattening and the splat formation.

2.1 Droplet Flattening

Consider the droplet flattening on two types of surfaces:
rough and smooth. Assume at first that a droplet of radius, Rp,
and velocity, U, impinges normally onto a rough surface of the
substrate or previously deposited coating layer and that it forms
a cylindrical splat (disk) of radius, R, and thickness, b, both of
which vary with time, t, during flattening (Fig. 1). The rough
surface is characterized by the roughness parameter, α, which is
equal to the ratio of the roughness height, ε, to the particle ra-
dius: α = εRp

−1.
Flattening and cooling begin immediately after droplet im-

pingement. The main cooling is caused by heat removal from the
lower part of the splat adjacent to the substrate (Ref 16-18). This
heat removal depends essentially on the initial temperatures and
the thermophysical properties of the substrate and the splat and
also on the contact thermal resistance at the substrate-splat inter-
face. The heat removal to the substrate exceeds considerably the
heat removal from the upper surface of the splat to the surround-
ing gas atmosphere (Ref 16-18).

The solidification front moves from the interface with a ve-
locity, Vs, to the interior of the splat. The values of Vs can be de-
termined by the methods described elsewhere (Ref 16, 19). The
solidified region of the splat gradually decreases the overall sur-
face roughness and will remove it completely at the time
tr = εVs

−1. The degree of influence of the splat solidification on
the surface roughness is defined by the ratio, o1, of the impact
time , tc = RpU

–1 to tr (Ref 6):

o1 = RpVs /εU (Eq 1)

For the flattening process, the important characteristic is so-
lidification of the lower part of the splat with the thickness, δ.
Then the characteristic time of solidification is ts = Vs

−1δ. The ra-
tio, o2, of the impact time, tc, to ts is:

o2 = RpVs /δU (Eq 2)

When δ = ε, Eq 2 becomes the same as Eq 1. The ratio β of
the solidification velocity, VS, to that of the droplet impact, U, is
also an important parameter of the flattening process:

β = Vs /U (Eq 3)

From Eq 1 and 3:

o1 = β/α (Eq 4)

For example, in the case of the plasma spraying of a metallic
powder onto an aluminum alloy substrate when Rp = 20 µm, Vs
= 5 ms–1, δ = 1 µm, and U = 100 ms–1, then from Eq 2, o1 = 1.
Thus, generally, splat solidification must be taken into account
when splat flattening is considered. In the particular cases when,
for example, the impact velocities, U are high (U = 800 ms–1)
and the solidification velocities, Vs, are relatively small (Vs =
0.5 ms–1), splat solidification could be considered in some ap-
proximation to occur after completion of the flattening process
(Ref 1, 7, 20). This situation would correspond to high velocity
oxygen fuel (HVOF) spraying of the alumina particles. But this
separation of flattening and solidification must be treated very
carefully because solidification of the lower part of the splat,
even though the thickness of the solidified layer is very small,
influences significantly the dynamics of the flattening process
(Ref 11-14).

 Splat solidification may be slowed by the contact thermal re-
sistance at the substrate-splat interface and by the time delay for
nucleation of a solid as the crystalline structure is developed
(Ref 1, 21, 22). The contact thermal resistance decreases the so-
lidification velocity, Vs, which still remains high (Ref 16, 18).
The ratio, N, of the nucleation time to the impact time in the case
of homogeneous nucleation was estimated to be large for ther-
mal spray applications (Ref 1, 22). In reality, homogeneous nu-
cleation is unlikely to occur during thermal spraying because of
the presence of the inclusions and solid phases (carbides, oxides,
etc.) in the impinging droplet. It is also possible that partial so-
lidification of the droplet occurs before impingement (Ref 1,
21). The parameter, N, is usually assumed to be significantly
smaller than unity (Ref 1, 6, 8-10). Hence, the delays in nuclea-
tion have no practical influence on solidification of the lower
part of the splat during flattening.

The impingement process is often associated with the loss of
some part of the droplet mass due to splashing and partial re-
bounding of the droplets during impingement onto the substrate
(Ref 1). This mass loss can be characterized by the ratio, χ, of the
droplet mass, which remains after these events to the initial mass
of the impinging droplet (Ref 6, 8-10).

2.2 Surface Roughness

To take into account the surface roughness during the flatten-
ing process, it is assumed that roughness increases the value
of the shear stress because of the friction between a flatteningFig. 1 Schematics of a droplet impingement at a substrate surface
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droplet and the rough surface. Assuming that the flow is tur-
bulent,the Blench formula can be used for assessing the fric-
tion coefficient, f (Ref 23):

f = 0.79α1/2 (Eq 5)

In Ref 6 the roughness, ε, is considered to change during the
splat solidification according to the formula:

ε = εo – Vst (Eq 6)

For simplicity, the rough surface is assumed to consist of the
rectangular “ teeth”  of the height, ε (Ref 6). Their height is as-
sumed to be equal to the distance between them (Fig. 1). Then,
the variation of the splat thickness, b, due to the surface rough-
ness can be taken as b – 0.5ε. By taking into account splat solidi-
fication and droplet mass loss, the mass conservation condition
can be written as:

4χRp
3/3 = R2(b − 0.5ε − Vst) (Eq 7)

From Eq 7 the following equation for the splat radius, R, is:

R = 2Rp(χRp/3)1/2(b – 0.5ε – Vst) (Eq 8)

In the case of a smooth surface, the friction between it and the
splat can be described by the following coefficient of friction, f
(Ref 23):

f = 0.316Re–0.25 (Eq 9)

Transient characteristics of the droplet flattening on a rough
surface were obtained in Ref 6, based upon the previous equa-
tions. They include analytical formulas describing variations of
the dimensionless splat thickness, ζ = b/Rp; the dimensionless
splat radius, ξ = R/Rp; and the rate parameters, dζ/dθ and dξ/dθ,
with the dimensionless time, θ = URp

−1t, for a typical thermal
spray situation when Re >> 1 (Ref 6, 8-10). It follows from these
formulas that an increase in the surface roughness causes an in-
crease in the splat thickness and a decrease in the splat radius as
well as a decrease in dξ/dθ and the absolute value of dζ/dθ. The
splat solidification leads to a decrease in ζ and an increase in ξ.
It also causes an increase in dξ/dθ and in the absolute value of
dζ/dθ.

Similar formulas were obtained for a droplet flattening on a
smooth surface. It follows that an increase in the surface-splat
friction during the flattening process causes the same qualitative
variations of ζ, ξ, dζ/dθ, and dξ/dθ as an increase in the surface
roughness. The analytical results obtained are valid up to t < t*,
where (Ref 15):

t* = 1.25RpU
–1 ln (1 + 0.3Re) (Eq 10)

The value of t* is greater than the characteristic time of flat-
tening, and the analytical results obtained are valid for the whole
time interval for droplet flattening.

The final values of ζf and ξf are determined by the formulas
(Ref 6, 8-10):

ζf = 1.826Re–1/2 [1 + 0.12α1/2Re1/2 

  – 0.68βRe1/2 ln (0.3Re)] (Eq 11)

ξf = 0.8546χ1/2Re1/4 [1 – 0.06α1/2Re1/2 

  + 0.34βRe1/2 ln (0.3Re) (Eq 12)

Similar formulas were obtained in the case of a smooth sur-
face with surface-splat friction (Ref 8-10). From Eq 11 it follows
that the final splat thickness decreases with an increase in the
Reynolds number. This thickness increases with an increase in
the surface roughness and decreases with an increase in the so-
lidification velocity. The final splat radius (Eq 12) generally var-
ies nonuniformly with the Reynolds number. First it increases,
achieves a maximum value, and then decreases. The final value
of ξ diminishes when the surface roughness and the mass loss
are increased. The parameter, ξf, increases with an increase in
the splat solidification velocity.

The results obtained in Ref 6 show that the absolute value of
the final rate parameter, dζf/dθ, decreases with an increase in the
surface roughness when the splat solidification is not taken into
account (β = 0). This value increases with an increase in α when
the splat solidification causes an increase in the absolute value
of, dζf /dθ. The rate parameter, dξf/dθ, decreases when the sur-
face roughness and the droplet mass loss increase. Splat solidifi-
cation gives rise to an increase in, dξf/dθ.

In the case of a smooth surface (α = 0,) the influence of the
surface-splat friction on the final characteristics of the flattening
is similar to the influence of the surface roughness.

When splat solidification is absent (β = 0), the influence of
the surface roughness on the flattening process is shown to be
equivalent to the influence of an effective viscosity, µe, which is
approximately  (Ref 6):

µe = µ(1 + 0.24α1/2Re1/2) (Eq 13)

It can be shown that the influence of the surface-splat friction
on the flattening at a smooth surface in the absence of splat so-
lidification is equivalent to the influence of an effective viscos-
ity, µe = 1.16 µ. For flattening at a smooth surface (α = 0)
without surface-splat friction, the influence of the splat solidifi-
cation is equivalent to the influence of an effective velocity, Ue,
of the droplet impingement, which is approximately (Ref 15):

Ue = U[1 + 0.34βRe1/2 ln (0.3Re)] (Eq 14)

Thus, it can be shown that droplet flattening at a rough sur-
face with  splat solidification is equivalent to flattening at the
smooth surface without splat solidification and without surface-
splat friction, under conditions when the velocity of  droplet im-
pingement is Ue and the dynamic viscosity of the droplet liquid
phase is µe. Under these conditions, Eq 11 and 12 can be written
as:

ζf = 1.826Ree
1/2    Ree = 2RUeρ/µe (Eq 15)

ξf = 0.8546χ1/2Ree
1/4 (Eq 16)

The similar formulas can be written for the droplet flattening
at a smooth surface with surface-splat friction. 

Experimental values of the final splat radius, ξf, obtained
during the plasma spraying of the zirconia particles onto a steel
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substrate (Ref 24, 25) have been used to compare the analytical
and experimental data.

First, consider the experimental data corresponding to the
flattening at a smooth steel substrate (Ref 25). In this case the so-
lidification velocity can be approximated as:

Vs = αcTp/(qpρ) (Eq 17)

where αc is the contact heat transfer coefficient at the splat-sub-
strate interface, Tp is the droplet temperature, and qp is the latent
heat of fusion of the droplet material. The average particle tem-
perature Tp was about 3660 K (Ref 25). Taking qp = 0.71 × 106

Jkg–1, ρ = 5400 kgm–3, and αc = 3.8 × 105 Wm–2K–1, from Eq
17, Vs = 0.366 ms–1. Taking the impact velocity, U = 150 ms–1

(Ref 25), β = 0.00244 is obtained.
Using this value of β and assuming that there is no mass loss

from the droplet (χ = 1) because the substrate is heated and its
surface is smooth (Ref 25), the analytical results given in Ref 8
and 10 (when the surface-splat friction is negligible), indicate
the variation of the splat final radius (flattening degree), ξf, with
the Reynolds number, Re. Figure 2 shows this variation together
with the experimental data and their correlation. The theoretical
values of ξf agree well with the experimental data.

In Ref 24 the degree of flattening was measured for a rough
steel substrate. In the case of the zirconia particles, the solidifi-
cation velocity was small due to the low thermal diffusivity of
this material. Hence the third term at the right hand side of Eq 12
for ξf may be neglected in comparison to the second term. In this
case the substrate can be considered to be relatively “ cold”  be-
cause its temperature is only 75 °C. Thus, the droplet mass loss
due to splashing should be more pronounced and have more in-
fluence on the flattening process.

The theoretical curves in Fig. 3 obtained from Eq 12 show
that when surface roughness and mass loss from the droplet are
taken into account, then the theoretical results fit markedly bet-
ter with the experimental data than when these factors are not
taken into account (Ref 24).

3. Flattening of Composite 
Powder Particles

Composite powders such as WC-Co, WC-Co-Cr, Cr3O2-NiCr,
etc., play an essential role in production of wear and corrosion resis-
tant thermally sprayed coatings. Therefore, an analysis of the flat-
tening process of these particles is industrially important.
Analytical investigation of this process was undertaken in Ref 20.
In Ref 26 experimental data were obtained on the flattening of WC-
Co powder particles.

Consider an agglomerate composite particle consisting of
small high melting point solid components (e.g., carbides) and a
binding metal. Assume that during thermal spraying the binder
melts and the solid components are markedly smaller than the
splat thickness and the surface roughness, ε0, and a liquid-solid
mixture of the impinging droplet can be considered as a quasi-
homogeneous medium with a solid volume fraction, ϕ1.

Because there is no great difference between the densities of
liquid and solid phases of the droplet, it is reasonable to assume
that the relative movement between these phases is negligible in
the bulk volume of the splat and, therefore, the interaction forces
between them can be neglected (Ref 27). With the small value of
ϕ1, the liquid-solid mixture of the droplet can be considered as a
uniform medium with the effective dynamic viscosity µe (Ref
28):

µe = µ(1 – ϕ1)
–1 (Eq 18)

From Eq 18 it is seen that the presence of the solid phase in-
creases the flow viscosity. It also occurs due to the non-Newto-
nian character of the liquid-solid flow, which becomes more
pronounced under the temperatures near the solidification point
(Ref 28, 29). During flattening, the spreading flow is turbulent,
and at the droplet-substrate interface, friction decreases in com-
parison with a single phase flow because of reduced mixing
length due to dissipation by the solid particles (Ref 28).

To take into account the roughness, ε, of the substrate surface
during the flattening process, assume that it increases the shear
stress by the value that arises because of friction between a flat-
tening droplet and the rough surface. Following Ref 6, a modi-
fied Blench formula (Eq 5) is used for the friction coefficient, f,
with a correction factor, ω, accounting for a decrease in friction
in the liquid-solid flow: f = 0.079ωα1/2.

Fig. 2 Comparison of analytical and experimental results describing
the final splat radius on a smooth substrate. Experimental results are
from Ref 25. After Ref 6

Fig. 3 Comparison of the analytical and experimental results de-
scribing the final splat radius (flattening degree) on a rough substrate.
x, experimental results from Ref 24. After Ref 6
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In the case of the smooth surface, the friction coefficient can
be described by a similar equation with the correction factor, ω.
The liquid-solid splat solidification velocity depends on the
thermophysical properties of the liquid and solid phases and the
contact heat transfer coefficient, αC, at the splat-substrate inter-
face. If the thermal diffusivity of the solid (e.g., carbide WC) aS
is greater than that of liquid aL (metallic binder); this contributes
to an increase in the rate of heat transfer inside of the splat. But
an increase in VS would hardly ever occur because of the rela-
tively large contact thermal resistance at the interface (Ref 1).

The most important case is when the thermal diffusivity of
the solid (e.g., oxide) is less than that  of the liquid phase. Then
the heat transfer rate inside the splat decreases. This decrease
can be more pronounced when the solid density, ρS, exceeds that
of the liquid phase and solid particles precipitate in the lower
part of the splat. The surface roughness contributes to precipita-
tion because the solid particles can be precipitated in the wavy
structure of the rough surface.

The characteristic time of precipitation, tP, is approximately
equal to bU–1 (Ref 30). Roughness will be important during pre-
cipitation of solids if it is not covered by the solidification front
moving with the velocity, VS. This front will cover the surface
roughness completely at the time, tS Therefore, the degree of
roughness influence on the precipitation process is determined
by the ratio, Ω, of the time, tP, to tS, that is, Ω = bVS/εU.

Because the splat thickness, b, is of the same order of magni-
tude as the initial surface roughness, ε0, and the droplet imping-
ing velocity, U, is much greater than VS, the value Ω << 1 in the
thermal spray applications. Therefore, surface roughness plays
an important role in the precipitation of solids.

When aS < aL and ρS > ρL, the precipitation of solids can
lead to an increase in the contact thermal resistance, RC, at the in-
terface. This occurs if the thermal resistance, RCP, of the precipi-
tate layer of solid is greater than the thermal resistance, RCO, at
the interface when the solid phase is absent (ϕ1 = 0) or is compa-
rable to it.

Consider an example of HVOF spraying of the Cr3C2-NiCr
powder onto a steel substrate. An impinging molten droplet con-
sists of the solid phase including different chromium carbides,
chrome oxide Cr2O3, and a liquid phase of Cr-Ni-C, formed due
to in-flight dissolution of Cr3C2 (Ref 31). The most critical fac-
tor for the contact thermal resistance is the precipitation of the
chromium oxide, which has a low thermal conductivity λ1.

The thermal resistance, R1, of the layer of Cr2O3 with the
thickness, δ1, is equal to δ1λ1

−1. Assume that the rough substrate
surface consists of rectangular “ teeth”  with the initial height, ε0,
and length equal to the distance between them. Then, the value
of δ1 can be taken as 0.5ε0.  When the value of δ1 = 2 µm and λ1
= 20 Wm–1K–1, R1 = 10–7 W–1m2K. This value of R1 can be
comparable with RCO and even exceed it (Ref 21). Therefore, in
this case the presence of the solid phase in the splat leads to an
increase in the contact thermal resistance at the splat-substrate
interface and to a decrease in the solidification velocity, VS.

The solidification velocity can be calculated from Eq 17. To
take into account the solidification process during flattening of
the composite droplets, it is worth introducing the solidification
velocity, VSe, with a correction factor, ψ, which accounts for the
changes in VS associated with the solid phase of the droplet,
VSe = ψVS. Then βe = VSe/U. The most probable situation cor-
responds to ψ < 1.

In the case of the droplet flattening on the rough surface using
the results of Ref 20, the following formulas can be obtained for
the flattening characteristics when Re* >> 1:

ζf = 1.826Ree
−1/2[1 + 0.12ωα1/2Ree

1/2 

    − 0.68βeRee
1/2 ln (0.3Ree)] (Eq 19)

ξf = 0.8546χ1/2 Ree
1/4[1 − 0.06ωα1/2Ree

1/2 

    + 0.34βeRee
1/2 ln (0.3Ree)] (Eq 20)

It follows from Eq 19 and 20 and the results of Ref 20 that,
without taking into account the surface roughness (α = 0) and
the splat solidification (βe = 0), the presence of the solid parti-
cles in the flattening droplet (ϕ1 ≠ 0) leads to (a) an increase in
the final splat thickness and the final absolute value of
dζf/dθ,and (b) a decrease in the final splat radius,  ξf, and the rate
parameter, dξf/dθ, in comparison with the homogeneous droplet
(ϕ1 = 0). This occurs because of the additional energy dissipa-
tion caused by the solid phase. When ϕ1 ≠ 0, the contributions of
the surface roughness and the splat solidification to the flatten-
ing characteristics are less pronounced than in the case when ϕ1
= 0. Their relative contributions depend on the specific values of

Fig. 4 Variation of final splat thickness with Reynolds number for the
rough surface. After Ref 20

Fig. 5 Variation of final splat radius with Reynolds number for the
rough surface. After Ref 20
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ϕ1, ω, and ψ. The formulas similar to Eq 19 and 20 are also es-
tablished in the case of flattening on the smooth surface (Ref
8-10). 

Use of analytical expressions, Eq 19 and 20, shows that, in
the absence of the splat solidification (βe = 0), the influence of
the surface roughness is equivalent to the influence of a charac-
teristic effective viscosity µ*e:µ*e = µe(1 + 0.24ωα1/2Ree

1/2).
For the flattening at a smooth surface (α = 0) without splat-sur-
face friction, the influence of the splat solidification is equiva-
lent to the influence of a characteristic effective velocity, U*e, of
the droplet impingement. From Eq 19 and 20, it follows that the
value of µe is U*e = U[1 + 0.34βeRee

1/2 ln (0.3Ree)]4.
Using Eq 19 and 20, it can be shown that the liquid-solid

droplet flattening at a rough surface with splat solidification is
equivalent to the flattening at the smooth surface without splat
solidification and with negligible influence of splat-surface fric-
tion, under conditions when the velocity of droplet impingement
is  µ*e and the dynamic viscosity of the droplet is µ* e Under these
conditions Eq 19 and 20 can be written in the form:

ζf = 1.826Re∗e
−1/2  Re*e = 2Rpµ*eρ/µ*e (Eq 21)

ξf = 0.8546χ1/2Re∗e
1/4 (Eq 22)

For thermal spray practice it is important to know the vari-
ations of the final parameters of flattening. In the case of a rough
surface, the numerical analysis of Eq 19 and 20 when β = 0.03
gives the curves shown in Fig. 4 and 5. The final splat thickness
decreases with an increase in the Reynolds number (Fig. 4). The
value of ζf undergoes an increase with an increase in ϕ1 and ω.
The final splat thickness increases when ψ decreases. Figure 5
shows that the final splat radius decreases with an increase in ϕ1
and ω. The value of ξf increases when χ and ψ increase.

Smooth surface results are in the curves shown in Fig. 6 and
7. The final value of the splat thickness decreases with a de-
crease in ω and varies nonuniformly, attaining the minimum at
the small Reynolds numbers (Fig. 6). An increase in ϕ1 gives
rise to ζf at the small Re and causes a decrease of ζf with the fur-
ther increase in Re. When ψ decreases, the value of ζf enhances.
Figure 7 shows that the final splat radius increases with a de-
crease in ω. An increase in χ and ψ leads to an increase in ξf. The
value of ξf decreases when ϕ1 enhances.

The effect of WC particle size on the flattening of WC-Co
splats during HVOF spraying was studied experimentally in
(Ref 26). Four types of WC-Co powders were considered: sin-
tered-crushed (type 1 and 2), agglomerated (type 3), and coated
(type 4).

Equation 19 is used to calculate the final value ζf = bRp
−1 of

the splat thickness when the splat solidification is considered
negligible (Ref 26). Assume that ρ = 14,900 kgm–3, µ = 3.10–3

kg(ms)–1, ω = 0.9, ϕ1 = 0.3, and α = 0.5. For powder type 1 con-
sider U = 325 ms–1, and for types 2 and 3 U = 190 ms–1 (Ref 26).
Then, for the different values of the particle diameter, dp, the cal-
culated values of the ratio dPb–1 are shown in the Table 1. It can
be seen that the theoretical results agree well with the experi-
mental data.

4. Influence of Oxidation 
on Splat Formation

Oxidation of coatings during thermal spraying essentially in-
fluences their structure and properties (Ref 2, 32-37). Due to the
difference in the expansion coefficients of metallic and oxide
phases, the metallic coatings containing oxide phases may be
subjected to irregular degradation during thermal cycling (Ref
32). Generally, the coatings with oxides seem to be more diffi-
cult to machine and exhibit less ductility in service (Ref 35). For
the wear resistant carbide based coatings, it is important to avoid
a loss of carbides due to oxidation during spraying. Otherwise

Fig. 6 Variation of final splat thickness with Reynolds number for the
smooth surface. After Ref 20

Fig. 7 Variation of final splat radius with Reynolds number for the
smooth surface. After Ref 20

Table 1 Comparison of the theoretical and experimental
results

dP/b
Coatings b, µm dP, µm Calculated Experimental

Type 1 2.27 ± 0.95 20 12.89   6.21-15.15
Type 2 2.37 ± 0.95 38 13.07 11.45-26.76
Type 3 2.93 ± 0.95 40 13.10 10.31-20.20
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these coatings will not be sufficiently wear resistant for use in in-
dustrial applications (Ref 34).

In Ref 36 it was shown that oxidation directly affects hard-
ness and wear performance. The properties of the corrosion re-
sistant coatings often depend on the levels of their oxidation
(Ref 33). High temperature oxidation is a major concern in gas
turbines today because at temperatures above approximately
870 °C, relatively rapid oxidation can occur unless there is a bar-
rier to oxygen diffusion on the surface of the component (Ref
36). However, many currently used high strength alloys do not
develop sufficiently protective barriers because their chemical
compositions have been optimized for high temperature
strength and metallurgical stability rather than for oxidation re-
sistance (Ref 36).

Oxidation influences the different processes involved in the
development of the coating. Particularly, it has a noticeable in-
fluence upon the droplet flattening and the splat-substrate inter-
actions, which are important for the coating formation (Ref 27,
31, 38-40). The presence of dissolved oxygen in a solidifying
splat affects the splat-substrate wetting, which in turn influences
the flattening process. 

The coating structure obtained as a result of the HVOF spray-
ing of the Cr3C2-NiCr powder onto a mild steel substrate shows
that the main oxidation of chromium and the formation of Cr2O3
seem to take place during the in-flight motion of the powder par-
ticles (Ref 39). According to the results presented in Ref 35, the
main oxidation of the coatings obtained during the HVOF spray-
ing of aluminum takes place at the substrate surface where the
coatings are exposed to an oxygen-rich boundary layer, which
envelops the surface of the substrate. 

This section involves investigation of the effect of oxidation
on the dynamics of flattening of powder particles and the devel-
opment of the splat-substrate interactions during thermal spray-
ing and presents analytical formulas that permit estimation of
these processes during practice (Ref 40). The analytical results
take into account the roughness of the substrate, the splat solidi-
fication, wetting, splashing, and the place where oxidation oc-
curs during the in-flight motion of the powder particles and/or
exposure of the solidifying splat to the surrounding oxygen-rich
atmosphere at the substrate surface.

4.1 In-Flight Oxidation

Due to the high temperatures of the surrounding gases during
thermal spraying, the powder particles are usually melted at the
spray distance and the liquid phase, which appears to react with
oxygen. Conditions for the coating oxidation are rather favor-
able in the case of the HVOF spraying because the combustion
products contain excessive oxygen (with respect to the
stoichiometric ratio).

Two mass transfer processes can take place during interac-
tion of the liquid particle with oxygen: (a) development of ox-
ides due to chemical reactions between the surface of the liquid
phase and oxygen and (b) diffusion of oxygen in the liquid. The
rate of the formation of oxides can be estimated according to
(Ref 38).

The mass of an oxidation layer developed mox can be pre-
sented as mox = qmsSptox, where qms is the mass flux of the oxide,
Sp is the surface area of the particle subjected to oxidation, and
tox is the characteristic time of oxidation. The ratio Z of mox to
the particle mass mp = 4πRp

3ρ/3 is:

Z = 3qmstox(ρRp)
–1 (Eq 23)

The value of Z can be considered as the relative mass of oxi-
dation giving the level of oxidation. The thickness, δox, of the
oxidized layer, which is equal to the difference between the par-
ticle radius, Rp, and the radius of the infer ior  boundary of the
oxidized region, Rox(δox = Rp – Rox, Fig. 8) can be presented as:

δox = Rp[1 − (1 − Zρρox
−1)1/3] (Eq 24)

where ρox is the oxide density. When Z << 1 from Eq 24, it
follows that the thickness, δox, can be estimated by the formula
δox = ZρRp(3ρox)–1.

Consider, for example, HVOF spraying of the Cr3C2-NiCr
powder when Cr2O3 oxide is formed during the particle flight
(Ref 39). To provide estimations, assume that the oxide mass
flux, qms, in this case has a value similar to that corresponding to
the development of the FeO oxide when an iron droplet is oxi-
dized (Ref 38) and qms = 3.6kg/(m2s). The value of the charac-
teristic time of oxidation, tox, can be taken as equal to the
characteristic time of the particle flight during thermal spraying,
which is approximately 1 ms (Ref 9, 31, 38). Taking ρ =7500
kgm–3, ρox =5210 kgm–3, and Rp =  20 µm, from Eq 23 and 24, it
is found that Z = 0.072 (7.2%) and δox = 0.716 µm (716 nm).
When Rp = 10 µm, Z = 0.144 (14.4%) and δox = 0.745 µm (745
nm). It is seen that a decrease in the particle radius leads to an in-
crease in the level of oxidation, Z, and the thickness of the oxi-
dized layer, δox. An increase in Z is more pronounced than that
in δox.

It is convenient to introduce the volume fraction of oxidation,
ϕox, in the following manner. The thickness of the layer of oxi-
dation, δox, is equal to the difference between the radius of the
particle, Rp, and the value of Rox (Fig. 8): δox = Rp – Rox. The
volume fraction of the oxides, ϕox, formed in the particle is equal
to the ratio of the volume of the the oxidized layer, Vox, to the
volume of the particle, Vp. Taking into account that
Vp = 4πRp

3 /3 and Vox = 4π(Rp
3 − Rox

3 )/3, then the expression for
the value of δox is:

Fig. 8 Development of layers of oxides and dissolved oxygen in the
powder particle during its (a) in-flight motion and (b) mixing of the ox-
ides in the bulk volume of the particle due to turbulence of the sur-
rounding gases
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δox = Rp [1 – (1 – ϕox)
1/3] (Eq 25)

Taking into account that the volume of oxidation, Vox, is
equal to the volume of the spherical layer with the thickness δox:
Vox = 4πRp

2δox, then the volume fraction of oxidation, ϕox, can
be presented as:

ϕox = 3δoxRp
−1 (Eq 26)

It is seen that the relative volume of oxidation, ϕox (as the
relative mass of oxidation, Z), increases with a decrease in the
particle radius. If the value of Rp for the Cr3C2-NiCr powder var-
ies from 10 to 40 µm, the value of ϕox changes from 22 to 5%.
Therefore, in order to decrease the in-flight oxidation, it is nec-
essary to have a narrow size distribution of the powder particles
with a relatively large mean value.

Diffusion of oxygen occurs in the surface layer with the
thickness, δfl, of a melted powder particle of the radius, Rp. In-
tensive turbulent motion of the surrounding gases can cause a
motion of the liquid phase in this layer. As a result, the coeffi-
cient of diffusion, Do, of oxygen in the liquid phase of the parti-
cle increases by the value of Dmv associated with the liquid
motion. Then, the thickness of the diffusive layer, δfl, can be es-
timated using the effective coefficient of diffusion of oxygen,
De, by the formula: 

δfl = (Detfl)
1/2  De = Do + Dmv (Eq 27)

where tfl is the time interval between starting of particle melting
and its impingement onto the substrate. If particle solidification
occurs at the spraying distance, then the value of tfl is equal to the
difference between the finishing time of the solidification proc-
ess and the starting time of the particle melting. With a decrease
in Rp, the value of tfl approaches the time of the particle flight at
the spray distance.

In the case of intensive motion of the liquid phase, the value
of Dmv can exceed significantly the coefficient of diffusion, Do
(Ref 41). During HVOF spraying of the composite powder, par-
ticles consisting of, for example, carbides and a metallic binder,
the velocity of the liquid phase decreases because the carbides
increase the effective viscosity of the liquid-solid mixture,
which arises after melting of the binder (Ref 20). This would
lead to a decrease in the value of Dmv (and, hence, De) and to a
decrease in the level of the oxygen diffusion in the particle in
comparison with the homogeneous particle without carbides.

Taking the typical values of Do = 10–9m2s–1 and tfl  = 10–3

s, from Eq 27 δfl = 1 µm, when Dmv = 0. If, for example, Dmv
= 3 × 10–9m2s–1, then from Eq 27 it follows that δfl =  2 µm. It is
seen that the thickness of the layer of the oxygen diffusion, δfl,
markedly exceeds the thickness of the layer of oxidation, δox.

It is possible to introduce the relative volume or the volume
fraction of the oxygen diffusion, ϕdf. The thickness of the diffu-
sive layer, δdf, is equal to the difference between the radius of the
particle, Rp, and the value of Rdf: δdf = Rp – Rdf (Fig. 8). The vol-
ume fraction of the diffusive layer, ϕdf, developed in the particle
due to the diffusion of oxygen is equal to the ratio of the volume
of the diffusive layer, Vdf, to the volume of the particle, Vp. Thus,
taking into account that Vdf = 4π(Rp

3 − Rdf
3 )/3, the following for-

mulas for δdf and ϕdf are obtained: δdf = Rp[1 – (1 – ϕdf)
1/3] and

ϕdf = 3δdfRp
−1.

These formulas are similar to those of Eq 25 and 26 for δox
and ϕox, respectively. The volume fraction of the oxygen diffu-
sion, ϕdf, decreases with an increase in the particle radius in a
similar manner as the volume fraction of oxidation, ϕox. When
Rp varies from 10 to 60 µm, the value of ϕdf changes from 30 to
5% if δdf = 1 µm and from 60 to 10% if δdf = 2 µm.

It is seen that δdf > δox. The relative difference, Ap, between
δdf and δox (Ap = 1 – δox/δdf) determines the relative volume of
the powder particle where only diffusive (dissolved) oxygen is
contained. In the case of HVOF spraying of Cr3C2-NiCr powder
when Rp = 20 µm, the value of Ap = 28.4% when δdf = 1 µm, and
Ap = 64.2% when δdf = 2 µm.

Consider an influence of oxidation on the heat transfer be-
tween the particle and the surrounding gases. This heat transfer
depends on the thermal resistancem, Rpr, of the powder particle,
which is equal to the sum of the thermal resistances of the oxi-
dized layer, R1, and that of the rest of the particle , R2 (Fig. 8a):
Rpr = R1 + R2, R1 = δoxλox

−1, and R2 = (Rp – δox)λp
−1, where λox

and λp are the coefficients of thermal conductivity of the oxi-
dized layer and the particle, respectively. The ratio M = R1/R2 is:

M = λpϕox[3λox(1 – ϕox/3)]–1 (Eq 28)

The influence of the thermal resistance, R1, of the oxidized
layer increases with an increase in the particle thermal conduc-
tivity, λp, and the volume fraction of oxidation, ϕox, and a de-
crease in the thermal conductivity of the developed oxides, λox.

Consider, for example, the HVOF spraying of the Cr3C2-
NiCr powder onto a mild steel substrate when a chromium oxide
Cr2O3 is formed during the particle motion at the spray distance
(Ref 31, 39). Taking Rp = 20 µm, λp = 70 W/(mK), and λox = 22
W/(mK), then from Eq 28 M = 0.31 evolves. Thus, in this case
the thermal resistance, R1 of the oxidized layer constitutes about
one-third of R2 of the rest of the particle. 

Turbulent mixing of the liquid part of the powder particle
during its in-flight motion destroys the surface layer of oxides
and causes the oxides to be distributed more uniformly through
the bulk volume of the composite particle (Fig. 8b). As the ther-
mal diffusivity of the oxides is significantly less than that of the
metallic (or carbide) phase, the presence of oxides in the particle
volume decreases the particle thermal diffusivity and, hence,
slows down the heat exchange between the particle and the sur-
rounding gases.

Usually the reactions of oxidation are accompanied by heat
release. This occurs in the surface layer of the particle and, due
to very small thickness of this layer, most heat seems to be trans-
ferred outside of the particle. Some part of this heat may be
transferred inside the particle and would contribute to particle
melting. However, this effect is weakened because of a decrease
in the particle thermal diffusivity caused by oxidation.

The oxides developed during particle flight at the spraying
distance play an important role in droplet flattening and splat-
substrate interaction. Oxidation also takes place at the upper liq-
uid surface of the solidifying splat. This oxidation is considered
in the following section.

4.2 Splat Oxidation

During droplet flattening, the upper surface of the forming
splat is exposed to the surrounding oxygen-rich atmosphere, and
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this leads to oxidation of this surface during the characteristic
time of the splat solidification, ts (Fig. 9a). The process of oxida-
tion is similar to that studied previously for the in-flight oxida-
tion of the powder particle.

Consider the formation of a regular disk splat with radius, R,
and thickness, b, as a result of flattening of the droplet with ra-
dius, Rp, impinging onto the substrate surface. Using the argu-
ments similar to those given in Ref 40, it is possible to show that
the ratio, H, of the mass of the oxidized layer in the splat to the
splat mass is determined by the formula:

H = qmsts (ρb)–1 (Eq 29)

The thickness of an oxidized layer, ∆ox, can be presented in a
form:

∆ox = ρbH/ρox = qmsts/ρox (Eq 30)

Relative volume of oxidation, A, is equal to the ratio of the
oxidized volume, Vos, in the splat to the splat volume, Vsp. For
the disk splat with the radius, R, and thickness, b, Vos = 4πR2δox
and Vsp = 4πR2b. Then:

A = b–1∆ox (Eq 31)

Consider estimations of the oxidation parameters in the case
of HVOF spraying of the Cr3C2-NiCr powder when chromium
oxide Cr2O3 is formed. Taking ts = 10–3 s, b = 3 µm, qms = 3.6
kg/(m2s), ρ = 7500 kgm–3 and ρox = 5210 kgm–3, it is obtained
from Eq 29 to 31 that H = 0.016 (1.6%), ∆ox = 0.07 µm (70 nm),
and A = 0.023. It can be seen that under the conditions consid-
ered, the splat oxidation is less pronounced than that which takes
place during particle flight at the spraying distance.

The characteristic thickness of the oxidized layer, ∆ox, in the
case of the regular disk splats is approximately two orders of
magnitude less than the splat thickness. Turbulent mixing of the
splat liquid phase causes more uniform distribution of oxides in
the bulk volume of this phase (Fig. 9b), which leads to a decrease
in the thermal diffusivity of the liquid phase that slows down so-
lidification.

The diffusion of oxygen can also take place. The thickness,
∆sp, of the layer of diffusion can be estimated by the formula:

∆sp = (Dets)
1/2 (Eq 32)

Taking ts = 10–5s and De = 4 × 10–9m2s–1, it is found from Eq
32 that ∆sp = 0.2 µm. Thus, the thickness of the diffusive layer is
essentially greater than that of the oxidation layer. The relative
difference, Bsp, between ∆sp and ∆ox (Bsp = 1 – ∆ox/∆sp) gives
the relative volume of the splat containing dissolved oxygen.
For HVOF spraying of the Cr3C2-NiCr powder, Bsp = 65%.
Thus, the value of Bsp is the same order of magnitude as the value
of Bp.

Oxidation contributes to the development of splashing, and
the thickness of the splash splats formed could be the same order
of magnitude as the value of the oxidized layer, δsp. In the case
of noticeable splashing when the value of A could be of the order
of unity, the coating would have a substantial quantity of oxides.

Formation of the coating structure and properties depends es-
sentially on the velocities of the coating cooling and solidifica-
tion which, in turn, depends on the thermal resistance of the
coating, Rsp. In the case when the disk splats are developed, the
value of Rsp is the sum of the thermal resistance of the oxidized
layer, R3, and that of the rest of the splat, R4 (Fig. 9a): Rsp = R3 +
R4, R3 = ∆spλox

−1, and R4 = (b – ∆sp)λp
−1. The ratio X = R3/R4 has

the form:

X = λpι[λox(1 – ι)]–1 (Eq 33)

In the case, for example, of HVOF spraying of the Cr3C2-
NiCr powder onto a mild steel substrate when the disk splats are
formed and b = 2 µm and ∆sp = 0.2 µm, it can be shown from Eq
32 and 33 that X = 0.035. Thus, the thermal resistance of the oxi-
dized layer in this case does not play any significant role. The
situation changes when significant splashing occurs and thin
splash splats are formed.

The splat initial temperature also plays an important role in
the splat oxidation. An increase in this temperature accelerates
the kinetics of oxidation and increases the time, ts, of splat solidi-
fication due to an increase in the heat content of the splat. Both
factors lead to an increase in splat oxidation.

4.3 Influence on Droplet Flattening

First consider an agglomerate composite particle consist-
ing of small high-melting point oxides and a melted binding

Fig. 9 Formation of layers of oxides and dissolved oxygen in a splat exposed to the oxygen-rich boundary layer enveloping the (a) splat and (b) mixing
of the oxides in the bulk volume of the splat due to turbulence of the surrounding gases
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metallic alloy. Such particles can be formed due to in-flight oxi-
dation of an initial powder particle and mixing of the oxides with
the melted binder. Assume that during thermal spraying this par-
ticle of radius, Rp, impinges normally with a velocity, U, onto the
surface of a substrate or previously deposited coating layer and
forms a cylindrical splat of radius, R, and thickness, b, which
vary with time, t, during flattening. Assume further that the solid
oxide components are significantly smaller than the splat thick-
ness and that the surface roughness, εo, and a liquid-solid mix-
ture of the impinging droplet can be considered as a
quasi-homogeneous medium with a solid volume fraction, ϕ1.
Such a splat can also be formed from a powder particle, which
had a regular surface layer of oxides destroyed during the drop-
let impingement onto the surface of the substrate.

When oxidation of the splat upper surface occurs, the oxides
developed increase the oxide volume fraction ϕ1 = ϕox + ι1 of
the liquid-solid mixture. Because the value of ι1 is a function of
time due to continuous formation of oxides in the liquid phase of
the splat, the volume fraction, ϕ1. is also a function of time: ϕ1 =
ϕ1(t). This is one of the main differences between the flattening
of oxidized particles and that of composite powder particles
consisting, for example, of carbides and a metallic binder (Ref
20).

An effective viscosity, µe, and an effective velocity of solidi-
fication, Vse, are introduced in the same manner as in Ref 20. Us-
ing the equations, methods, and ideas described in Section 3 and
in Ref 14, 15, and 20 and taking into account that the Reynolds
number Ree = 2RpUρµe

−1, in thermal spraying is much more than
unity (Ree >> 1), the equations for the dimensionless transient
values of the splat thickness, ζ, and radius, ξ, can be obtained.
The formulas for the final values of the splat thickness, ζf, and
radius, ξf, when Ree >> 1 are similar to Eq 19 and 20, respec-
tively.

The formulas discussed are similar to those for the flattening
parameters of the composite powder particles, but they are more
general and correspond to the case when the solid volume frac-
tion, ϕ1, can vary with time and the correction factor, ψ < 1.
With an increase in the volume fraction of oxidation, the final
splat thickness increases and the final splat radius decreases
(Fig. 10). 

It is seen that oxidation leads to an increase in the splat thick-
ness and to a decrease in the splat radius due to an increase in the
effective viscosity of the flattening droplet and a decrease in the
velocity of solidification of the lower part of the splat. 

The presence of dissolved oxygen causes a decrease in the
contact wetting angle and, therefore, an improvement of wetting
between the substrate and the flattening droplet (Ref 43). With
an increase in the particle velocity at the spraying distance, the
time of the particle flight decreases and the value of the time, tox,
available for oxidation also decreases. Under such conditions,
the volume fraction of oxidation, ϕox, could be negligible; the
value of Bp is about unity; and the main result of interaction of
the molten particle with the surrounding oxygen could be its dif-
fusion (dissolution) into the liquid particle material. 

If in this case in-flight oxidation of the powder particle is the
main contribution to the total volume fraction of oxidation, ϕ1,
and the value of Bsp is about unity, then in the final splat, there
will be only dissolved oxygen that improves wetting between
the splat and the substrate and contributes to an improvement of

the substrate-splat adhesion. A similar situation can occur when
the main contribution to oxidation arises from splat exposure to
the surrounding oxygen-rich atmosphere. With an increase in
the splat solidification velocity, the time of solidification, ts, de-
creases and the volume fraction of oxidation in the splat, ι1, can
become negligible with that of the oxygen dissolution. Thus, the
presence of dissolved oxygen can improve the quality of the
coating.

4.4 Effect on Splat-Substrate Mechanical
Interaction

Using the method and equations given in Ref 30, the formu-
las for the maximum pressure, Pm, developed upon droplet im-
pact and its radial position, rm, obtained, are similar to those
presented in Ref 43. Because oxidation causes a decrease in the
effective value of the Reynolds number, Ree, due to an increase
in the viscosity, µe, the value of rm increases and the value of ∆P

Fig. 10 Variation of the final values of the splat thickness and the
splat radius with a volume fraction of oxidation. After Ref 42

Fig. 11 Variation of pressure developed upon the droplet impact with
a volume fraction of oxidation. After Ref 42
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decreases. Therefore, the pressure developed during impact of
an oxidized droplet is less than that formed when oxidation is ab-
sent. The behavior of ∆P is illustrated in Fig. 11 for plasma
sprayed molybdenum particles when the time, t, is equal to the
characteristic impact time, tc = RpU

–1 and Rp = 20 µm, U = 150
ms–1 ρ = 9900 kgm–3, α = 0, and β = 0. Thus, oxidation is detri-
mental to the substrate-coating adhesion.

In-flight interaction of the powder particle with oxygen may
result not only in oxidation of the particle material but also in
diffusion (dissolution) of oxygen in the liquid phase of the mov-
ing particle. The presence of the dissolved oxygen in the imping-
ing droplet can decrease the surface tension coefficient, σ, and
the contact wetting angle, τ, and this contributes to a decrease in
splashing and in the capillary pressure. These factors favor im-
provement of splat-substrate mechanical interlocking. An im-
portant question, which remains to be answered, is whether their
influence can overcome an effect of a decrease in the pressure
developed upon the droplet impact due to oxidation that contrib-
utes to a decrease in the mechanical interlocking between the
splat and the substrate.

From the results of Ref 44 and the formulas given in Ref 43,
it follows that porosity increases with an increase in the surface
tension coefficient, σ. Diffusion of oxygen causes a decrease in
σ and, hence, a decrease in porosity. But because the value of ∆P
exceeds markedly the capillary pressure, this factor is minor
compared to the increase in the coating porosity.

4.5 Effect on Splat-Substrate Thermal Interaction

Oxidation decreases the pressure developed upon the droplet
impact and the solidification velocity of the splat. Therefore,
when the initial substrate temperature, Tso, is less than the tran-
sition temperature, Ttr, determining the splat morphology
formed at droplet impact (Ref 45) (Tso < Ttr), the pressure devel-
oped could be not enough for the formation of of the supercool-
ing ∆Tp associated with this pressure in the whole central part of
the flattening droplet (Ref 43, 45). As a result, a regular disk
splat could be developed only in the reduced area of the central
part or, if the level of oxidation is high, splashing could occur
everywhere.

With Tso > Ttr, the thermal supercooling that evolved was not
enough for initiating solidification in the lower part of the whole
splat. As a consequence, splashing could take place at the pe-
riphery of the flattening droplet and even in the central part.

Thus, oxidation is favorable for the development of splash-
ing, and this is detrimental to the substrate-coating adhesion, as
well as increasing the coating porosity. It seems that the negative
effect of oxidation on the splat morphology and the coating
properties may be weakened by an increase in the initial tem-
perature of the substrate, at least for the relatively low levels of
oxidation.

It should be mentioned that the presence of dissolved oxygen
causes a decrease in the contact wetting angle and the coefficient
of surface tension that contributes to a decrease in splashing.

4.6 Comparison with Experimental Data

The results obtained in Ref 35 indicate that coating oxidation
decreases with an increase in the spraying distance when the in-
fluence of the heated products of combustion on the solidifying

splat decreases and the splat solidification runs more rapidly.
The results of Ref 35 also show that an increase in the splat in-
itial temperature (which gives rise to the substrate temperature)
leads to an increase in the coating oxidation.

Plasma spraying of yttria-stabilized zirconia powder onto
steel and zirconia substrates demonstrated that surface splash-
ing on the oxidized substrate always occured and splash splats
were formed (Ref 46). This occurred in spite of the fact that the
substrate initial temperature exceeded the critical temperature
when regular disk splats were usually formed (Ref 45).

Experimental data established in Ref 47 for the parameters of
flattening and solidification of splats formed after impingement
of tin droplets onto a stainless steel substrate show that the con-
tact wetting angle decreases with an increase in the substrate in-
itial temperature.

An analytical expression for the maximum splat size derived
in Ref 48 also shows that it increases with a decreasing contact
angle of wetting. Finally, the results of modeling of the droplet
flattening presented in Ref 11 and 48 show the influence of wet-
ting between the substrate, and the flattening droplet on the
droplet spreading on the substrate surface decreases with an in-
crease in the velocity of the droplet impingement. The experi-
mental data also show that the presence of dissolved oxygen in
the liquid splat causes a decrease in the contact wetting angle
(Ref 49).

Experimental data concerning HVOF spraying of stainless
steel 316 on a mild steel substrate show that the level of oxida-
tion increases with an increase in the spraying distance; at 0.3 m
there is 12.49% of oxides in the coating, and at 0.45 m there is
25.66% of oxides (Ref 50). This supports a view that the main
oxidation in this case occurs during the in-flight motion of the
powder particles. A similar situation takes place during plasma
spraying of stainless steel 431 on a mild steel substrate. 

The coating structure obtained as a result of the HVOF spray-
ing of the Cr3C2-NiCr powder onto a mild steel substrate shows
that the formation of Cr2O3 seems to take place during the in-
flight motion of the powder particles (Ref 39). This can be attrib-
uted to an increase in the particle residence time (and the value
of tfl) at the spray distance due to in-flight dissolution of Cr3C2
(Ref 39).

The experimental results show that during HVOF spraying
of the Cr3C2-NiCr powder, the relative mass of chromium oxide
in the coating is approximately 4.95% (Ref 51). Considering
that oxidation occurs mainly during the in-flight motion of the
powder particles, it is possible to estimate theoretically the level
of oxidation as follows. The relative mass of oxidation, G, is
equal to the ratio of the mass of the oxidized layer in the particle,
mox, to the mass of the particle, mp. Considering that mox =
ρoxVfl and mp = ρpVp, then G = 3δflρox(ρpRp)

–1, where ρp and
ρox are the densities of the particle and the oxide, respectively.
From Ref 39 the value of tfl is equal to 0.5 ms. Taking into ac-
count that the presence of carbides decreases the effective coef-
ficient of diffusion of oxygen, De = 10–9m2s–1. Then, taking Rp
= 25 µm, ρp = 7800 kgm–3 ρox = 5200 kgm–3 and using Eq 27,
the theoretical value of G is equal to 0.57 and is not far from the
experimental value of G = 0.495.

Thus, the theoretical results agree well with the observed
tendencies of oxidation and its influence on coating forma-
tion. The results obtained are also in agreement with the experi-
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mental data, showing the effect of oxygen dissolved in the splat
on wetting and with the experimental, analytical, and modeling
results relating to the influence of wetting on the flattening pa-
rameters.

5. Conclusions

The formulas describing the time evolution of the splat thick-
ness and radius in the flattening process during thermal spraying
are established. The formulas take into account the surface
roughness of the droplet impingement, the surface-splat friction,
the splat solidification, and the loss of the droplet mass as a result
of splashing and rebounding of the droplet material. Realistic
correlations between the final values of the splat flattening pa-
rameters with the Reynolds number are obtained.

An equivalent dynamic viscosity of the liquid phase of the
splat and an equivalent velocity of the droplet impingement are
introduced, which account for the influence of the surface
roughness and the surface-splat friction, as well as the splat so-
lidification respectively on the droplet flattening during thermal
spraying.

The splat thickness increases with an increase in the surface
roughness and in the surface-splat friction and decreases when
splat solidification takes place. The splat radius decreases with
an increase in the surface roughness, the surface-splat friction,
and the mass loss from the droplet. It increases when splat solidi-
fication occurs. 

The approximate equations describing the time evolution of
the thermally sprayed splat thickness and radius during flatten-
ing of the composite powder particles consisting of solid phase
and binder are established, taking into account an increase in the
particle viscosity and a decrease in the friction at the splat-sub-
strate interface and in the velocity of solidification of the lower
part of the splat. The realistic correlations between the final val-
ues of the splat thickness and splat radius and the Reynolds num-
ber are obtained, taking into account the mentioned phenomena.
An effective dynamic viscosity of the splat liquid phase is intro-
duced that accounts for the solid phase influence on the flow of
the solid-liquid mixture during the droplet flattening.

A decrease in the powder particle radius leads to an increase
in the level of the particle in-flight oxidation and the thickness of
an oxidized layer. To decrease the particle in-flight oxidation, it
is necessary to have a narrow size distribution of the powder par-
ticles with a relatively large mean value. Besides oxidation, dif-
fusion of oxygen in the liquid phase of the particle occurs. The
relative volume of oxygen diffusion and the thickness of the dif-
fusive layer exceed markedly the similar values corresponding
to the process of oxidation and also decrease with an increase in
the particle radius. For the composite powder particles (e.g.,
consisting of carbides and a metallic binder), the level of oxygen
diffusion is smaller than for a homogeneous particle without car-
bides. The oxidation behavior and diffusion of oxygen in the so-
lidifying splat is similar to that in the moving particle.

Thermal resistance of the oxidized layer in the particle and in
the splat increases with an increase in the particle thermal con-
ductivity and the volume fraction of oxidation and a decrease in
the thermal conductivity of the developed oxides. In the case of
in-flight oxidation, this thermal resistance has the same order of
magnitude as the total thermal resistance of the particle and

plays an important role in the heat transfer processes. For the
case of splat oxidation, the thermal resistance of the oxidized
layer does not play any significant role when the regular disk
splats are formed. This resistance becomes important when a
significant splashing occurs and the thin splash splats are devel-
oped.

Flattening of the oxidized droplets impinging onto the sub-
strate surface is similar to that of composite powder particles
with an exception that the volume fraction of oxides varies with
time. Oxidation leads to an increase in the splat thickness and a
decrease in the splat radius.

Oxidation decreases the pressure developed upon the droplet
impact and is detrimental to the mechanical contact between the
substrate and the splat. Oxidation diminishes the contact heat
transfer coefficient at the splat-substrate interface and the veloc-
ity of solidification of the splat. This leads to a decrease in the
coating-substrate adhesion and an increase in the coating poros-
ity.

Oxidation contributes to the development of splashing,
which has a negative influence on the coating-substrate adhe-
sion and increases the coating porosity. The negative effect of
oxidation of the splat morphology and the coating properties
seems to be alleviated by an increase in the initial temperature of
the substrate.

A decrease in the contact wetting angle corresponding to an
improvement of wetting between the splat and the substrate
leads to a decrease in the splat thickness and an increase in the
splat radius that contributes to reinforcement of the splat-sub-
strate adhesive bonding. Influence of wetting 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 results obtained agree well with the observed processes
of flattening of droplets and the formation of splats in thermal
spraying, enabling better understanding of these processes and
predicting the parameters involved.
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