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Abstract

Plasma-sprayed molybdenum and yttria-stabilized zirconia particles (38–63 lm diameters) were sprayed onto glass and Inconel 625
held at either room temperature or 400 �C. Samples of Inconel 625 were also preheated for 3 h, and then air-cooled to room temperature
before spraying. Photographs of the splats were captured by using a fast charge-coupled device (CCD) camera. A rapid two-color pyrom-
eter was used to collect thermal radiation from the particles during flight and spreading to follow the evolution of their temperature. The
temperature evolution was used to determine the cooling rate of spreading particles. An analytical heat conduction model was developed
to calculate the thermal contact resistance at the interface of the plasma-sprayed particles and the surfaces from splat cooling rates. The
analysis showed that thermal contact resistance between the heated or preheated surfaces and the splats was more than an order of mag-
nitude smaller than that on non-heated surfaces held at room temperature. Particles impacting on the heated or preheated surfaces had
cooling rates that were significantly larger than those on surfaces held at room temperature, which was attributed to smaller thermal
contact resistance.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Thermal spray coating; Cooling rate; Non-dimensional temperature; Heat conduction; Splat–substrate interface; Two-color pyrometry

1. Introduction

Substrate temperature has been shown to influence the
size and morphology of splats formed by molten particles
impacting and solidifying during a thermal spray coating
process [1–4]. Droplets of molten zirconia, plasma sprayed
onto a stainless steel substrate kept at room temperature,
splashed and produced fragmented splats, whereas on a
heated substrate they formed circular, disk-like, splats with
almost no splashing [5]. Since irregular splats produce por-
ous coatings with poor adhesion strength [6], knowing the
causes of droplet splashing is of considerable practical
importance.

Pasandideh-Fard et al. [1] used a three-dimensional
computational model to simulate the impact and solidifica-
tion of plasma-sprayed nickel particles on stainless steel
substrates and obtained splat shapes that closely resembled
those observed in experiments. Splashing was found to
occur when the edges of impinging droplets began to
freeze; the solidified layer destabilized the outward spread-
ing liquid, making it jet off the substrate and fragment.
Simulations showed that reducing the droplet cooling rate
and delaying the onset of solidification suppressed splash-
ing. Raising substrate temperature by the amount done in
experiments, though, had relatively little effect on heat
transfer; varying thermal contact resistance between the
substrate and droplet had a much more significant impact
on droplet impact dynamics. The explanation offered [1,6]
was that heating the steel surface produces an oxide layer
that increases contact resistance. This – more than the
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increase in temperature – influences impact dynamics. But
heating can also evaporate volatile compounds adsorbed
on the surface, reducing contact resistance [5,7]. Surface
cleaning is the dominant effect at lower surface tempera-
tures, whereas oxidation is more evident at high tempera-
tures [8]. Dhiman and Chandra [9] developed an
analytical model to predict when solidification induced
splashing would occur and found results to be sensitive
to values of thermal contact resistance.

Thermal contact resistance values have been measured
directly under millimeter sized droplets of molten metal
impacting on flat surfaces by measuring either the splat sur-
face temperature variation using an optical pyrometer
[2,10,11], or the transient substrate temperature with ther-
mocouples [8,12]. Contact resistance was determined by
selecting values that gave best agreement between predic-
tions from numerical or analytical models and experimen-
tally measured temperature variations.

High-speed, two-color pyrometry has been used to obtain
splat temperature variation during impact of plasma-
sprayed particles [13–15]. In this method, radiation emitted
by the spreading splat is recorded at two different wave-
lengths; assuming gray-body emission, the splat tempera-
ture is calculated from the ratio of the intensities of
radiation collected. Cedelle et al. [16] measured the cooling
rates of yttria-partially-stabilized zirconia on stainless steel
substrates that were preheated to 673 K, and then air-cooled
to room temperature and found that the cooling rates of
splats on the preheated steel were almost an order of magni-
tude larger than those on non-heated steel. Belghazi et al.
[17] used a two-dimensional analytical conduction model
for the heat transfer in a two-layered material to show that
the thermal contact resistance between the layers signifi-
cantly influenced the surface temperature changes at the

interface between the two layers. For plasma-sprayed zirco-
nia on stainless steel, Bianchi et al. [18] adjusted the thermal
contact resistance values in a numerical model in order to
match the experimental cooling rate of zirconia with that
of a numerical simulation.

Values of thermal contact resistance between impacting
plasma particles and substrates are important in develop-
ing realistic simulations [1], and in understanding how
changing surface properties affects droplet impact dynam-
ics. We have, as yet, no simple analytical method of deriv-
ing thermal contact resistance from splat cooling rates.
Also, very few measurements of thermal contact resistance
under plasma spraying conditions are available. Accurate
thermal contact resistance calculations require knowledge
of the splat geometry, which can best be obtained by
photographing impacting particles while simultaneously
measuring their cooling rate.

The objectives of this study were to (1) measure the cool-
ing rates of plasma-sprayed particles during impact; (2)
photograph spreading particles; (3) develop an analytical
model to calculate the variation of splat cooling rate with
thermal contact resistance; (4) calculate thermal contact
resistance between plasma-sprayed particles and glass or
metal substrates.

2. Experimental method

Photographs of plasma-sprayed molybdenum and yttria-
stabilized zirconia on glass and Inconel 625 were captured
by using an experimental assembly similar to that described
in detail by McDonald et al. [19] and Mehdizadeh et al.
[20] and shown in Fig. 1. A SG100 torch (Praxair Surface
Technologies, Indianapolis, IN) was used to melt and
accelerate dense, spherical molybdenum (SD152, Osram

Nomenclature

A splat area (m2)
Bi Biot number, Bi = h/Rcks
D splat diameter (m)
Fo Fourier number, Fo = at/h2

h splat thickness at the maximum extent (m)
k thermal conductivity (W m�1 K�1)
K thermal conductivity ratio, K = ks/ksub
L substrate thickness (m)
Rc thermal contact resistance (m2 K W�1)
t time (s)
T temperature (�C)
x linear coordinate
y linear coordinate

Greek symbols

a thermal diffusivity (m2 s�1)
c knn=

ffiffiffiffi

K
p

g kn=
ffiffiffiffi

K
p

h non-dimensional temperature
k separation constant (m�1)
n length ratio, n = L/h
s function dependent on t, only
K thermal diffusivity ratio, K = asub/as
W function dependent on x, only

Subscripts

i initial
max maximum extent
n number
o in-flight
s splat
w substrate

Superscript
* non-dimensional variable
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Sylvania Chemical and Metallurgical Products, Towanda,
PA) and yttria-stabilized zirconia (Amperit #825, H.C.
Starck, Germany, referred to as simply ‘‘zirconia” in this
paper) powder particles, sieved to diameters lying between
38 and 63 lm, with an average diameter of 40 lm. The
powder feed rate was less than 1 g/min. The plasma torch
was operated with a voltage of 35 V and a current of
700 A. The plasma gas mixture was argon at a flow rate
of 50 liters per minute (LPM) and helium at 24.5 LPM,
for molybdenum, or 20 LPM, for zirconia. The torch was
passed rapidly across the substrates. In order to protect
the substrate from an excess of particles and heat, a V-
shaped shield was placed in front of the torch (Fig. 1). This
V-shaped shield had a 3.5 mm hole through which particles
could pass. To reduce the number of particles landing
on the substrate, two additional barriers were placed in
front of the substrate, the first of which had a 1 mm hole
and the second, a 0.6 mm hole. All the holes were aligned
to permit passage of the particles with a horizontal
trajectory.

The substrates were glass microscope slides (Fisher Sci-
entific, Pittsburgh, PA) that were washed with water and
ethanol and dried in an oven at 140 �C for 30 min. In order
to heat the substrate, the glass was placed in a copper sub-
strate holder that included resistance heater wires. Mirror-
polished Inconel 625 (referred to as simply ‘‘Inconel” in
this paper) was also used as a substrate. Samples of Inconel
were either held at room temperature (non-heated), heated
to 400 �C (heated), or pre-heated to 400 �C for 3 h, then
air-cooled to room temperature, before spraying the
particles.

The thermal radiation of the particle and splat were mea-
sured to calculate the in-flight particle temperature and
temperature evolution of the splat. A rapid two-color pyro-
metric system was used to measure the thermal radiation.
The system included an optical sensor head that consisted
of a custom-made lens that focused the collected radiation,
with 0.21 magnification, onto an optical fiber with an
800 lm core [14]. Fig. 2 shows a schematic of the cross-sec-
tion of the optical fiber and a typical signal obtained from
the pyrometric system. The optical fiber was covered with
an optical mask that was opaque to near infrared radiation,
except for three slits (see Fig. 2(a)). The two smaller slits (slits
b and c in Fig. 2(a)), with dimensions of 30 lm by 150 lm
and 30 lm by 300 lm, were used to detect the thermal radi-
ation of the in-flight particles. The radiation was used to
calculate the temperature of the in-flight particle [15]. The
largest slit (slit e in Fig. 2(a)), measuring 150 lm by
300 lm, was used to collect thermal radiation of the particle
as it impacted and spread on the substrate.

The collected thermal radiation was transmitted through
the optical fiber to a detection unit that contained optical
filters and two photodetectors. The radiation beam was
divided into two equal parts by a beam splitter. Each signal
was transmitted through a bandpass filter with wavelength
of either 785 nm or 995 nm and then detected using a sili-
con avalanche photodetector (model C30817, RCA, Dur-
ant, OK). The photodetector had a response time smaller
than 0.1 ls [14]. The ratio of the radiation intensity at the
chosen wavelengths (referred to as D1 and D2, respectively)
was used to calculate the particle and splat temperatures
with an accuracy of ±100 �C [15].

Fig. 1. Schematic of the experimental assembly for impact on Inconel.
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Fig. 2(b) shows a typical signal captured by a photode-
tector. The labels, a–f, correspond to the position of a par-
ticle (shown in Fig. 2(c)) as it passed through the fields of
view of each of the optical slits. At points a and d, the par-
ticle was not in the optical field of view of any of the slits,
so the signal voltage was zero. The two peaks at points b

and c were produced by thermal emissions from the parti-
cle as it passed through the first two small slits. At point e
the droplet entered the field of view of the third and largest
optical slit. This is shown on the thermal signal by a pla-
teau in the profile. Upon impact at f, the signal increased
as the particle spread and eventually decreased as the par-
ticle cooled down and/or splashed out of the field of view.
At point g, the signal is a maximum and this is representa-
tive of the splat at the maximum spread extent.

A 12-bit charge-coupled device (CCD) camera (QImag-
ing, Burnaby, BC) was used to capture images of the
spreading particles. Photographs on Inconel were captured
from the front of the substrate with the camera attached
to a 30 cm long optical extension tube that was con-
nected through a diaphragm (Tominon, Waltam, MA) to
a 135-mm focal length lens (Fig. 1). The diaphragm open-
ing diameter was 8.5 mm, corresponding to an aperture of
f-16. The shutter of the camera was opened for about
500 ls, with no added illumination. The images obtained
were those from the visible radiation emitted by the splats,
integrated over the entire droplet impact period. In order
to photograph droplets landing on glass, the method
described by Mehdizadeh et al. [20] was used. A 5 ns
Nd-YAG laser was triggered to illuminate the spreading

Fig. 2. (a) Details of the three-slit mask, (b) a typical signal collected by the three-slit mask, (c) schematic of the optical detector fields of view.
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droplet, providing a single image of the splat silhouetted
against a bright background. By varying the instant at
which the laser was pulsed, different stages of droplet
impact and spread were captured. The images captured
by the camera were digitized by a frame grabber and
recorded on a personal computer.

3. Mathematical model

A one-dimensional heat conduction model, in rectangu-
lar co-ordinates, was used to calculate thermal contact
resistance. Fig. 3 shows a schematic of the model used in
the analysis. The liquid splat at its maximum extent, prior
to solidification or disintegration, was modelled as a disk
transferring heat to the substrate. It was assumed that ther-
mal contact resistance between the splat and the substrate
was constant; the thickness of the splat (h) was uniform;
convection and radiation were small so that the top and
sides of the splat were modelled as being insulated and heat
loss from the splat was solely by one-dimensional conduc-
tion to the substrate; and all properties were independent
of temperature. The splat at the maximum extent and the
substrate are assumed to be a two-layered composite solid
with a thermal contact resistance between the layers.

The non-dimensionalized governing equations of the
temperature distribution in the splat and substrate are

o
2hs

ox�2
¼ ohs

ot�
; 0 < x

� < 1; ð1Þ

o
2hw

ox�2
¼ 1

K

ohw

ot�
; 1 < x

� < n: ð2Þ

The following variables were used to non-dimensionalize
the governing equations:

h ¼ T � T i;w

T i;s � T i;w

; x
� ¼ x

h
; t

� ¼ Fo ¼ ast

h
2
;

K ¼ aw

as
; n ¼ L

h
: ð3Þ

The non-dimensional boundary and initial conditions are

ohs

ox�
¼ 0; x

� ¼ 0; ð4Þ

hw ¼ 0; x
� ¼ n; ð5Þ

K
ohs

ox�
¼ ohw

ox�
; x

� ¼ 1; ð6Þ
ohs

ox�
þ Biðhs � hwÞ ¼ 0; x

� ¼ 1; ð7Þ

hs ¼ 1; t
� ¼ 0; ð8Þ

hw ¼ 0; t
� ¼ 0: ð9Þ

K (ks/kw) and Bi (h/Rcks) are the thermal conductivity ratio
and the Biot number, respectively. The boundary condition
of Eq. (5) states that the temperature of the substrate bot-
tom surface is constant and equal to the initial tempera-
ture, since the substrate is large compared to the splat.
The boundary conditions of Eqs. (6) and (7) show that
the temperature distributions in the splat and substrate
are coupled.

The governing equations of the temperature distribution
in the splat and substrate (Eqs. (1) and (2)) were solved by
the orthogonal expansion technique [21]. This technique is
used to derive the temperature distribution in each layer of
a multi-layer composite solid by employing the separation
of variables method. The solution for h(x*, t*), was
assumed to be the product of two functions, one (W)
depending on x* only, and the other, (s), on t* only, so that

hsðx�; t�Þ ¼ Wsðx�Þsðt�Þ; ð10Þ
hwðx�; t�Þ ¼ Wsubðx�Þsðt�Þ: ð11Þ

Eqs. (10) and (11) were substituted into Eqs. (1) and (2),
respectively, and after separation we obtain,

d2Ws;n

dx�2
þ k2

n
Ws;n ¼ 0; ð12Þ

dsn
dt�

þ k2
n
sn ¼ 0; ð13Þ

d2Ww;n

dx�2
þ k2

n

K
Ww;n ¼ 0: ð14Þ

Fig. 3. Schematic of a splat on a surface with thermal contact resistance at the splat–substrate interface.
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Eq. (13) is the transient component of the governing equa-
tions, and it is the same for both the splat and the sub-
strate. kn is the separation constant, which will give the
eigenvalues that correspond to the eigenfunctions, Wn.

Integration of Eqs. (12)–(14) gives

Ws;nðx�Þ ¼ An sinðknx�Þ þ Bn cosðknx�Þ; ð15Þ
snðt�Þ ¼ Gn expð�k2

n
t
�Þ; ð16Þ

Ww;nðx�Þ ¼ Cn sin
knx

�
ffiffiffiffi

K
p

� �

þ Dn cos
knx

�
ffiffiffiffi

K
p

� �

; ð17Þ

where An, Bn, Cn, Dn, and Gn are integration constants.
Application of the boundary condition at x* = 0 (Eq.

(4)) to Eq. (15) gives An = 0. The boundary conditions of
Eqs. (5)–(7) are applied to Eqs. (15) and (17) in order to
find the integration constants.

Cn sin
knn
ffiffiffiffi

K
p

� �

þDn cos
knn
ffiffiffiffi

K
p

� �

¼ 0; ð18Þ

BnKkn sinðknÞþCn

kn
ffiffiffiffi

K
p cos

kn
ffiffiffiffi

K
p

� �� �

�Dn

kn
ffiffiffiffi

K
p sin

kn
ffiffiffiffi

K
p

� �� �

¼ 0;

ð19Þ

Bn cosðknÞ�
kn sinðknÞ

Bi

� �

�Cn sin
kn
ffiffiffiffi

K
p

� �

�Dn cos
kn
ffiffiffiffi

K
p

� �

¼ 0:

ð20Þ

Eqs. (18)–(20) are a system of equations that can be used to
solve for the constants of integration. Since these equations
are homogeneous, the constants can be determined only in
terms of one of them. Cn and Dn will be solved in terms of
Bn (the non-vanishing constant), so cn = Cn/Bn and
dn = Dn/Bn. Rearrangement of Eqs. (19) and (20) gives cn
and dn:

cn¼ sin
kn
ffiffiffiffi

K
p

� �

cosðknÞ�
kn sinðknÞ

Bi

� �

�K

ffiffiffiffi

K
p

sinðknÞcos
kn
ffiffiffiffi

K
p

� �

;

ð21Þ

dn¼ cos
kn
ffiffiffiffi

K
p

� �

cosðknÞ�
kn sinðknÞ

Bi

� �

þK

ffiffiffiffi

K
p

sinðknÞsin
kn
ffiffiffiffi

K
p

� �

:

ð22Þ

The system of homogenous equations, Eqs. (18)–(20),
has a non-trivial solution, so the determinant of the coeffi-
cients of the constants of integration in Eqs. (18)–(20) will
be zero [21]. Solving for the determinant gives an implicit
expression for kn:

Kkn sinðknÞ½sinðcÞ cosðgÞ � sinðgÞ cosðcÞ�

� g cosðknÞ �
kn sinðknÞ

Bi

� �

½sinðcÞ sinðgÞ þ cosðcÞ cosðgÞ�

¼ 0; ð23Þ

where c ¼ knn=
ffiffiffiffi

K
p

and g ¼ kn=
ffiffiffiffi

K
p

.
Since Eqs. (12) and (14) are Sturm–Liuoville equations

and the boundary conditions of Eqs. (4)–(7) are homoge-
neous, orthogonality can be applied to determine Gn [21].
The initial conditions of Eqs. (8) and (9) were used.

The resulting expression is integrated from x* = 0 to x* = 1
for the splat and from x* = 1 to x* = n for the substrate:

KK

Z 1

0

Ws;nðx�Þdx¼Gn KK

Z 1

0

W2
s;nðx�Þdxþ

Z n

1

W2
w;nðx�Þdx

� �

:

ð24Þ

Substituting the expressions for Ws,n(x*) and Ww,n(x*) from
Eqs. (15) and (17) into Eq. (24) and solving, gives the
expression for Gn:

Gn ¼ 2K
ffiffiffiffi

K
p

sinðknÞ � K

ffiffiffiffi

K
p

kn þ sin kn cos kn½ �
h

þ c
2
n
c� g� cos c sin cþ cos g sin g½ �

þ 2cndn cos2 g� cos2 c
� �

þ d
2
n
c� gþ cos c sin c� cos g sin g½ �

i�1

: ð25Þ

The non-dimensional splat temperature distribution is
found by substituting Eqs. (15) and (16) into Eq. (10)
and summing to give

hsðx�; t�Þ ¼
X

1

n¼1

Gn expð�k2
n
t
�Þ cos knx�; 0 < x

� < 1: ð26Þ

The thermal emission signals of the splat will permit calcu-
lation of the experimental splat temperature evolution and
the cooling rate at the top surface of the splat. Eq. (26) was
differentiated with respect to t* to give an expression for the
non-dimensional cooling rate at the top surface of the splat
(x = x* = 0 in Fig. 3):

ohsð0; t�Þ
ot�

¼ �
X

1

n¼1

Gnk
2
n
expð�k2

n
t
�Þ: ð27Þ

The non-dimensional cooling rate depends only on the
non-dimensional time (Fourier number), the thermal diffu-
sivity ratio (K = aw/as), the thermal conductivity ratio
(K = ks/kw), the length ratio (n = L/h), and the Biot num-
ber (Bi = h/Rcks). Charts of the non-dimensional cooling
rate versus the Biot number can be prepared for different
values of the ratio of the product (KKn) of the thermal dif-
fusivity ratio, the thermal conductivity ratio, and the length
ratio to the non-dimensional time (t*). The dimensional
form of the ratio is

KKn

t�
¼ awksLh

a2skwt
: ð28Þ

The experimental splat surface cooling rates can be non-
dimensionalized by using

ohsð0; t�Þ
ot�

¼ h
2

asðT i;s � T i;wÞ
oT sð0; tÞ

ot
: ð29Þ

A MATLAB (MathWorks, Inc., Natick, MA, USA) code
was used to solve the implicit expression for kn (Eq. (23))
and to find the constants of integration (Eqs. (21), (22)
and (25)). Terms in the infinite series of the temperature
distribution and cooling rate expressions (Eqs. (26) and
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(27), respectively) were added until the solutions converged
to within 1% of the sum.

Fig. 4 shows the variation of the non-dimensional cool-
ing rate (ohs/ot*) with inverse Biot number (1/Bi), for
different values of the ratio of the product of the thermal
diffusivity ratio, the thermal conductivity ratio, and the
length ratio to the non-dimensional time (KKn/t*). The
inverse Biot number (Rcks/h) compares the magnitude of
the thermal resistance between the splat and substrate
(Rc) to the thermal resistance of the splat itself (h/ks).
As this ratio becomes very large (>104), heat transfer
from the upper splat surface depends largely on Rc,
and is independent of properties and splat thickness
(n = L/h); curves with different KKn/t* values merge with
each other (see Fig. 4). In this study, for plasma-sprayed
zirconia and molybdenum particles impacting on
unheated glass and Inconel surfaces, typically ohs/ot* <
10�3 and Bi�1 > 103. The impact of plasma-sprayed parti-
cles on heated surfaces gave ohs/ot* > 10�2 and Bi�1 <
102. The cooling rate decreased with increasing thermal
contact resistance, approaching zero as Bi�1 approached
infinity.

Churchill [22] used Laplace transforms to solve Eqs. (1)–
(9) for the limiting case of perfect thermal contact. When
Rc = 0, the non-dimensional temperature at the top surface
of the splat is

hChurchillð0; t�Þ ¼ 1� ð1� bÞ
X

1

n¼0

bnerfc
ð2nþ 1Þ

ffiffiffiffiffiffi

4t�
p

� �

; ð30Þ

where

b ¼ ks
ffiffiffiffiffi

aw
p � kw

ffiffiffiffi

as
p

ks
ffiffiffiffiffi

aw
p þ kw

ffiffiffiffi

as
p :

Fig. 5 shows that as the inverse Biot number and the
thermal contact resistance decrease to zero, the tempera-
tures predicted by Eq. (26) agree well with the predictions
of Churchill’s model and Eq. (30).

4. Results and discussion

Previous publications [4,19,20,23] have described how
splats of molybdenum and zirconia, have been photo-
graphed at intervals of a few microseconds during spread-
ing, on both unheated and heated glass surfaces. Fig. 6(a)
shows images of plasma-sprayed molybdenum splats
impacting on glass at room temperature. The three frames,
respectively, show a splat at the maximum spread extent, at
the time when splat fragmentation begins, and the rem-
nants of the particle on the substrate after spreading and
solidification. Note that each photograph is of a different
particle. Fig. 6(b) is the particle thermal emission signal,
obtained from radiation falling on the D1 (785 nm) sensor.
The maximum voltage on the profile corresponds to the
time when the splat was at the maximum spread diameter,
which averaged 370 ± 20 lm. Spread diameters were
obtained using the ImageJ imaging software (National
Institutes of Health, Washington, DC), which measured
the cross-sectional area (A) of the splat at the maximum
extent, before break-up, permitting the calculation of a
diameter, Dmax ¼

ffiffiffiffiffiffiffiffiffiffiffi

4A=p
p

. The statistical error, calculated
by dividing the standard deviation by the square-root of
the number of samples [24], is shown with the average of
the diameter. The statistical errors will be shown with all
averages in this study.

On the thermal emission signal are marked the instants
of particle impact and when the splat reaches its maximum
extent (Fig. 6(b)). The cooling curve of Fig. 6(c) shows the
splat temperature at the maximum extent (Ts,max) and the
splat cooling rate at the top surface (dT/dt), measured at
the maximum spread extent by calculating the slope of
the straight line originating from this point. The initial
temperature of the splat in the model (Ti,s) will be the
temperature at the maximum spread extent (Ts,max). The
oscillatory patterns observed on the temperature profile
(Fig. 6(c)) were most likely due to noise. Higher tempera-
tures will produce stronger signals, increasing the signal

Fig. 4. Log–log plots of the non-dimensional cooling rate versus the

inverse Biot number for 10�1
6 1

Bi
6 106.

Fig. 5. Variation of non-dimensional temperature with Fourier number

for KKn = 6730 and different values of the inverse Biot number. Data

points show predictions from the model of Churchill for Rc = 0 [22].
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to noise ratio, and reducing the observed oscillations. It has
been shown that, in general, the accuracy of temperature

measurements obtained by the two-color pyrometry
method is ±100 �C [15]. Table 1 shows average values of
the experimental temperatures at the maximum extent
and the experimental cooling rate of molybdenum on
non-heated glass.

Fig. 7 shows impact images, a typical thermal emission
signal, and a cooling curve of plasma-sprayed zirconia on
non-heated glass. The images (Fig. 7(a)) show that the
spreading and fragmentation dynamics of zirconia are
similar to those of molybdenum, except that splat fragmen-

Fig. 6. (a) Images, (b) a typical thermal emission signal, and (c) a typical cooling curve of molybdenum splats on glass held at room temperature.

Table 1

Experimental average splat temperatures at the maximum extent and

cooling rates on non-heated substrates

Material/substrate Ts,max (�C) dT/dt (K/s (�10�7))

Mo/glass 2830 ± 20 5.6 ± 0.5

Mo/Inconel 2680 ± 20 12 ± 0.5

Zirconia/glass 2800 ± 30 13 ± 2.0

Fig. 7. (a) Images, (b) a typical thermal emission signal, and (c) a typical cooling curve of yttria-stabilized zirconia splats on glass held at room

temperature.
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tation appears even more pronounced. The particles spread
to an average maximum diameter of about 460 ± 20 lm
and fragment, leaving a central solidified core. Table 1
and the cooling curve of Fig. 7(c) show the average temper-
ature at the maximum extent and the average cooling rate
of zirconia on non-heated glass.

Heating the substrate produced significant changes in
both particle impact dynamics and heat transfer. Fig. 8
shows plasma-sprayed molybdenum splats impacting on
glass heated to 400 �C. Images (Fig. 8(a)) show that splat
fragmentation is significantly reduced and the final diame-
ter of the splat after solidification is approximately equal to
the maximum spread diameter (130 ± 8 lm). There was lit-
tle loss of material and the final solid splat was disk shaped.
The thermal emission signal (Fig. 8(b)) shows a sudden rise
approximately 2.5 ls after the maximum voltage, indicat-
ing release of latent heat during solidification. The cooling
rate, dT/dt, indicated in Fig. 8(c), was almost an order of
magnitude greater than that on a cold glass surface (com-
pare with Fig. 6(c)). When the splat cooling rate was on
the order of 108 K/s, the solidification plateau was at a
temperature (2275 �C) lower than the melting point of
molybdenum (2620 �C) (Fig. 8(c)). This could be attributed
to undercooling, where the splat began to solidify at a tem-
perature lower than the melting point of the material. It
could also be due to errors in the pyrometric readings
caused by the assumption that the splat was a gray body.
The accuracy of the temperatures obtained by this method
was ±100 �C [15]. Lee et al. [25] have shown a mathemat-
ical model capable of estimating the rate of heat transfer
from droplets on a high temperature wall. Cooling rates
obtained by the pyrometric method could be compared
to those obtained from the model to test the accuracy of
the pyrometric method. Table 2 shows average values
of the experimental temperature at the maximum extent
and the experimental cooling rate of molybdenum on
heated glass.

Heating the glass substrate under plasma-sprayed
zirconia particles produced similar changes in impact
behavior (Fig. 9). Particles spread after impact on a glass
surface at 400 �C to an average maximum diameter of
170 ± 2 lm, without significant fragmentation, and solidi-
fied within 2 ls after reaching maximum spread (see
Fig. 9(a)). The increase in thermal emission during solidifi-
cation, seen in Fig. 8(b) for molybdenum, was not observed
in Fig. 9(b) for zirconia. Other researchers [26] have previ-
ously noted the absence of a solidification peak in the cool-
ing curves for plasma-sprayed zirconia. Molten zirconia is
partially transparent [27], which is the reason that images
of zirconia splats (Fig. 7(a)) did not have as high a contrast
as those of molybdenum (Fig. 6(a)), which is opaque. For
the partially-transparent zirconia, thermal sensors receive
radiation emitted from some depth within the particle
rather than just the surface. Since sensors see not only
the solidification front, which is at a constant temperature,
but the temperature gradient in the rapidly cooling molten
region in front of it, the integrated signal may not show a
peak representative of splat solidification. Table 2 shows
average values of the temperature at the maximum extent
and the cooling rate of zirconia on heated glass.

Fig. 10 shows images of molybdenum splats on Inconel
surfaces, both during impact and after solidification. Since
impacting particles could not be backlit on the metal
substrate, they were photographed with a long camera

Fig. 8. (a) Images, (b) a typical thermal emission signal, and (c) a typical cooling curve of molybdenum splats on glass held at 400 �C.

Table 2

Experimental average splat temperatures at the maximum extent and

cooling rates on heated/preheated substrates

Material/substrate Ts,max (�C) dT/dt (K/s (�10�7))

Mo/glass 2740 ± 10 21 ± 1.0

Mo/Inconel 2360 ± 30 3.4 ± 4.0

Mo/preheated Inconel 2300 ± 40 22 ± 2.5

Zirconia/glass 2800 ± 15 20 ± 5.0
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exposure time of 500 ls, to produce images that present an
integrated view of their entire motion. Two black streaks

appear in the images, radiating from the centre of the splat.
The streak on the right represents the path of the in-flight

Fig. 10. Images of molybdenum splats at the maximum spread extent and after solidification on Inconel (a) at room temperature, (b) preheated to 400 �C,

then air-cooled, and (c) at 400 �C.

Fig. 9. (a) Images, (b) a typical thermal emission signal, and (c) a typical cooling curve of yttria-stabilized zirconia splats on glass held at 400 �C.
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particle and the other, its reflection in the mirror-polished
Inconel. The images after impact are SEM micrographs
of the portion of splats that remained adhering to the sur-
face. On non-heated Inconel (Fig. 10(a)) splats spread to an
average maximum diameter of 440 ± 10 lm and, after sig-
nificant fragmentation, the average diameter of the splat on
the surface was 70 ± 3 lm. The final diameter measured
was that of the central portion of the splat that remained
mostly intact, excluding the ring of debris and long fin-
gers formed due to splashing. Fragmentation was
slightly reduced on the preheated Inconel (Fig. 10(b)), that
was heated to 400 �C for 3 h, then air-cooled to room tem-
perature before spraying. On this surface, the splats
spread to an average maximum diameter of 320 ± 30 lm,
with an average final diameter of 80 ± 3 lm. Fragmenta-
tion was further reduced on the heated Inconel sur-
face (Fig. 10(c)); the average maximum spread diameter
was 165 ± 10 lm and the average final splat diameter was
100 ± 5 lm. The cooling rates of the splats on the three
substrates are listed in Tables 1 and 2. The highest cooling
rate was on heated, and the lowest on unheated Inconel,
with an intermediate value on the preheated surface. The
brightness of the splat images in Fig. 10 reflects their cool-
ing rate: the brightest image corresponds to the lowest
cooling rate, since the splat remained hot for a longer time.

Thermal contact resistance was calculated from mea-
surements of cooling rate and splat temperatures listed in
Tables 1 and 2, using either the chart of Fig. 4, or, for
greater accuracy, Eq. (27) and the constants of Eqs. (21)–
(23) and (25). Any time period before splat solidification
or fragmentation may be used. Thermophysical properties
of splats and substrates [28–33] are shown in Table 3. Con-
servation of volume between the in-flight droplet (a sphere
of diameter Do) and the splat at the maximum extent
(assumed to be a cylindrical disk of thickness h and diam-
eter Dmax) gives an expression for the splat thickness:

h ¼ 2D3
o

3D2
max

: ð31Þ

The thickness of splats on heated surfaces was larger
(�2 lm) than those on unheated surfaces (�0.5 lm).

Table 4 shows calculated values of thermal contact resis-
tances between plasma-sprayed molybdenum and zirconia
splats on either glass or Inconel substrates. On all sub-
strates heated to 400 �C, thermal contact resistances were

one or two orders of magnitude lower (Rc � 10�7–
10�6 m2K/s) than those on non-heated surfaces (Rc �
10�5 m2K/s). Preheating Inconel substrates for 3 h at
400 �C, then air-cooling to room temperature, reduced
the thermal contact resistance by one order of magnitude
(Rc � 10�6 m2K/s). The order of magnitude of the thermal
contact resistances on each surface is within the range pre-
viously determined by Bianchi et al. [18].

Thermal contact resistance between an impacting parti-
cle and a non-heated solid substrate has been attributed to
the presence of volatile compounds on the surface, which
evaporate under the hot splat and form a gaseous barrier
between the two surfaces [2,5,34,35]. On heated or pre-
heated surfaces, these adsorbates/condensates are almost
completely vaporized [2,5,7,36], improving splat–substrate
contact and greatly reducing the thermal contact resistance
at the splat–substrate interface. Prolonged heating of a
metallic substrate, however, leads to the formation of an
oxide layer [6,37], which may lead to increased thermal
contact resistance as the thickness of the oxide layer
increases. Prolonged heating of glass did not change the
thermal contact resistance significantly, since heating does
not promote further oxidation on glass. The thermal con-
tact resistance between glass heated for 3 h, then air-cooled
to room temperature and molybdenum splats was the same
as that between non-heated glass and the splats.

5. Conclusions

The effect of substrate heating on the thermal contact
resistance between plasma-sprayed particles and the sub-
strate was studied. The particles that impacted on heated
or preheated surfaces had larger cooling rates, smaller
maximum spread diameters, and significantly reduced frag-
mentation, compared to particles that impacted non-heated
surfaces.

An analytical, one-dimensional heat conduction model
was developed to determine thermal contact resistance, in
which the liquid splat at its maximum extent was assumed
to be a disk transferring heat to the substrate. Charts were
presented showing variation of the non-dimensional cool-
ing rate with inverse Biot number. Thermal contact resis-
tance between heated surfaces and splats was more than
an order of magnitude smaller than that between unheated
surface and splats. On a preheated surface, the thermal

Table 3

Thermophysical properties used in the model

Material Melting point (�C) a (m2/s) k (W/mK)

Molybdenum 2617 1.9 � 10�5 72 [28,29]

Zirconia 2700 6.6 � 10�7 3.8 [27]

Substrate Temperature (�C)

Glass 27 1.9 � 10�6 4.0 [31]

400 1.2 � 10�6 3.3 [31]

Inconel 27 2.7 � 10�6 9.8 [32]

400 4.2 � 10�6 17.6 [32]

Table 4

Thermal contact resistances between the splats and various substrates

Material/substrate Substrate temperature (�C) Rc (m
2K/W (�107))

Mo/glass 27 490 ± 55

400 6.5 ± 1.0

Mo/Inconel 27 190 ± 15

400 12 ± 2.0

Preheated; 27 55 ± 10

Zirconia/glass 27 220 ± 30

400 10 ± 3.0
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contact resistance was an order of magnitude smaller.
These observations supported the hypothesis that reduc-
tion of splat fragmentation and maximum spread diameter,
due to larger cooling rates and more rapid solidification on
the heated and preheated surfaces, can be attributed to low
thermal contact resistance at the splat–surface interface.
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