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On the basis of a discrete particle approach, a scaling analysis was used to predict features of the thermal
plasma spraying process. Correlations were obtained using the analysis and they were subsequently used to
predict two important features: the state of the particle at the moment of impact on the substrate, and the
nature of solidification process. Limitations and restrictions were also identified in the development of the
analysis that can be used to infer the resulting structure of coating. The correlations that were developed
might be utilized in optimizing the thermal plasma spraying process, as well as in producing new types of
coatings.
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1. Introduction

Thermal plasma spraying has become an important technol-
ogy for the production of thermal barriers, as well as corrosion-,
wear-, and erosion-resistant coatings. Principle areas of current
research related to this process can be categorized as (1) plasma
fluid flow and thermal characterization, (2) investigation of par-
ticle entrainment and heat transfer in the plasma, and (3) descrip-
tion of the solidification of the sprayed material and the associ-
ated development of the coating microstructure.

Individual aspects of problems related to each of the preced-
ing issues have been studied extensively and are well docu-
mented in the literature.[1-3] For industrial applications, for
which a higher quality coating or improved manufacturing effi-
ciency is desired, these and many other works have yet to be
synthesized into a comprehensive model. Furthermore, when an
experimental approach is taken, it is impossible to study the en-
tire process comprehensively because of the great number of
variables and parameters involved. Usually, a prohibitively
large number of experiments would be needed to scrutinize the
entire process. Alternatively, numerical work has been done to
overcome this dilemma and has enjoyed limited success; how-
ever, direct simulation of the entire process would be intolerably
time consuming. Thus, there remains a need to predict, a priori,
the quality of the final coating in terms of basic operating vari-
ables. In this study, an attempt is made using scaling analysis to
establish correlations that link the process characteristics and
basic operating parameters in the thermal plasma spraying pro-
cess to the quality of final product. The scaling analysis consid-
ers the deposition of discrete particles.

2. Scaling Analysis

Typically, the sprayed particles are fully molten during their
flight and will impinge on the substrate surface with a suffi-
ciently high velocity to promote high deposition efficiencies.
Thus, upon impact and subsequent deformation and solidifica-
tion, a fully coherent and potentially nonporous coating may be
produced. Alternatively, when production of thermal barrier
coatings is required, partially molten impacting particles may be
preferred in order to produce some porosity in the coating.
Therefore, the prediction of the particle state at the time of im-
pact is important to predict the subsequent solidification process
and coating quality.

The present work consists of two parts: prediction of the par-
ticle state at the moment of impingement upon the substrate (or
existing coating), and prediction of the solidification process.
An analysis is made of a single particle’s behavior by consider-
ing the average value of the addition of a splat to the top surface
of the previously deposited surface. The summation of many
such events yields a deposit consisting of a series of layered
splats. In the following discussion, a scaling analysis of the par-
ticle state at the moment of impact is developed, and is followed
by a scaling analysis of the solidification process.

2.1. Prediction of the Particle State at Impact

Figure 1 shows a schematic diagram associated with the pre-
sent study. It is assumed that the spray from the plasma torch
nozzle is conical in shape, and consists of a random distribution
of mono-size particles of average diameter, dp. The spray is in a
quasi-steady state because it is assumed that neither the plasma
torch nor substrate moves with respect to the other, and that the
particle is heated isothermally (that is, it has negligibly small
internal temperature gradients) while traveling in the plasma
gas. The last assumption is justified when the Biot number,
which is based upon the particle diameter, is much less than
unity; i.e., for Bi = hgdp/k << 1, where hg is the heat transfer
coefficient of the plasma gas surrounding the particle, and k is
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the particle’s thermal conductivity. Note that the particle iso-
thermality assumption becomes suspect for ceramic particles
with Bi ∼ 1. Both hg and k vary during particle translation in the
plasma, and if the variation becomes large, properly averaged
values should be used.

The particle’s state can be determined in terms of the distance
between the plasma torch nozzle and the substrate distance, L.
One may consider the location where the particle begins to melt,
Ls, and where particle completes its melting, Lf. These locations
can be found from an energy balance applied to the particle:

during heating: −�cV
dTp

dt
= hg As�Tp − Tg� (Eq 1)

during melting: �VHsf

dfs

dt
= hg As�Tm − Tg� (Eq 2)

where �, V, c, As, and Hsf are the particle’s density, volume,
specific heat, surface area, and latent heat of melting, respec-
tively. The variables Tp, Tm, and Tg are the instantaneous particle
temperature, the material (particle) melting temperature, and the
plasma gas temperature, respectively, whereas fs and t are the
particle’s solid fraction and time, respectively. By separation of
variables, Eq 1 can be rewritten as:

� dTp

Tp − Tg
= −�

0

t hAs

�Vc
dt (Eq 3)

Numerical and experimental results show that for most of the
heating period, the particle temperature increases very rapidly,
reaching its melting point in regions of the plasma jet where the
plasma temperature varies rather slowly.[4-7] Thus during this
period dTp >> dTg and

dTp ≈ d�Tp − Tg� (Eq 4)

Available numerical results also show that, in many cases,
the plasma temperature at the melting position, Tg|x=Ls , does not
differ greatly from its initial temperature, Tgo.[4-6] Then, from the
combination of Eq 3 with Eq 4, the duration of time, �s, taken for
the particle to reach its melting point, Tm, can be expressed as

�s =
�Vc�

h�As

ln
Tgo − Tpo

Tgo − Tm
(Eq 5)

where Tgo and Tpo are plasma and particle’s initial temperatures,
i.e., at the plasma torch nozzle exit and h and c are average val-
ues of hg and c during time �s. When the plasma temperature

Nomenclature

As particle surface area, m2

Asub particle deposition area, m2

A� splat area, m2

c specific heat, J/kg � K

dp particle diameter, m

ds equivalent diameter, m

D splat diameter, m

fs solid fraction

hg convective heat transfer coefficient of plasma gas,
W/m2 � K

hs contact heat transfer coefficient to the substrate,
W/m2 � K

H deposit thickness, m

Hsf latent heat of melting, J/kg

Hp energy to be removed for solidification, J

k thermal conductivity, W/m � K

L torch standoff distance, m

Ls location at the onset of particle melting, m

Lf location of complete particle melting, m = Ls + Lsf

Lsf distance traveled by particle during melting, m

lt thickness of solidified layer, m

M
.

mass flow rate of particle, kg/s

N
.

particle deposition rate, s−1

Q̇conv convection rate from plasma gas, W

Q̇sub heat extraction rate through substrate, W

qconv convection heat flux from plasma gas, W/m2

qsub heat extraction flux through substrate, W/m2

Rcond internal conduction resistance of deposit, K/W

St splat thickness, m

T temperature, K

�Ts degree of superheat, K

t time, s

tfr particle solidification time scale, s

tl liquid layer formation time

tsa subsequent particle arriving time scale, s

tsp particle spreading time scale, s

up particle velocity, m/s

V particle volume, m3

x axial coordinate, m

Bi biot number based on particle diameter = hgdp/k

Bis biot number based on splat thickness = hsSt/k

� spread factor = D/dp

� particle density, kg/m3

�fv time taken to reach evaporating temperature, s

�s time to reach melting point, s

Subscripts

evp evaporation
g plasma gas
go plasma gas at torch nozzle exit
i impact
m melting
p particle
po particle at torch exit

Fig. 1 Schematic diagrams of the present study: (a) physical system,
(b) deposition circle and single splat (amplified)
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decreases rapidly, the temperature Tgo needs to be replaced by
Tg|x=Ls

.[7] Possible resolidification in flight is not accounted for
because this situation is, in general, undesirable.

Denoting the distance from nozzle exit at which particle starts
to melt as Ls, and also denoting the distance traveled beyond Ls

until the particle is completely melted as Lsf, the total distance
from torch nozzle to where particle completes melting, Lf, is

Lf = Ls + Lsf (Eq 6)

When the substrate is located between Ls and Lf, the particle
arrives at the substrate in a partially molten state and its solid
fraction is given from integration of Eq 2 as

1 − fs =
h�As �Tg − Tm��

�VHsf
�

L − Ls

up�
(Eq 7)

where up is the average particle velocity. Alternatively, when the
substrate is located at Lf, the particle arrives in a fully molten
state, and when the substrate is located beyond Lf, the particle
would be either superheated (if heating continues) or in a reso-
lidified state if cooling occurs. In the case when the plasma tem-
perature is larger than the particle melting temperature, the par-
ticle will be overheated and the degree of superheating, �Ts can
be approximated as

�Ts =
h�As �Tg − Tp��

�Vc�
�

L − Lf

up�
(Eq 8)

where �Ts = Tp − Tm, (Tg − Tp) is the average temperature dif-
ference between the plasma and the particle temperature and
[(L − Lf)/up] is the duration of time during superheating. The
time, �fv, when the particle reaches its evaporation temperature,
Tevp, is derived from Eq 8 and is

�fv =
�Vc��Tevp − Tm�

h�As �Tg − Tp��
(Eq 9)

The distance traveled by the particle during this period is

Lfv = �fv up� (Eq 10)

Evaporation reduces the particle size at impact, and causes an
increase of porosity in the deposit, and thus should be avoided if
high-density coatings are preferred.[8,9]

Summarizing the above results in terms of basic parameters,
the particle state at the moment of impact is given in Table 1. The
results reported in Table 1 are meaningful in that they show the
important parameters explicitly, and how they are related. The
usefulness of the results, however, largely depends on how ac-
curately one can determine up, (Tg − Tp), and h. Estimates of the
values of these parameters could be obtained from available ex-
perimental or numerical results.

For the superheated particle state, the results of Table 1 can
be used to estimate whether the particle goes to a superheated
state when the plasma temperature is larger than particle’s melt-
ing temperature. However, the degree of superheat may only be
determined through the knowledge of particle temperature
variation.

2.2. Time Scales of the Solidification Process

The quality of the coating or deposit during thermal plasma
spraying largely depends on the solidification process after the
particles impact upon the relatively cold substrate. From the dis-
crete event point of view, the coating is built up particle by par-
ticle and no splashing is assumed to occur. Particles reach the
substrate in a partially or fully molten state, or in a superheated
state. They spread quickly to form splats and subsequently cool
and solidify. Subsequent particles arrive at the same (or nearby)
spot after some time interval. The spreading time varies depend-
ing on the arriving particle’s state and velocity. In addition, the
solidification time varies depending on the heat extraction rate
from substrate and the heat supply from the hot plasma gas. Fi-
nally, the splat formed from the initial particle either solidifies
completely or only partially solidifies before the arrival of the
subsequent particle, depending on the time interval associated
with the arrival of the next splat. In the former case (where the
splat completes solidification before next particle arrives), the
following splat may undergo a different solidification rate be-
cause of the presence of a thermal contact resistance between the
molten (second) splat and the solidified (first) splat. In the case
where each splat solidifies before the arrival of a subsequent
particle, the coating deposit consists of an agglomeration of
splats, which is known to offer fine grain structure, but the grains
may be columnar and the porosity level may be too high for a
specific purpose. If, however, each splat does not complete so-
lidification, a liquid layer will exist on top of each splat, which
acts to reduce porosity.[1,2]

On the basis of the above observations, the solidification pro-
cess may be broken into four distinct time scales. The splat is
assumed to be a thin circular disk of diameter D and thickness St.
The deposition efficiency is assumed to be unity.

2.2.1 Splat Spreading Time Scale, tsp. The deformation
(flattening and spreading) of a molten particle on a substrate af-
ter impact has been studied extensively, and models for the ex-
tent of spreading, described in terms of a dimensionless diam-
eter, � = D/dp, have been proposed and examined.[1-14] On the
basis of these models, the spreading time scale can be roughly
estimated by considering the time needed to fill a shallow, cy-
lindrical volume by an impinging molten particle.

Considering the molten particle’s volume flow as an equiva-
lent cylindrical volumetric flow of diameter ds and height equal
to the particle’s diameter dp, with impinging velocity up,i (Fig.
2), the spreading time scale, tsp, is

�

4
d s

2up,itsp =
�

4
D2St (Eq 11)

Table 1 The State of Particle at the Moment of Impact
upon the Substrate

Physical Condition Particle Size

L

up�
�

�Vc�

h�As

ln
Tgo − Tpo

Tgo − Tm

Solid state

�Vc�

h�As

ln
Tgo − Tpo

Tgo − Tm
�

L

up�
�

�VHsf

h�As�Tg − Tm�
Partially or fully molten state

�VHsf

h�As�Tg − Tm�
�

L

up,i�
�

�Vc�Tevp − Tm�

h�As�Tg − Tp�
Superheated state
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From conservation of mass, it may be shown that

dt =�2

3
dp (Eq 12)

Then, from Eq 11 and 12 it follows that

tsp =
3

2
�2

Si

up,i
=

dp

up,i
(Eq 13)

Fukanuma[15] analytically obtained the time for the splat to
spread to 90% of its maximum diameter, Dm, as

t0.9 = 0.479
dp

up,i
�

Dm

dp
(Eq 14)

Considering its approximate nature and noting that Dm/dp

usually takes a value of 2 to 4, the present estimate for the
spreading time agrees well with Fukanuma’s relation. For dp =
10−5 m and up,i = 100 m/s, the spreading time from Eq 13
is on the order of 10−7 s, which is in good agreement with the
numerical result obtained by Liu et al.[16]

In deriving Eq 13, it is assumed that the particle reaches the
substrate in a fully molten state, which is conventionally the case
in thermal plasma spraying. For a partially molten particle (un-
less the solid fraction is large) partial solidification does not af-
fect the spreading significantly, because of the importance of the
kinetic energy, thus Eq 13 still can be used to estimate the
spreading time.[17] Molten particles with high solid fractions are
not considered here. The effects of surface roughness, droplet-
substrate wetting, and other local effects are not considered here.

2.2.2 Time Scale Between Particle Arrivals, tsa. The time
interval between two successive particles arriving at the sub-
strate can be estimated using the rate of particle deposition, Ṅ, or
particle mass flow rate, Ṁ, as

tsa =
1

Ṅ

A�

Asub
=

�

6
�dp

3

Ṁ

A�

Asub
(Eq 15)

where A� is the area of a single splat, and Asub can be determined
experimentally or can be approximated from turbulent jet
theory.[18]

2.2.3 Solidification Time Scale, tfr. The solidification time
scale, tfr, associated with the completion of solidification of a
single molten particle after impacting the substrate can be esti-
mated from a simple energy balance for a pure material as

tfr =
Hp

Q̇sub − Q̇conv

(Eq 16)

where Hp is the amount of heat to be removed from a molten
particle for complete solidification, Q̇sub is the rate of heat ex-
traction through substrate and Q̇conv is the convective heat trans-
fer from the plasma gas to a solidifying particle until a subse-
quent particle arrives. Radiation heat transfer is assumed to be
negligibly small. Expressions for the heat transfer rates are

Hp = �V�1 − fs�Hsf for a molten particle (Eq 17a)

or Hp = �VHsf + �cVTs for a superheated particle (Eq 17b)

and Q̇sub = hsA� �Tp − Ts��i (Eq 18)

Q̇sub = hsA� �Tg − Tp�i (Eq 19)

In these expressions, hs is the interfacial heat transfer coeffi-
cient between the splat and the substrate, whereas hg is the
plasma gas convective heat transfer coefficient. The expression
(Tp − Ts)i is the average temperature difference between particle
temperature at the moment of impact and the substrate tempera-
ture.

The particle temperature at the time of impact is, at mini-
mum, its melting temperature. The subscript i denotes the impact
state.

2.3. Single Splat Prediction

Because it is assumed that the solidification of an individual
particle is not affected by other particles, the property of a coat-
ing can be regarded as an ensemble result of the spreading and
solidification of many individual particles.[19] By comparing
relative magnitudes of the time scale related to the relevant pro-
cess over a single particle, reasonable predictions of the solidi-
fication process can be made.

2.3.1 Effect of Solidification on Spreading

�i� tfr 		 tsp

Usually, the particle size is very small, on the order of 10 µm,
and the impact velocity is on the order of 102 m/s. Thus, from Eq
13 , the spreading time scale, tsp, is on the order of 10−7 s, which
is much less than the usual solidification time scale, which is on
the order of 10−3 to 10−5 s. In general, in thermal plasma spraying
the kinetics of the particle spreading exceeds that of solidifica-
tion by two orders of magnitude.[20] When the spreading time
scale is significantly less than the solidification time scale, the
particle completes spreading to its maximum extent prior to the
initiation of solidification.

Fig. 2 Model of particle spreading
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�ii� tfr 
 tsp

When the particle size is relatively large, on the order of 102-103

µm, and the impact velocity is relatively small, on the order of
1-10 m/s, the spreading time scale becomes approximately equal
to the magnitude of the solidification time scale. In such a case,
solidification affects the spreading process to a degree, such as
slowing the spreading process and reducing the maximum extent
of spreading.[12] Liu et al. reported that solidification causes a
separation of the splat edge which could lead to formation of
voids in the splat fringe region.[16] This is one mechanism for
micropore formation during spraying of the coating. It will be
considered herein when the solidification restricts the spreading.

Assuming that solidification initiates at the first contact re-
gion of the particle upon reaching the substrate (near the center
region of the spreading particle), the solidification effect can be
neglected during spreading when the thickness of the solidified
layer, lt, is much less than the final splat thickness, St, i.e., for lt/St

<< 1. Regarding the initial contact area, Ap, as the area of a circle
of particle diameter, dp, a thermal energy balance for such an
area gives

�Hp Aplt = �qsub − qconv�Aptsp (Eq 20)

where qsub and qconv are heat transfer rates per unit area through
the substrate and from plasma gas, respectively. Substitution of
tsp from Eq 13 into Eq 20 gives

tsp =
2

3
�2

St

up,i
or

lt

st
=

3

2

qsub − qconv

�Hpup,i
�2 (Eq 21)

Therefore the solidification effect on the spreading process
can be neglected for lt/St << 1, that is

3

2

qsub − qconv

�Hpup,i
�2 �� 1 (Eq 22)

For a fully molten particle, this condition can be written as

3

2

hs�Tm − Ts� − hg�Tg − Tm�i

�Hsf up,i
�2 �� 1 (Eq 23)

In terms of lt/dp, this condition becomes

lt

dp
=

lt

st

3

2
�−2 =

3

2

hs�Tm − Ts� − hg�Tg − Tm�i

�Hsf up,i
�2 �� 1 (Eq 24)

Bhola and Chandra,[21] on the basis of experimental results,
estimated that for

lt

dp
	 8 � 10−3 (Eq 25)

solidification would restrict the particle spreading. The coupling
between the droplet solidification and the droplet spreading is
simply being ignored herein. This may affect the utility of the
analysis to a limited extent.

2.3.2 Prediction of Solidification. If the solidification
does not affect the spreading process, the nature of solidification
of a single splat depends on the relative magnitude of the solidi-
fication time scale and subsequent particle arrival time scale.

�i� tfr � tsa

When the solidification time scale, tfr is less than the subsequent
particle arriving time scale, tsa, the spreading and solidification
of each particle is completed before the next particle arrives.
Then the intersplat boundaries are well defined. The porosity in
the deposit would be relatively high due to the intersplat inter-
stice.

�ii� tfr ∼ tsa

When both time scales are comparable, thin liquid layers may
remain on top of the solidifying splat when the subsequent par-
ticle impinges on it. This would reduce the porosity in the de-
posit.

�iii� tfr 	 tsa

When the solidification time scale is larger than the subsequent
particle arriving time scale, the splat is primarily in the molten
state when the next particle arrives. This condition eventually
would lead to a thick liquid layer or liquid pool in a growing
deposit, which may spill over the surface. The advantage of ther-
mal plasma spraying may be lost and this condition should thus
be avoided.

From the point of view of a single splat mentioned above, the
desirable condition for the merit of thermal plasma spraying is

tfr � tsa (Eq 26)

However, as the number of splats increases with time, be-
cause of the internal conduction resistance within the growing
deposit, the solidification rate of a newly formed splat on the
existing deposit is reduced, and eventually the time is reached
when the liquid layer starts to form, even for tfr � tsa. The time
when this would happen can be estimated by considering the
internal conduction resistance within the growing deposit as de-
scribed in the following section.

2.4. Multisplat Prediction

At some instant in time, t, the internal conduction resistance
in a growing deposit, Rcond, can be represented as

Rcond =
H

kA�

(Eq 27)

where H is the thickness of an existing deposit and k is the ther-
mal conductivity of deposit material. The deposit thickness, H,
can be represented as
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H = � t

tsa
�St = nSi (Eq 28)

where n is the integer number of t/tsa, related to the particle ar-
riving is a discrete event. Then the heat extraction rate, Q̇sub from
newly formed splat at time t to substrate can be given as

Q̇sub =� 1

nSi

k
+

1

hs

�A� �Tp − Ts�� (Eq 29)

Note that when

nSi

k
��

1

hs
(Eq 30a)

or t ��
k

hsSt
tsa = Bis

−1tsa (Eq 30b)

(where Bis is the Biot number defined as Bis = hsSt/k) Eq 29
reduces to that of a single splat, as in Eq 18. This means that for
a very short time duration defined by Eq 30b, the internal con-
duction resistance is negligible and a single splat analysis is
valid.

Because the increased thermal resistance, Q̇sub decreases and
this, in turn, increases the solidification time of the newly
formed splat. In turn, because of this increase in the mean time,
the freezing time scale becomes comparable to the subsequent
particle arriving time scale and the liquid layer then starts to
form on top of the newly formed splat until the next particle
arrives. Using Eq 16 and 29, and equating freezing time scale
with subsequent particle arriving time scale yields

tfr = tsa (Eq 31)

The time at which the liquid layer starts to form, tl, can be
estimated as

tl =
k

St

��Hp

tsa
+ Q̇conv

A��Tp − Ts�
�−1

−
1

hs

� tsa (Eq 32)

When tsa from Eq 15 is substituted into Eq 32, tl is represented
in terms of operating parameters. On the basis of this time scale,
tl, it is expected that for total spraying time, tts

�i� tts � tl : deposit forms from fully solidified splats (Eq 33)

�ii� tts 
 tl : thin liquid layer may form during solidification
(Eq 34)

�iii� tts 		 tl : thick liquid layer forms on the growing deposit
(Eq 35)

It is worth noting from Eq 32 that the convection effect from
hot plasma gas can be neglected when

Hp

tsa
		 Q̇conv (Eq 36a)

or

Hp 		 Q̇conv � tsa (Eq 36b)

This situation may occur when the latent heat of solidifica-
tion is very large or tsa is very small, as in the case of very large
particle mass flow rate or very small particle diameter.

3. Discussion: Applicability to an
Actual Process

The present analysis can be used in actual thermal plasma
spray processes. To see its applicability, suppose that the particle
size, dp, and coating thickness, H, is specified.

3.1 Particle State at Impact

With available property data such as p, c, k, h, Hsf, Tm, Tevp, V,
As, and information regarding operating parameters such as Tgo,
Tpo, Tg, Tp, and up,i, the particle state at the moment of impinge-
ment on the substrate can be predicted or controlled. Main con-
trolling parameters are the substrate distance, L, the particle ve-
locity, up, and the plasma temperature, Tg. Controlling the
substrate distance is straightforward, but has some restrictions,
as mentioned below. Controlling the particle velocity may be
achieved by varying the particle size and plasma gas velocity,
i.e., volumetric flow rate. Of course, the former is usually speci-
fied.

3.2. Production of Fine Quality Coating with
Preferred Structure

For fine quality coating from the thermal plasma spraying,
the single splat criterion, Eq 26, should first be satisfied. This
condition gives some restrictions on the particle mass flow rate
and the spraying distance for a specified particle size. For a
specified coating thickness, H, from Eq 28, the total solidifica-
tion time, tts, is estimated in terms of the ratio, (tts/tsa) = (H/St),
where St is estimated from the available spreading model as St =
(2/3)(dp/�2). Depending on the preferred porosity level, either
Eq 33 or 34 needs to be satisfied. When a relatively high porosity
coating is required (as in thermal barrier coatings), Eq 33 be-
comes the applicable criterion, whereas Eq 34 needs to be satis-
fied for production of a low porosity. For a specified coating
thickness, H, (H/St) >> 1 and the total solidification time scale, ts
= (H/St)tsa >> tsa. Because the time scale, tl, is related to tsa

through material properties, depending on the type of coating
and material to be coated, either Eq 33 or 34 may not be satisfied.
For metallic coatings, usually tl >> tsa from Eq 32, thus Eq 33 can
be satisfied, whereas Eq 34 may not, unless H/St is a very large
value, which means very large coating thickness. Even for a very
thick coating, Eq 33 is satisfied for some time after the spray
process begins until the time is reached for Eq 34 to be satisfied.
This suggests that the initial coating structure may differ from
the later coating structure.

For ceramic coatings, largely because of the low value of the

184—Volume 11(2) June 2002 Journal of Thermal Spray Technology

P
ee

r
R

ev
ie

w
ed



thermal conductivity, tl is not much larger than tsa, whereas tts >
tsa. Thus tts > tl and Eq 33 is not satisfied shortly after the spray-
ing begins. Consider a numerical example for the case of a ce-
ramic coating thickness, H = 500 µm. The splat thickness be-
comes St = (2/3)(dp/�2) = 3.7 µm for � = 3. The total solidification
time for H = 500 µm is tts = (500/3.7)tsa = 135tsa. For Tp = 2000
K, k = 2.4 W/m � K, � = 5700 kg/m3, Hsf = 7 × 105 J/kg, Hp =
�VHsf = 2.61 × 10−4 J for a fully molten particle. The splat area
is A� = (�/4)�2d p

2 = 1.76 × 10−8 m2. If we assume (Tp − Ts) = 103

K, and hs = 104 W/m2K, from Eq 32, tl = 48 � tsa. Thus, Eq 33
fails to be satisfied after one-third of the total spray time elapses
from the start of the spray process.

From Eq 32, it may be inferred that for high-porosity coat-
ings, the ceramic particle should have high thermal conductivity
and a low Hp value (i.e., low density and low latent heat) to
satisfy Eq 33. One way of reducing the Hp value could be to have
the ceramic particle reach the substrate as a partially molten
state, i.e., with some value of solid fraction.

4. Conclusions

An attempt has been made using scaling analysis to predict,
globally, the characteristics of the thermal plasma spraying pro-
cess in terms of basic operating and thermophysical parameters.
The modeling was performed with the recognition that detailed
physical processes, such as partial melting of individual par-
ticles during their flight, resolidification or evaporation of par-
ticles prior to their reaching the substrate, detailed splat dynam-
ics and surface chemistry effects, particle-to-particle coupling in
terms of hydrodynamic and solidification phenomena, and other
detailed phenomena, cannot be described with the general ap-
proach taken here.

Although the analysis is made based on a simplified model
considering discrete particle events, the analysis yields mean-
ingful correlations by which it is possible to estimate two impor-
tant processes: (1) the state of the particle at the moment of im-
pact on substrate, and (2) the nature of solidification processes.
Through relevant correlations, the limitation or restriction is also
seen in obtaining preferred coating product. The correlations can
be used to optimize the spraying process.
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